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The hyaluronan-rich glycocalyx (HArGCX). (a) lllustration of the HArGCX-
a macromolecular assembly of high molecular weight HA polymers an-
chored to the cell membrane by HA receptors and HA synthase. Chon-
droitin sulfate proteoglycans bind and further stretch the HA polymers from
the cell surface. (b) HA is present at the cell-substratum (green) together
with cell adhesions (red, paxillin) on multiple cell lines including the RCJ-P

cellsshown here. . . . . . . . . . . . s 9

Polymer physics-based predictions of the HArGCX. (a) The transition from
mushroom- to brush-regime when the spacing between polymer attachment
points, s, equals the mushroom diameter. (b) The dependence of the gly-
cocalyx thickness on HA molecular weight and the spacing s. The dashed
line represents the hypothetical thickness where inter-chain (brush) interac-
tions are ignored. (c) The approximated repulsive force carried per integrin-
ligand bond as a result of compressed HArGCX at the cell-substrate inter-
face, assuming the relaxed brush thickness is compressed to 70 nm. . . . . .

The HArGCX regulates membrane topography but not adhesion morphol-
ogy. (a) Live imaging of MEF cell expressing EGFP-vinculin before HA
digestion, before/after merged binarized image and quanti cation of adhe-
sion morphology features. Plots re ect averages from three independent ex-
periments: Cells (n=125), adhesions (n=7169); error bars repre Sivi;
statistical analyses were performed using two-sample t-test: ns- not signif-
icant. (b) Cell-substratum RICM image before and after HA digestion on
RCJ-P cells, and the RICM intensity difference for three cell lines. Plot re-
ects average intensity changes from three independent experiments: MEF
(n=51), PC3 (n=44), and RCJ-P (n=71); error bars repres8iM; statis-

tical analyses were performed using paired-sample t-test<*@p01, ***p
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Removal of HArGCX increases cell adhesion strength. (a) Fraction of ad-
hered cells normalized by the number of cells at the center of the round
coverslip as a function of the shear stress applied. The adhesion strength
was de ned as the shear stress corresponding to 0.5 adheredlt%ﬁlfs%
O:l%). (b) The adhesion strength of three cell lines measured with (blue)
and without HArGCX (red). Plot re ects average cell adhesion strength
from three independent experiments: MEF (n=12), PC3 (n=36), and RCJP
(n=30); error bars represent SEM; statistical analyses were performed
using two-sample t-test: ns- not signi cant, *¥ 0.01, **p < 0.001. . . . 20

Growth of a biomimetic HArGCX at the cell-substrate distorts cell shape
and strains cell adhesion. Left: The top image shows schematic of a biomimetic
HArGCX brush using uorescent particle exclusion assay; the middle im-
age shows a distorted MEF in which the HA brush is grown at the cell-
substrate interface for 3 hours (5m height outside the cell region); the
bottom image is a control MEF cell adhered to the biomimetic glycocalyx
surface with a short 15 minute brush (In8 height). Middle: Fluoresecent
image of the substrate of the same cell. Scale bars are fb) Quantita-

tive analysis of the HA- lled space at the cell-substrate interface. For both
the control and brush experiments, triplicates were performed and a total of

> 30 cells were analyzed. Error bars are the standard error of the mean. . . .

HArGCX-mediated adhesion predictably tunes cell migration speed. The
average migration speed of cells displays a biphasic dependence to ECM
density in the presence (blue) and absence (red) of HArGCX. The shift of

the HA-free cells to the left is consistent with the increase of cell adhesion
strength by the loss of HA glycolcayx. . . . . . .. .. ... ... ..... 24

Adhesions remain similar after hyaluronidase treatment. (a-d) Fluorescent
image of immunolabeled paxillin, and processed images of RCJ-P cells
with (b) control and HYAL treatment (c). (d-i) Quanti cation of morpho-
logical features comparing control and HYAL treatment. Plots re ect aver-
ages from three independent experimentg = 57; Naghesions = 6509);

error bars representSEM; statistical analyses were performed using two-
sample t-test: **p< 0.01, ns-notsignicant. . . . .. ... ... ..... 30

Adhesion morphology quanti cation of immuno-labeled paxillin in RCJ-P
cells with PBS and HAdase treatments. Plots re ect averages from three in-
dependent experiments: Cells (n=57), adhesions (h=6509); error bars rep-
resent SEM; statistical analyses were performed using two-sample t-test:
**p < 0.01,ns-notsignicant. . . . ... ... 31
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Cell contact area change of three cell lines before and after HAdase treat-
ment. Plot re ects average changes in contact area from three indepen-
dent experiments: MEF (n=51), PC3 (n=44), and RCJ-P (n=71); error bars
represent SEM; statistical analyses were performed using paired-sample
t-test: ns- notsignicant, *p< 0.05. . . . . ... ... ... .. 31

Western blot of EGFP-HASS3 from total cell lysate of MCF7-EGFP-HAS3
cells treated with 0, 0.05, 0.1, 0.25, 0.5, anddg/mL doxycycline shows

a dose-dependent increase in HAS3 overexpression. Plot re ects averages
from three independent experiments; error bars represggM. . . . . . . 37

MCF7-EGFP-HAS3 cells show dose-dependent increase of EGFP-HAS3
expression when incubated with increasing concentrations of doxycycline.
(a-f) Live uorescent confocal images showing the side view (top) and the
surface plane (bottom) of MCF7-EGFP-HASS cells incubated with (a) O,
(b) 0.05, (c) 0.1, (d) 0.25, (e) 0.5 and (f) B/mL doxycycline suggest that

overexpressed EGFP-HAS3 complexes localize on the plasma membrane. .

MCF7-EGFP-HAS3 cells show doxycycline dose-dependent increase of
glycocalyx thickness. (a-f) Live uorescent confocal images of MCF7-
EGFP-HAS3 cells treated with 0, 0.05, 0.1, 0.25, 0.5 and 1 doxycycline.
Scale bar is 10 microns. (g-h) Quanti cation of the average glycocalyx
thickness measured for each (g) doxycycline treatment and (h) relative

HAS3 expressionlevels. . . . . . . .. .. . . .. ... .. . 40

Adhesion morphology of MCF7-EGFP-HASS cells remains similar after
inducing HAS3 expression with doxycycline. (a) Confocal image of cell
adhesions by labeling vinculin. (b-g) Quanti cation of adhesion morphol-
ogy for cells treated with 0, 0.05, 0.1, 0.25, 0.5 and 1 pg/mL doxycy-
cline in cell media. Plots re ect distributions (blue), averages (black line)
and medians (dotted line) from three independent experimegis (=

161 nagnesions = 2873); statistical analyses were performed using two-
sample t-test: ns- not signi cant, *p 0.05, *p< 0.01, **p < 0.001. .. 42

Microvilli on the dorsal side of EGFP-HAS3 overexpressing MCF7 cell.

(a) Bright eld image of the surface plane and (b) uorescent confocal side
view (top) and top view (bottom) projections showing the hedgehog-like
appearance of EGFP-HAS3-MCF7 cell overexpressing HAS3 after treated
with 0.5 g/mL doxycycline. . . .. .. ... .. ... ... ........ 44
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Predicted spontaneous curvature of the plasma membrane induced by the
hyaluronan- (blue) or mucin glycocalyx (red) for characteristic polymer
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The force required to support a microvillus structure on the dorsal and ven-
tral sides of the cell given the glycocalyx characteristic spacing and the
nature of the interface. (a) At low-compression interface the initial thick-
ness of the interface equals to 100 nm less than the free thickness of the
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dashed lines represent the dorsal side of the cell and z denotes the length of
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of the bleb. Note that the free glycocalyx thickness is larger for smaller
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that is compressed even moresagecreases. . . . . . . . ... ... 53

The force required to support a microvillus structure on the dorsal and ven-
tral sides of the cell given the mucin-glycocalyx characteristic spacing and
the nature of the interface. (a) At low-compression interface the initial
thickness of the interface equals to 100 nm less than the free thickness of
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sides of the cell given the mucin-glycocalyx characteristic spacing and the
nature of the interface. (a) At low-compression interface the initial thick-
ness of the interface equals to 100 nm less than the free thickness of the
glycocalyx, (b) and at high-compression interface its initial thickness is
set to 250 nm. The dashed lines represent the dorsal side of the cell and
R denotes the radius of the bleb. Note that the free glycocalyx thickness
is larger for smaller characteristic spacirgy,so that the bleb is in ated
against a glycocalyx that is compressed even moeedesreases. . . . . . 56

The migration speed of neural crest cellgivois positively correlated with

the levels of hyaluronan-rich glycocalyx. (a)Xenopus laevissmbryo

with neural crest migration indicated by Sox10 using in situ hybrydization.
(b) Average ratio of neural crest cells migration distance between the in-
jected and uninjected sides of the embryo. Plot re ects averages from three
independent experiments: Embryos (n=75); error bars represgitv;
statistical analyses were performed using two-sample t-test: ns- not signif-
icant, *p< 0.05,*p< 0.01. . . . . . .. . . . ... .. 62

The fusion protein comprised of secretion signal peptide, green uorescent
protein, and G1 domain of neurocan or versican sSGFPGL1 labels hyaluro-
nan in live imaging of whole-mount embryos and neural crest explants. (a)
Embryos injected with ssGFPG1 at 2-cell stage into both blastomeres show
spatiotemporal patterns corresponding to sites rich with hyaluronan. (b)
Live imaging of a neural crest explant cultured on a bronectin-coated sur-
face shows hyaluronan-rich glycocalyx is present in the extracellular spaces
between neural crest cells. Scale baris10pum. . . . . .. ... ... .. ..

Hyaluronan localizes at the cell-substratum interface of NC explants in
micron-sized pockets and excluded from the actin cytoskeleton. (a) hyaluro-
nan, (b) actin, and merge (c). Top scale bar is 15 pm, bottom scale bar is
A5 M. . . e 65

The migration speed of neural crest cells is negatively correlated with the
levels of hyaluronan-rich glycocalyx. (a-b) A neural crest explant (a) 2 and

(b) 18 hours after it was dissected and cultured on a bronectin-coated sur-
face. Scale bar is 100 um. (c) Average nal/initial ratio of area covered

by neural crest cells. Plot re ects averages from three independent exper-
iments: Explants (n = 91); error bars represe@EM,; statistical analyses

were performed using two-sample t-test: ns- not signi cant,<®.05,

g < 0.001. . . L e 67
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Al

The adhesion-dependent migration speed response of neural crest cells to
the level of their hyaluronan-rich glycocalyx and the bronectin density

of the surface. (a-b) Average nall/initial ratio of area covered by neural
crest cells cultured on (a) low and (b) high bronectin density. Plots re ect
averages from three independent experiments: Explants (n = 91); error bars
represent SEM; statistical analyses were performed using two-sample t-
test: *p< 0.05. . . . .. 69

Low levels of hyaluronan-rich glycocalyx at the surface of neural crest ex-
plants downregulating HAS1MO but not HAS2MO. Hyaluronan-rich gly-
cocalyx (green) and actin (red) at the surface of neural crest explants down-
regulating (a) HAS1 or (b) HAS2. Scale baris10um. . . . . . .. ... .. 70

Adhesion morphology of neural crest cells remains similar for different
levels of hyaluronan synthases (HAS1 and HAS2) expression. (a) Vinculin
immuno-labeled at the surface of xed cultured neural crest explants. Scale
bar is 10 um. (b-e) Comparison of (b) area, (c) eccentricity, (d) major axis
length and (e) minor axis length of adhesions. Plots re ect distributions
(blue), averages (black line) and medians (dotted line) from three indepen-
dentexperimenta(=37244). . . . . . . .. e 72

CEP1 is expressed in neural crest cells during frog embryogenesis. At gas-
trula stage (st.12.5 and st.14), CEP1 is expressed at the lateral borders of the
neural plate, where neural crest cells are speci ed (arrows). Its expression

Is restricted to CNC at neurula stages (st.18) and continues in CNC cells

as they commence migration (st.20; arrowhead) and migrate into branchial
arches (open arrowheads). At tailbud stages (st.24 and st.26), CEP1 expres-
sion is also detected in somites. All embryos are oriented with anterior to

the left. Dorsal views are shown in the upper panels and lateral views are
showninthelowerpanels. . ... ... .. ... .. ... ......... 85
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A.2 CEPLlis required for CNC cell migration. (A) Embryos were injected with
control-MO, CEP1-MO (10 ng), or CEP1-MO with CEP1 RNA (0.1 ng)
into one of the dorsal animal cells at 8-cell stage, together with a lineage
tracer (n Gal, red staining, marked by *). In situ hybridization analysis was
performed at neurula stage (st.14) and tailbud stage (st.23). Arrows point to
reduced neural crest migration indicated by Sox10/Twist expression. Em-
bryos are oriented with anterior to the left. Dorsal views at neurula stage
and lateral views of both uninjected and injected sides of the same embryo
at tailbud stage are shown. (B) Percentage of embryos with defective neu-
ral crest migration. While CEP1-MO lead to defective migration in ¢90%
of the embryos, adding CEP1 RNA rescued the rate of defective embryos
to 45%. Fisher's exact test was performed between control and CEP1-MO
conditions and P j 0.05. 2-test was performed between CEP1-MO and
rescue conditions and P j 0.05. (C) CEP1-MO ef ciently blocked the trans-
lation of CEP1. CEP1-EGFP containing MO recognition sequence in the
5'UTR was overexpressed in 2-cell stage embryos. While CEP1 RNA was
expressed in all embryos as re ected by in situ hybridization, addition of
CEP1-MO blocked the protein translation as re ected by the uorescence
signal of EGFP tag. CEP1-EGFP without 5'UTR can not be blocked by the
morpholino. . . . . . . . .. 87

A.3 CEPL1 is required cell-autonomously for neural crest migration. (A) GFP-
labeled CNC explants were dissected and transplanted into unlabeled host
embryos and their migration in the host embryos was imaged at late tail-
bud stages. Fluorescence and DIC merged images and uorescence images
alone are shown side by side. Defects in CEP1-MO expressing cells to mi-
grate ventrally and to segregate into distinct streams (marked by numbers)
were rescued by co-expressing CEP1 RNA. (B) The relative distance of lat-
eral migration to the entire D-V length was calculated, and the number of
distinct migratory stream was counted for each CNC graft and summarized
in the bar graph. Both the migration distance and the number of segregated
streams are signi cantly reduced by CEP1 knockdown, while adding CEP1
RNA signi cantly rescued both defects (student's t-tesg B.01). . . . . . 89

A.4 CEP1-MO inhibits cranial cartilage formation. Cranial cartilages from
control- or CEP1-MO-injected tadpoles were stained with Alcian blue. Ven-
tral views are shown with injected sides marked by *. Cartilage on CEP1-
MO-injected side was malformed or even completely missing. M, Meckel's
cartilage formed by mandibular stream; CH, ceratohyal cartilage formed
by hyoid stream; CB, ceratobranchial cartilage formed by third and fourth
branchial arch streams. . . . . . . . . ... .. ... ... ... . ... 90
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A.5 CEP1-MO disrupts the organization of actin laments. CNC explants re-

ceiving EGFP-Utrophin with or without CEP1-MO (5 ng) were dissected
and plated on FN-coated cover slides and the dynamics of actin laments
during cell migration were recorded by time-lapse microscopy. (A) Image
frames of control neural crest explants over 5.5 min are shown. White or
yellow arrows and arrowheads follow the same protrusion over time. (B)
Image frames of CEP1-MO expressing cells. White open arrowheads point
to the same actin bundle over time and yellow open arrowheads point to the
membrane blebs. One cell in both control and CEP1-MO movie frames is
shaded in purple to show cell shape changes and translocation over time.
A-A” and B'-B” are higher magni cation views of corresponding boxed
area. Images were taken at 40. Scale bar, 20 (C) The number of each
type of protrusions formed was counted and averaged in the bar graph.
While control neural crest cells formed 1.5 lamellipodia and 3.8 lopo-
dia on average, blocking CEP1 reduced the formation of both protrusions
to 0.3 and 0.8 per cell, respectively, and increased the formation of mem-
brane blebs to 1.3 per cell. Co-expressing CEP1 rescued the formation of
cell protrusions and restored the numbers to 1.0, 2.5, and 0.3, respectively.
Student's t-test was performed and both MO inhibition and rescue were
signi cant (P j 0.01). (D) Intensity plots for EGFP-labeled actin laments
were generated for 15 control and 15 CEP1-MO expressing cells. Solid
lines re ect the mean signal intensity at locations relative to the length of
the cell, and dashed lines above and below mark the standard deviation at
each location. There is no signi cant difference in actin intensity at the cell
periphery, but signi cant difference at cell center. (E) Actin uorescence
intensities across one control and one CEP1-MO cell were plotted over 4
min. In control graph, dashed lines mark the positions of cell protrusions at
the beginning and the end of the experiment, re ecting leftward migration
of the cell. In CEP1-MO graph, blebs re ected by the double peaks are
marked by arrows. The cell is not migrating, but shrinking towards the end.
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A.6 CEP-MO affected force transmission during neural crest cell migration. (A

A7

and B) Traction force microscopy was performed and the strain energy re-
ceived by extracellular matrix was calculated and plotted on the image.
In control cells, high strain energy was observed underneath lamellopo-
dia protrusions (arrows). In CEP1-MO cells, high strain energy was ob-
served underneath the cell center rather than underneath membrane blebs
(arrows). (C) Over 200 control and CEP1-MO cells were categorized into
three behavioral types, i.e. spreading, intermediate, and blebbfatpst

con rmed that CEP1-MO decreased the percentage of spreading cells and
increased the percentage of blebbing cells signi cantly (€.05). (D) Av-

erage strain energy underneath cells was calculated over the course of the
movie and compared between different behavioral types using Fisher's least
signi cant difference test. While the hydrogel beneath control or CEP1-
MO cells of the same behavior absorbed similar amount of strain energy,
there were signi cant differences in strain energy beneath cells with differ-
entbehaviors. . . . . ... L 95

CEP1 localization in migrating neural crest cells. EGFP-CEP1 (0.05 ng)
and RFP-Utrophin were co-expressed in neural crest cells. (A and B) CEP1
located to membrane protrusions and cell membrane, as well as in the perin-
uclear region in lamentous or condensed patch (arrows). A-A” and B'-B”
are enlarged insets of the boxed areas in A and B, showing co-localization
of CEP1 with actin along lamellipodia protrusion, cell membrane, and at
the base of lopodia protrusion. (C) For better visualization of CEP1 local-
ization, one isolated neural crest cell was shown with GFP channel alone.
CEP1 is localized to cell membrane (arrowheads) and in a punctate manner
in protrusions (C'). Images were taken at 63. Scale bar,/20 . . . . . . . 96
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A.8

A.9

CEP1 and Cdc42 interact with each other during neural crest migration.
(A) Co-localization of CEP1 and Cdc42 (0.05 ng each). Cdc42 co-localizes
with CEP1 in membrane protrusions (arrows and inset), but not in perinu-
clear region (arrowheads). Images were taken at 60x. Scale bam20

(B) The cellular localization of Cdc42 or CEP1 at increased (0.2 ng of
RNA) or decreased (5 ng of MO) level of CEP1 or Cdc42. Arrowheads in
EGFP-Cdc42 panels point to high level of Cdc42 in protrusions and cell
membrane. In Cherry-CEP1 panels, arrows point to CEP1 in perinuclear
region, while closed and open arrowheads point to cell protrusions and
plasma membrane, respectively. Enlarged insets show one cell (in dashed
box) under each condition. Images were taken at 63x. Scale bam20

(C) Numbers of membrane protrusions in control, CEP1 overexpression,
and CEP1-MO cells were counted and summarized in the bar graph. Both
increase and decrease of membrane protrusions are signi cant (student's t-
test, P< 0.01). (D) The cellular distribution of CEP1 under control, Cdc42
overexpression, and Cdc42 knockdown conditions were compared. The
intensities of Cherry-CEP1 uorescence signals in 16-17 cells were ana-
lyzed along a line across each cell (see examples in B), and the data were
normalized against the length of the cell. Solid lines are average signal in-
tensity under each condition and dashed lines are averatgndard devia-

tion. Gray double-headed arrows point to regions of signi cant differences.
(E) CEPL1 lacking the CRIB domain can not interact with Cdc42. EGFP-
CEP1( CRIB) is localized to the nucleus, and changes in Cdc42 level do
not alter its localization. In contrast, EGFP-CEPL1 is mainly localized to
membrane protrusions when Cdc42 is co-expressed. Scale ban.20 . . 98

Migration of control neural crest cells. Timelapse frames of control neu-

ral crest cells expressing membrane-tethered EGFP, showing cell shape
changes and the dynamics of membrane protrusions. Arrowheads point
to lamellipodia while arrows point to lopodia. Scale bar=28. . . . . . . 103

A.10 Migration of CEP1-MO expressing neural crest cells. Timelapse frames of

neural crest cells expressing CEP1-MO together with membrane-tethered
EGFP. Arrowheads point to membrane blebs while arrows point to lopo-
dia. Scalebar=20m. . . . . .. ... ... 104
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A.11 CEP1-MO disrupted the organization of actin-rich structures. Immunos-
taining against phosphorylated Tyrosine, Arp2, and phosphorylated myosin
light chain were performed on control or CEP1-MO expressing neural crest
explants to examine the formation of focal adhesions, lamellipodia, and
membrane blebs. Loss of CEP1 disrupted the alignment of focal adhesions
(arrows and insets). Although CEP1-MO cells did not make lamellopodia
protrusions, they still expressed Arp2 in a polarized manner at one side of
the cell (arrows). In contrast to control cell, high levels of pMLC is de-
tected in CEP1-MO expressing cells (arrows), showing higher contractility.
Scalebar=20m. . . . . . ... 105
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LIST OF ACRONYMS

CSPG chondroitin sulfate proteoglycans

ECM extracellular matrix

FA focal adhesion

GFP green uorescent protein

HA hyaluronan, also known as hyaluronaic acid or hyaluronate
HAdase hyaluronidase

HArECM hyaluronan-rich extracellular matrix
HArGCX hyaluronan-rich glycocalyx

HAS hyaluronan synthase

MEF mouse embryonic broblast

MO morpholino oligomer

MW molecular weight

NC neural crest

PC3 prostate adenocarcinoma human cells

PEA particle exclusion assay

RCJ-P rat chondrocyte joint cells

RICM re ection interference contrast microscopy
WB western blot

WT wild type
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SUMMARY

Cell adhesion and migration are essential to fundamental processes throughout the lifes-
pan of multicellular organisms, including embryonic development, tissue maintenance, and
disease. Considerable efforts in the eld have focused on focal adhesions- assembly of
proteins that connect the cytoskeleton to the extracellular matrix (ECM). Years of research
have established a deep molecular understanding of the mechanisms governing single-cell
adhesion and migration. However, various sugars reside at the very same cell-ECM in-
terface, where cell-surface integrins and ECM-ligands interact. These sugars may play an
important yet unrecognized role in the regulation of cell adhesion and migration. Our work
focuses on hyaluronan, also known as hyaluronaic acid or hyaluronate (HA)- a common,
physiologically relevant sugar found at the cell-ECM interface. HA is a giant polysaccha-
ride, synthesized on the cell membrane by the hyaluronan synthase (HAS) family, and often
forms a thick hyaluronan-rich glycocalyx (HArGCX) around cells biotkitro andin vivo,
or integrates into hyaluronan-rich extracellular matrix (HArEQMyivo. Previous studies
have shown that HA facilitates cell-ECM attachment, but in other cases HA acts as a re-
peller molecule, interfering with the binding of integrins. Similar discrepancies are true for
cell migration, where several studies have shown that HA promotes cell migration while
others observed the opposite. These inconsistencies are generally thought to result from
cell-type speci ¢ biochemical signaling, though these potential pathways remain largely
unknown. This work examines HA at the cell-ECM interface and aims to provide a general
mechanical role for HA in the regulation of cell adhesion and migration.

At rst, we used hyaluronidase (HAdase) treatment to compare cells with and with-
out HA. Following HAdase treatment, we used re ection interference contrast microscopy
(RICM) and found that the membrane under the cell came tens of nanometers closer to the
underlying substrate. However, the morphology of cell adhesions remained unchanged. We

inferred that HA is compressed at the cell-substrate interface, and used polymer physics
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to predict that repulsion by compressed HA may lead to a sizable decrease in cell adhe-
sion. We con rmed our predictions using spinning disk experiments and found that cell
adhesion strength is 33-62% larger for cells without HA compared to cells with HA. We
approximated the force carried by the integrin-ligand bond as a result of compressed HA
and found it ranges from 25-38% of the force required to break the bond. Previous stud-
ies have shown a biphasic migration speed response, with maximal speeds at intermediate
adhesion strengths and slower migration at both lower and higher adhesion strengths, cor-
responding to lower and higher ECM densities than that of intermediate ECM density.
We employed the biphasic migration response to examine a functional role of compressed
HA, and found that HA predictably impacts the migration response of single cells in an
adhesion-dependent manner. Consistent with HA digestion as strengthening adhesion, mi-
gration speed increased for cells on low ECM densities and decreased on high ECM densi-
ties.

Next, we extended the HAdase-dependent binary comparison by utilizing cells stably
overexpressing doxycycline-inducible EGFP-HAS3. We were able to increase the density
of HA chains tethered to the membrane up to 10 times the base level and observed thicker
HArGCX for higher doxycycline concentrations using particle exclusion assay (PEA). We
then modeled the 10 fold increase in polymer surface density and compared our predicted
free thicknesses of the HArGCX. We further looked into glycocalyx-induced spontaneous
membrane curvature and made predictions about the conditions that are needed for mi-
crovillus and bleb structures to occur on the membrane at the dorsal and ventral sides of
the cell.

Finally, we tested whether similar regulation by HA also plays a role in the more com-
plex process of collective neural crest (NC) migration in the developing African clawed
frog embryos botlin- andex viva We developed a fusion construct to enable live imaging
of HA and con rmed that HA is localized around migrating NC cefisrivo, and under NC

explantsex viva To manipulate the levels of HA, we microinjected 2-cell stage embryos
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with HAS1 and/or HAS2 for upregulation and HAS1- and/or HAS2-MO for downregula-
tion.

Similar to our previous observations with mammalian cells, changing the levels of
HArGCX under NC explants did not affect adhesion morphology, but their migration speed
was affected. We quanti ed NC migratian vivo in embryos up- or downregulating HAS.

NC cells in embryos with lower levels of HA migrate slower than in wild type (WT) em-
bryos, while NC cells in embryos with higher levels of HA migrate faster. To independently
manipulate the HArGCX and HArECM, we did transplantation experiments where we ma-
nipulate the levels of HArGCX in NC cells independent of HArECM in the mesenchyme,
but the results were similar to our vivo data. This migration response is consistent with
our observations of single-cells migrating on a high ECM density, so we cultured NC ex-
plants on low bronectin surfaces and were able to show the opposite migration response.
Unlike ourin vivo migration response, ow@x vivodata show that NC explants with lower
levels of HArGCX migrate faster than wild type (WT) explants, while explants with higher
levels of HArGCX migrate slower. This migration response is consistent with our obser-
vations of single-cells migrating on a low ECM density. Despite other factors that may
be participating in such compler- andex vivoNC migration responses, we were able to
show results consistent with our hypotheis of con ned interfacial HA as a regulator of cell
adhesion and migration.

Taken together, our results suggest another layer of regulation by HA to the molec-
ular mechanisms governing cell adhesion and migration, and emphasizes the important

mechanical role sugars may play in other biological processes.
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CHAPTER 1
INTRODUCTION AND SPECIFIC AIMS

1.1 Introduction

1.1.1 Hyaluronan-richglycocalyx

The linear polysaccharide hyaluronan, also known as hyaluronaic acid or hyaluronate (HA)
is a glycosaminoglycan consisting of the repeating disaccharide unit comprised of D-
glucuronic acid and N-acetyl-D-glucosamine [1]. With a persistence length of 7 nm at
physiological pH and up to 25,000 units, corresponding to 10 MDa [2], or equivalently a
25 m length [3], HA is among the largest polysaccharides in nature. This giant biopoly-
mer is synthesized on the cell plasma membrane by the hyaluronan synthase (HAS) family
of transmembrane proteins: HAS1, HAS2, and HAS3. High molecular weight (MW) HA
plays important roles in embryonic development, participating in various morphogenesis
events, such as somitogenesis [4], endocardial cushion formation in heart development [5],
angiogenesis [6], and NC migration [7, 8]. Defective HA synthesis or its degradation to
smaller low MW HA chains lead to defective bone, cartilage and joint development, atri-
oventricular septal defects, craniofacial anomaly, as well as tumor progression [1, 9].
Extruded through the plasma membrane, HA chains remain bound to the HAS enzymes
or anchor to the cell surface by other HA-binding proteins, e.g. CD44 and RHAMM,
and form the hyaluronan-rich glycocalyx (HArGCX). The HArGCX can be decorated with
molecules from the chondroitin sulfate proteoglycans (CSPG) family, bottlebrush-like large
cylindrical molecules with a protein backbone and side chains of the highly-negatively
charged chondroitin sulfate. The CSPGs bind to HA through their G1 domain, embedding
the cell in a halo of highly-hydrated supermolecular assemblies of HA and CSPGs. Reports

suggest that CSPGs are present at the cell-substratum interface, but we have been thus far



unable to con rm that. Note that HA can also detach from the cell surface and integrate

into the extracellular matrix (ECM).

1.1.2 Hyaluronanin cell adhesiorandmigration

In the context of integrin-regulated cell adhesion and migration, HA has received minimal
attention, yet many studies point to HA as playing a key role in mediating cell adhesion-
dependent processes [10]. The swollen HArGCX repels objects away from the cell surface,
demonstrating how the same components might exert repulsive forces on the substratum,
resisting contact and placing ECM-engaged integrins under increased tension. This repul-
sive effect is the basis of the particle exclusion assay (PEA), the most common method
used to determine whether a cell is enveloped by a sugary polymer coat. However, the pos-
sibility that HA plays a mechanical role in cell adhesion regulation has not been explored
yet.

Further, adhesion of the cell to its surroundings, and its dynamic regulation is a critical
element in migration. The molecular mechanisms of single cell migration are believed to
be generally understood, with established models of migration neglecting the HArGCX.
Yet, HArGCX is often tethered in a distinctive asymmetric distribution on migrating cells
[11, 12]. Migration speed has been shown to depend on cell adhesion, where locomot-
ing cells exhibit a signature biphasic speed response to increasing adhesion strength, with
the highest migration speed occurring at intermediate ECM densities and slow migration
occurring at low and high ECM densities - too little cell adhesion provides insuf cient
traction for ef cient cell motility, whereas too much adhesion renders cells immobile [13,
14, 15, 16, 17]. The possibility that HA may also mechanically regulate adhesion in ad-
dition to and potentially independent of varying ECM densities has not been explored. If
the HArGCX indeed mediates cell migration by regulating cell adhesion, it may also help
resolve a disagreement in the literature and provide a general physical explanation for the

contradicted reports of cell migration response to various levels of HArGCX. Since some



previous studies concluded that HA promotes migration and others report the opposite [18,
19, 20, 12, 21, 22, 23, 24], mechanical regulation by HArGCX may provide a general ex-

planation in addition to the generally-accepted explanation of biochemical signaling and

cell type-speci c responses.

The hypothesis that con ned polysaccharides help regulate cell adhesion strength and
thereby migration speed has never been explored. Because of its ubiquity in many bio-
logical processes that involve modulation of cell adhesion and migration, and despite its
involvement in biochemical signaling; HA is the most obvious candidate for such mechan-
ical role and worthy of understanding in detail. Still, no systematic study of the mechanical

role of HA is published in the literature.

1.2 Specic Aims

Our long-term goals to determine whether synthesizing hyaluronan-rich glycocalyx is a
fundamental strategy employed by living organisms to mechanically regulate tissue or-
ganization, repair, and diseasd@he objectiveof this thesis is to determine whether
hyaluronan-rich glycocalyx mechanically regulates cell adhesion and migrationOur

central hypothesis that con ned HA at the cell-ECM interface is compressed and may re-
sist adhesive force generation to decrease the effective cell adhesion strength, and thereby,
modulate cell migration. We have formulated this hypothesis based on (1) numerous bio-
logical processes involving HA overproduction during changes in adhesion and migration,
(2) polymer physics-based estimation of repulsion by compressed HArGCX, and (3) con-
tradicted reports of the cell migration response to HA. The objective will be accomplished

by testing our central hypothesis in the following speci ¢ aims:



1.2.1 Aim 1: Determinewhetherhyaluronanmechanicallyregulatescell adhesiorand

migrationin vitro

Using confocal and re ection interference contrast microscopy (RICM) microscopy, a spin-
ning hydrodynamic assay, a sparsely-seeded cell migration assay, and a HA polymer-brush
assay, we will quantify changes in cell adhesion and migration in response to altered level
of HA at the cell-substratum interface. We will use hyaluronidase (HAdase) to digest
the HArGCX in MEF, PC3 and RCJ-P cells to compare cells with their natural levels of
HArGCX and without it. After examining the cell-substrate interface and quantifying ad-
hesions, we will measure the adhesion strength of cells with and without HArGCX. We
hypothesize that in addition to ECM density compressed HArGCX is an independent me-
chanical regulator of cell adhesion, hence, we predict that digestion of HArGCX will in-
crease adhesion strength. We will then con rm the biphasic response of cell migration to
increasing ECM density in our hands and compare the response of cells with and without
HArGCX. We hypothesize that cells cultured on low ECM densities will migrate faster as
a result of HArGCX digestion and expect the opposite response for cell cultured on high
ECM densities. We will seek to verify our ndings by varying the HArGCX levels by
doxycycline to induce HAS overexpression and therefore HArGCX levels in an inducible
MCF-7 cells. Further, we will compare our results with polymer physics-based approxi-

mations.

1.2.2 Aim 2. Determinewhetherhyaluronanmechanicallyregulatesneural crestcell

migration

Using NC cells in Xenopus laevis (African clawed frog) embryos, microinjections, gene
expression manipulations, in situ hybridization, whole-mount immuno uorescence, and
home-made fusion construct for HA live imaging; we will identify changes in neural crest
(NC) cell adhesion and migration with manipulated levels of HAS1 and HAS?2, and thereby,

various levels of HA. Our working hypothesis is that in the developing embryo both (1)
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hyaluronan-rich extracellular matrix (HArECM) in the migration path and surrounding tis-
sues and (2) HArGCX around the migrating NC cells are synthesized in a robust spatiotem-
poral pattern that may help regulate NC migration. We will label HA in live embryos and
identify HArGCX in the projected migratory paths of NC cells and/or HArGCX around
migrating NC cells. Next we will examine the cell-substrate interface of NC explants up-
regulating and downregulating HAS1 and HAS2 and compare their adhesion morphologies
and migration speeds. Consistent with our hypothesis of HArGCX as a mechanical regula-
tor of cell adhesion strength, we will seek to identify adhesion-based migration responses

to HArGCX overproduction compared to underproduction.

1.3 Signicance

This research is innovative because it explores a form of regulation that has never been stud-
ied regarding themnECHANICAL ROLE OF HA in cell adhesion and migration. The results

will Il a fundamental gap in our knowledge establishing whether HArGCX and adhesive
complexes are complementary systems. We will demonstrate this complementary role of
REPULSIVE con ned HA to ADHESIVE complexes in different model systenmsvitro, ex

vivo, andin vivo. Particularly, we will seek to answer whether the magnitude of repul-
sion by con ned HArGCX at the cell-ECM interface substantially decreases cell adhesion
strength, and whether this form of adhesion regulation by HArGCX in turn can mediate
cell migration. This work will provide a new dimension to the way we think about cell ad-
hesion and migration, and develop new broader insights into the potential mechanical roles
of sugars at the interface of cells and their microenvironment. These insights will hopefully
motivate deeper looks into the dynamics of mechanical adhesion regulation by HArGCX,
and the potential contribution of various HASrGCX-bound CSPGs to cell migration in birth
defects, cancer metastasis and other HA-related biological processes. Ultimately, these in-
sights may be a tiny step towards a better understanding of the mechanical roles of sugars

among all other aspects of complex multicellular life.



CHAPTER 2
SWEET BUT REPULSIVE: HYALURONAN-RICH GLYCOCALYX
MECHANICALLY REGULATED CELL ADHESION AND MIGRATION

2.1 Abstract

The mechanics of cell adhesion plays a central role in the cohesion, maintenance, and dis-
ease in living tissues. In this study, we address the hypothesis that compressed hyaluronan-
rich glycocalyx plays a signi cant but underappreciated role exerting repulsive forces on
adhesive bonds. Using a combination of modeling, cell adhesion measurements, and a
biomimietic glycoclayx assay, we demonstrate that interfacial hyaluronan can exert pi-
coNewton forces on integrin bonds and further, that it reduces the cell adhesion strength by
30% on three different cell lines. Additionally, using a biomimetic glycocalyx, we show

that dynamic growth of hyaluronan at the cell-substratum can dramatically alter cell mor-
phology pushing the cell membrane between cell adhesions. Last, we show that improved
understanding of the role of hyaluronan glycocalyx in mediating cell adhesion leads to a
complex but predictable dependence of cell migration on hyaluronan glycocalyx. Together,
this work suggests that cells with hyaluronan-rich glycocalyx may leverage a balance of ad-
hesive and repulsive forces in their interaction with the extracellular matrix, which results

in an extra degree of physical degeneracy and control over the cell adhesion state.

2.2 Introduction

Cell interaction with the extracellular matrix (ECM) is central to multiscale biological pro-
cesses ranging from cellular proliferation, migration and differentiation to tissue morpho-
genesis, pathogenesis and repair. Cell-ECM interactions are mediated by integrins, focal

adhesion (FA) proteins, and the actin cytoskeleton, which together enable cells to sense



and transmit mechanical signals from and to the ECM. Decades of research has focused
on understanding FA assembly, biophysical and biochemical signaling through cell adhe-
sions (mechanotransduction), and the role of these adhesions in governing fundamental
physiological processes.

In this study, we explore the hypothesis that hyaluronan-rich glycocalyx (HArGCX)
plays a substantial yet unappreciated role in governing the mechanics of cell adhesion
(Figure 2.1). We focus on HArGCX because this microns thick polymer brush-like assem-
bly tethered to the cell surface obscures the much smaller adhesive membrane receptors
(e.g. integrins). Further, changes in interfacial hyaluronan, also known as hyaluronaic acid
or hyaluronate (HA) are correlated with dynamic rearrangements of cells, whether it be
during cell division, cell migration, embryogenesis, cancer metastasis, wound healing, or
synaptogenesis [25]. Such tissue dynamics requires careful orchestration of the number
and strength of adhesive bonds, giving rise to the question of why enhanced HArGCX is
upregulated during these processes.

Studies have shown that HA may behave as a ligand, facilitating cell-ECM binding or
cell-cell binding via surface receptors [26, 27], while in other cases, HA may act as a re-
peller molecule, interfering with the binding of integrins [28, 29, 11, 30]. Theoretical work
suggested that repulsion by macromolecules trapped at the cell-ECM interface affects the
growth kinetics of focal adhesions [30, 31]. These predictions were con rmed experimen-
tally, showing that both mucins and synthetic glycopolymers physically in uence integrin
clustering in cancer cells and result in enhanced strain on integrin-ligand bonds [32]. How-
ever, mechanical repulsion arising from compression of the huge glycosaminoglycan HA
and its impact on cell adhesion has not yet been established.

HA is a ubiquitous polymer in the human body and among the largest natural polysac-
charides in nature [33]. With contour lengths reaching up tor2§34, 25] and a molecular
weight of 10 MDa, compressed interfacial HA in the cell glycocalyx is a strong candidate

for physical mediation of cell adhesion through steric and mechanical forces. As shown in



Figure 2.1a, HA is synthesized on the cell plasma membrane by the hyaluronan synthase
(HAS) family- HAS1, HAS2, and HAS3, and extruded to the extracellular space [35, 36,
37]. The unbranched HA chains often remain tethered to the extracellular cell-surface by
HA surface receptors and HAS, forming a thick HArG@Xvitro andin vivo [26, 38].

The chondroitin sulfate proteoglycans (CSPG) is a sulfate-rich, negatively charged bottle-
brush shaped molecule that binds along the tethered HA strands. When CSPGs bind to
the HArGCX they stretch the anchored HA chains even further away from the cell sur-
face, to give rise to a huge macromolecular assembly sometimes referred to as the peri-
cellular matrix [39, 40, 41]. Historically, the pericellular matrix has been neglected be-
cause itis invisible in bright eld microscopy and preparations to label the highly-hydrated
structure severely disrupt it. Figure 2.1b shows the crude but most common technique for
visualization- the particle exclusion assay (PEA). While this technique shows the HArGCX
around the cells, this work focuses on the HArGCX trapped at the cell-substrate interface
(Figure 2.1c).

We propose that the expression of enhanced or altered HArGCX during dynamic cell
adhesion events is not coincidental but rather that the HArGCX modulates the strength of
integrin-mediated cell adhesion. To test this hypothesis, we model the HArGCX as a poly-
mer brush to evaluate the magnitude of the force arising from the compression of HA at the
cell-ECM interface. We then examine how HArGCX impacts cell adhesion morphology
on maturely adhered cells and whether a HA-induced gap at the cell substratum is measur-
able. Those data provide important insights to interpret mechanical measurements of cell
adhesion with and without HArGCX. The mechanical assay con rms that interfacial HA
reduces cell adhesion strength b0 percent, and provides strong evidence for the non-
trivial role of HA in the mechanics of cell-matrix interactions. We then present an extreme
demonstration of the forces exerted by a biomimetic HArGCX to establish that densely
expressed HA can visibly deform cell shape and challenge FA stability. Last, we consider

the role of HArGCX in controlling physiological processes, and reexamine the adhesion-
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Figure 2.1: The hyaluronan-rich glycocalyx (HArGCX). (a) lllustration of the HArGCX-

a macromolecular assembly of high molecular weight HA polymers anchored to the cell
membrane by HA receptors and HA synthase. Chondroitin sulfate proteoglycans bind
and further stretch the HA polymers from the cell surface. (b) HA is present at the cell-
substratum (green) together with cell adhesions (red, paxillin) on multiple cell lines includ-
ing the RCJ-P cells shown here.



dependence of biphasic cell migration in the context of HA, showing that the HArGCX

predictably alters cell migration speeds.

2.3 Materials and Methods

2.3.1 Cell Culture

Cells were maintained at 3¢ and 5% CQ. We cultured mouse embryonic broblast
(MEF) cells expressing vinculin-EGFP (gift from Dr. Andres Garcia) in DMEM (Ther-
moFisher) supplemented with 10% FBS (Gibco), 1% non-essential amino acids (Gibco)
and 1% penicillin-streptomycin (Corning); prostate adenocarcinoma human cells (PC3)
(CRL-1435, ATCC) cells in F-12K Nutrient Mixture with L-glutamine (Corning), supple-
mented with 10% FBS (Corning) and 1% penicillin-streptomycin (Corning); and rat chon-
drocyte joint cells (RCJ-P) (ProChon Biotech) in alpha-MEM (Corning), supplemented
with 15% FBS (Corning), 2% L-glutamine (Mediatech) and 1% penicillin-streptomycin
(Corning).

2.3.2 SamplePreparation

Glass slides were incubated with bronectin (Fisher Scienti c) or collagen-I (Fisher Sci-
enti ¢) with the desired concentrations for 30 minutes then blocked with BSA for another

30 minutes at room temperature. One day before experiments, cells were sparsely seeded
on the pre-coated slides. For HArGCX digestion bacterial HAdase obtainedSt@pto-

myces hyalurolyticugSigma Aldrich) was added 30 minutes before other procedures to a

nal concentration of 10 units/mL.

2.3.3 Hyaluronanvisualization

For particle exclusion assay (PEA) xed sheep erythrocytes (Sigma Aldrich) suspended
in PBS were slowly added to samples until they formed a monolayer. For uorescent la-

beling of HA neurocan-G1-EGFP fusion protein harvested from HEK 293 EBNA cells as
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described elsewhere was used [42]. Brie y, HEK cells were cultured and grown to con u-
ency in DMEM/F12, supplemented with 10% FBS, 1% L-glutamine and 0.1% puromycin

(EMD Biosciences).

2.3.4 Re ection interferencecontrasimicroscopy

For the quanti cation of cell-substrate height change we used re ection interference con-
trast microscopy (RICM) reviewed elsewhere [43]. Brie y, this method employs the con-
structive and destructive interference between monochromatic light re ected off the ventral
side of a cell and the glass surface. The resulted image is comprised of bright to dark fringes
with the relative intensity of the fringes depending on the height between the cell and the
substrate. The range of heights under the cell using green light source was below 100 nm.
Therefore, darker fringes correspond to smaller heights where the cell membrane is close
to and underlying substrate and brighter fringes to larger heights where the membrane is
elevated further away from the glass surface. Live cells were imaged before and 30 minutes
after HAdase treatment and data were analyzed using ImageJ and custom written Matlab
code extracting the average change of RICM intensity of the cells adjusted by the intensity
of the background and interpreted as the average change in the height of the membrane

above the glass slide.

2.3.5 Adhesionvisualization

For MEF cells stably expressing EGFP-vinculin adhesions were imaged in live cells as de-
scribed below. For RCJ-P cells adhesions were labeled in cells xed in 4% paraformalde-
hyde, permeabilized with 0.5% Triton-X100, and blocked with 10% goat serum in PBS
for 1 hour. They were incubated with primary antibodies against paxillin (Thermo Fisher
MA5-13356) overnight at 4C in PBS with 10% goat serum. On the following day, sam-
ples were incubated with secondary antibodies (Thermo Fisher A-21058) in PBS with 10%

goat serum at room temperature for 1 hour. Confocal images were acquired on an Olym-
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pus FV1000 laser scanning confocal microscope using a 60x oil objective. Live MEF cells
were kept in a regulated chamber {87and 5% CQ) during vinculing imaging and xed
RCJ-P cells were kept in room temperature during paxillin imaging. Data were analyzed

using custom written Matlab code extracting morphological features of cell adhesions.

2.3.6 Spinningdisk assay

For the quanti cation of cell adhesion strength we used the spinning disk apparatus as
described elsewhere [44, 45]. Briey, cells are sparsely seeded on a round coverslip and
spun such that the shear stress applied on them increases linearly with the distance from
the center of the round slide. Along the radius of the slide the shear stress corresponding
to 50% detachment is de ned as the cell adhesion strength, and its magnitude is a function
of the radius, rotational speed and uid density and viscosity. Our cells were seeded and
incubated overnight at 3€ and 5% CQ. On the following day, samples were incubated
with PBS or HAdase for 30 minutes then spun in the spinning disk apparatus. Analysis
included imaging 61 elds of view from the center of the slide and out using a Nikon
TE300 with a Ludl motorized stage, Spot-RT camera, and Image-Pro analysis system. The
number of cells at various distances from the center, corresponding to different shear stress
magnitudes were counted and normalized by the number of cells at the center of the slide

where the shear stress is negligible and t to a sigmoidal curve.

2.3.7 Cell-brushexperiments

The HAS surfaces were prepared as described elsewhere [46]. HA brush was grown for
15 minutes in normal brush growth solution. Then the growth was stopped by exchanging
the brush growth solution completely with Alpha-MEM (Corning). Then, MEF cells were
added into the sample in a regulated chambet@3hd 5% CQ) and let adhere for 1 hour.
Next, HA brush growth was turned on again by adding 0.2 M Mg&ld 50 mM UDP-

sugar into the sample. The HA brush was then grown for another 3 hours. The volume ratio
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of Alpha-Mem, MgC} and UDP-sugar was 8:1:1. Images were acquired on an Olympus
FV1000 laser scanning confocal microscope using a 60x oil objective. Data were analyzed
using ImageJ and custom written Matlab code extracting morphological features of HA and

the cell at multiple planes at the cell-substrate interface.

2.3.8 Migration assay

Custom built metal plates with a single circular well were used to run migration assays. PC3
and MEF cells were sparsely seeded on collagen IV and bronectin slides respectively. Af-
ter overnight incubation, single cells were treated with PBS or HAdase and imaged every 5
minutes for 3 hours in a regulated chamberr@3@and 5% CQ). Imaging was acquired on a
Nikon TE2000 inverted microscope using a x40 oil objective. The open source CellTracker
was used to track cells and data was analyzed using custom written Matlab code extracting

migration features of the cells.

2.4 Results and discussion

2.4.1 Approximatiopnof theload on adhesivebondsby hyaluronan-riclglycocalyx

To motivate this investigation, we began with an estimate of the force exerted on receptor-
ligand bonds by a compressed HArGCX. Turning to polymer physics, we modeled the
HArGCX as a collection of monodisperse end-grafted HA chains trapped at the cell-substrate
interface. At low grafting densities or equivalently, large polymer spacsgse glyco-

calyx lays in the mushroom regime, where its heidhy,, increases with the number of
segments ak (%)016, where% is the number of segments calculated by dividing

the total number of disaccharide unitdy the number of disaccharide units per segment

p = 14. At higher grafting densities, when the spacing is less than the typical diameter of
an HA globule § < L y ), the model glycocalyx is in the brush regime. In this case, the
brush height scales ass = & 3 % %IC. The resultant prediction for the HArGCX

height over a wide range of possible molecular weights and possible polymer spacings,
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s=10 200nmis shown in Figure 2.2a.

(@)

(b)

()

Figure 2.2: Polymer physics-based predictions of the HArGCX. (a) The transition from
mushroom- to brush-regime when the spacing between polymer attachment points, s,
equals the mushroom diameter. (b) The dependence of the glycocalyx thickness on HA
molecular weight and the spacing s. The dashed line represents the hypothetical thickness
where inter-chain (brush) interactions are ignored. (c) The approximated repulsive force
carried per integrin-ligand bond as a result of compressed HArGCX at the cell-substrate
interface, assuming the relaxed brush thickness is compressed to 70 nm.

The glycocalyx model presented here is motivated by extensive characterization of the
HArGCX around cells as well as its veri ed presence at the cell-substratum on the three
cell lines investigated here: mouse embryonic broblast (MEF), prostate adenocarcinoma
human cells (PC3), and rat chondrocyte joint cells (RCJ-P) (Figure 2.1c). Previous studies

of the HArGCX indicated that HA polymers on RCJ-P cells are longer than the average
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uncompressed glycocalyx thickness around the cell, which is 7 microns for RCJ-P cells
(2.8 MDa). Further, that study provided evidence that the HA strands may be as long
as 18.5 microns (7.4 MDa), corresponding to the thickness of the HArGCX when fully
extended by supplemental exogenous aggrecan. Likewise, MEF and PC3 cells used in
this study typically have HArGCX that are several microns thick and extend more with
exogenous aggrecan, suggesting that the HA chains are at least 5 microns (2.0 MDa). Other
studies show that high molecular weight HA chairsLiMDa) are present in almost all
tissues, while medium- and low-molecular weight HA1(MDa) are typically associated

with pathological conditions[26, 47]. We therefore proceed with the assumption that the
average HA length in the glycocalyx is somewhere betwedn 7 MDa.

In order to calculate the force generated by the compressed HA at the interface, we rst
sought to determine whether the typical HArGCX lays in the polymer brush or mushroom
regime by directly comparing experimental measurements with Figure 2.2b. We reasoned
that the cell-substratum HArGCX likely contains few, if any of the giant bottlebrush proteo-
glycans found in the HArGCX surrounding the cell, since for example, the hydrodynamic
radius of just one semi- exible aggrecan is 202 nm [48]. Our measurements of the gap at
the cell-substratum arising from HArGCX in the next section is at most 100 nm and it de-
creases signi cantly after HA digestion. These observations are consistent with a minimal
presence of CSPGs in the glycocalyx trapped at the cell-substrate interface.

We therefore estimate the cell-substratum glycocalyx uncompressed height by looking
at the typical HArGCX thickness after digestion of the CSPGs using chondroitinase. Our
previous work showed that digestion of the proteoglycans reduces the glycocalyx thickness
to 1.0 m on RCJ-P, MEF and human mesenchymal stem cells, revealing the relaxed
height of the CSPG-free HArGCX. Equipped with the likely range of the HA molecular
weight and an estimate of the uncompressed brush thickness of the HArGCX, examination
of Figure 2.2 indicates that the HArGCX lies rmly in the brush regime and further, that

the typical spacing between grafted HA strands is aram@®5 751m. For example, for
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the RCJ-P cells, using the HA contour length estimate of 2.8 MDa, the range of predicted
thickness would be 0.8-5 microns, indicating that for that cell line whose relaxed glycoca-
lyx is 1.0 m, the polymer spacing is betweendge 50 75nm. A similar approach for
MEF cells yields an estimate ef 25 50nm.

The force exerted by a compressed HArGCX can now be estimated with these insights.
Attili et al. established that HA polymer brushes in physiological conditions are well de-
scribed by the self-consistent mean- eld theory of a neutral brush in a good solvent [49, 50,
51, 52]. The same combined experimental-theoretical study showed that the force exerted
by a compressed HA brush is
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whereR is the radius of the compressing object, the Boltzmann constant, the tem-
peraturea the segment lengtlh,g is the uncompressed brush height, &nd the polymer
contour length. We used a radius of a circle with area similar to the average area of the
HArGCX at the interface, estimated to be about 2/3 of the average cell area. The distance
between the sphere and the surfacd,igorresponding to the height of the compressed
glycocalyx height. We conservatively used the maximal possible height of compressed
HArGCX under the celd = h,x = 70 nm determined experimentally using re ection
interference contrast microscopy (RICM).

To nd the force per adhesive bond, we divided the total calculated force by the average
number of engaged integrins found under a broblast cell, which is estimated to be around
10* [53], consistent with our own estimate for the MEF cells (see Supporting Information
subsection 2.5.2).

Figure 2.2c summarizes how the resultant force per integrin-ligand bond varies with the
HA molecular weight (or contour length) and spacing (grafting density). The calculation

establishes that compressed HA can exert forces in the sub-pN to tens of pN range, which
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is the ideal range to signi cantly strain integrin bonds [54, 55, 56]. For the RCP-P cells,
assuming a contour length of 2.8 MDa and s=50nm, the average force per integbipNs
For the MEF cells, assuming a contour length of 1 Mda and s=50nm, the average force per

integrin is 0.5 pN.

2.4.2 Digestionof HArGCX doesnotalteradhesiomorphologybutreduceshecell-substrate

gap

The simplest approach to quantify the force exerted by HA compressed glycocalyx is to
measure the load on adhesive ligands with and without the glycocalyx. Our approach to
remove the HArGCX is to apply hyaluronidase (HAdase) which quickly and completely
digests the HA. To facilitate interpretation of the force measurements in the next section,
we examined whether glycocalyx removal alters the cell adhesions of MEF and RCJ-P cell
lines.

The MEF cells, which endogenously express EGFP-vinculin, provided a direct com-
parison. We quanti ed the number, size, and shape of adhesions on living MEF cells
before and after the removal of HArGCX. We found no signi cant differences resulting
from the removal of HA on MEF in any of these categories (Figure 2.3a and Supplemen-
tary Figure 2.7). This outcome was reproduced in similar experiments with immunolabeled
paxillin in xed RCJ-P cells (Supplementary Figure 2.8), while the adhesions on PC3 cells
were too punctate to accurately evaluate.

Next, we examined whether compressed HArGCX generates a gap between the cell and
the substrate in regions away from the cell adhesions. We reasoned that the HA-induced
gap would be minimized upon HA removal, as its absence would shift the mechanical equi-
librium, allowing the plasma membrane to approach the underlying substrate and reducing
the load on adhesive ligands (Figure 2.3b). To obtain a semi-quantitative measure of the
height of the membrane above the substrate in the presence and absence of HA, we mea-

sured the average re ection interference contrast microscopy (RICM) intensity under the
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Figure 2.3: The HArGCX regulates membrane topography but not adhesion morphology.
(a) Live imaging of MEF cell expressing EGFP-vinculin before and after HA digestion
and quanti cation of adhesion morphology features. Plots re ect averages from three in-
dependent experiments: Cells (n=125), adhesions (n=7169); error bars repr&&avi
statistical analyses were performed using two-sample t-test: ns- not signi cant. (b) Cell-
substratum RICM image before and after HA digestion on RCJ-P cells, and the RICM
intensity difference for three cell lines. Plot re ects average intensity changes from three
independent experiments: MEF (n=51), PC3 (n=44), and RCJ-P (n=71); error bars repre-
sent SEM; statistical analyses were performed using paired-sample t-tesk 0@®1,

***p < 0.001.
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cell before and after HArGCX removal by HAdase treatment.

In experiments where HArGCX was removed via enzymatic digestion, the average
RICM intensity monotonically decreased for all three cell lines (Figure 2.3b). Since the
intensity-height relation for RICM has the functional dependence of a cosine, if the entire
change in height is within a range corresponding to half the cosine period, the intensity will
monotonically decrease from brighter constructive interference toward darker destructive
interference. This indicates that the membrane approaches the underlying substrate after
HA removal and that average change in height must be less;than 102nm, where
ny is the index of refraction of water. Quantifying the data for the MEF cells, we found
the average decrease in the gap under the ced® is6nm. These data provide evidence
that the HArGCX generates sizable gap between the cell and the substrate that will strain
adhesions; and further, they provide a value for the compressed brush Heigted in the

estimate of the force per ligand bond that generated Figure 2.2c.

2.4.3 HArGCX substantiallyweakensell adhesion

Next we designed an experiment to quantify the impact of HArGCX on cell adhesion. We
measured the cell adhesion strength of cells with and without HArGCX using the spin-
ning disk assay, a workhorse tool for the comparative quanti cation of cell adhesion under
different conditions [44]. In this assay, cells are seeded on a circular coverslip and spun
at high speed resulting in a radially increasing shear stress with position. The value of the
shear stress at the location where 50% of the cells are detached by the hydrodynamic forces
is called the “cell adhesion strength'. For the three cell lines (MEF, PC3, RCJ-P), removal
of the HArGCX substantially increased cell adhesion strength by 33-62% (Figure 2.4).
Other factors that could lead to this outcome include a change in cell area with HAdase
treatment or a change in the focal adhesions. Quanti cation of the average cell area before
and after HAdase yielded no signi cant difference for MEF and PC3 cells, while a small

5 percent increase occurs for the RCJ-P cells. Therefore, the shear stress should be similar
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Figure 2.4: Removal of HArGCX increases cell adhesion strength. (a) Fraction of adhered
cells normalized by the number of cells at the center of the round coverslip as a function
of the shear stress applied. The adhesion strength was de ned as the shear stress corre-
sponding to 0.5 adhered cellt%ﬁ = 0:1§1—N2). (b) The adhesion strength of three cell

lines measured with (blue) and without HArGCX (red). Plot re ects average cell adhesion
strength from three independent experiments: MEF (n=12), PC3 (n=36), and RCJP (n=30);
error bars represent SEM; statistical analyses were performed using two-sample t-test:
ns- not signi cant, **p< 0.01, **p < 0.001.

for the two situations and not alter the data. Our earlier quanti cation of the number and
area of the focal adhesions with HAdase treatment is also critical to analyze the spinning

disk results, as it indicates that the total number of molecular bonds responsible for the cell
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adhesion have not changed signi cantly. We also addressed whether possible HAdase dam-
age to integrin receptors could generate this outcome. We measured the adhesion strength
of Chinese hamster ovary (CHO) cells which express no HA synthase and therefore have no
HArGCX, before and after HAdase treatment. No difference in the resultant cell adhesion
strength was found between the two measurements (Figure 2.4). Therefore, we conclude
that these data indicate that compressed HArGCX at the cell-substratum exerts a sizable
force that weakens the adhesion of cells to the substrate.

These quantitative experimental data support the hypothesis that compressed HArGCX
weakens cell adhesion strength by exerting sizable repulsive forces on the integrin-ECM
bonds. Further analysis of the data provides an estimate of the load carried by individ-
ual integrin bonds (see Supplementary subsection 2.5.2), yielding a value3i¥ 38
pN/bond for the MEF and PC3 cells and2:5 25pN/bond for RCJ-P cells depending on
the breaking force assumed for a single integrin bond (10 - 100 pN). Notably, this outcome
con rms that compressed HArGCX likely plays an underestimated role in regulating the

mechanics of cell adhesion when present.

2.4.4 Dynamichiomimetichyaluronan-rictglycocalyxdistortscell shapeandcompromises

cell adhesion

To provide additional evidence to support the hypothesis that cell adhesion can be altered
signi cantly by the presence of HArGCX. Our previous work established a platform that
uses HAS to generate reproducible, ultra-thick HA brushes whose nal height depends
on the growth time, ranging from a few hundred nanometers to more than 10 microns in
physiological conditions. Further, brush growth can be controllably switched on and off
[46, 57, 58].

In this study, we adopted the HAS generated brush platform as a dynamic and tunable
biomimetic glycocalyx. We examined whether HA polymers synthesized by HAS beneath

an adherent cell exerts mechanical force substantial enough to visibly alter cell adhesion,
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Figure 2.5: Growth of a biomimetic HArGCX at the cell-substrate distorts cell shape and
strains cell adhesion. Left: The top image shows schematic of a biomimetic HArGCX
brush using uorescent particle exclusion assay; the middle image shows a distorted MEF
in which the HA brush is grown at the cell-substrate interface for 3 hoursfb.4eight
outside the cell region); the bottom image is a control MEF cell adhered to the biomimetic
glycocalyx surface with a short 15 minute brush (I8 height). Middle: Fluoresecent
image of the substrate of the same cell. Scale bars are fb) Quantitative analysis of

the HA- lled space at the cell-substrate interface. For both the control and brush experi-
ments, triplicates were performed and a totab®d0 cells were analyzed. Error bars are
the standard error of the mean.

or possibly even force the cells to detach from the surface.

HA synthesis under adherent MEF cells proceeded when the surface was primed with
a thin layer of HA brush (15 min growth) before the cells adhered. MEF cells were then
seeded on these surfaces and allowed to adhere for 1 hour - a time suf cient to allow 80%

of the cells to spread to their maximal area (data not shown). At that point, the biomimetic
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glycocalyx growth was switched on for three hours. At the end of three hours, the cell
shape, glycocalyx volume under the cell, and brush thickness were examined.

Figure 2.5a shows a typical side view of an MEF cell exposed to biomimetic glycocalyx
growth at the interface. The cells become visibly distorted, with a large volume beneath the
cell occupied by the compressed HA brush. Examination of the cross-sectional area at the
interface reveals that most cells remain bound at just a few critical contact points, with the
rest of the cell arched above the surface. The focal adhesions present in a typical MEF at
the substrate, like those shown in Figure 2.5a, have largely been eliminated by the lack of
contact. The second side view shows a cell on the thinner 15 minute HA brush. The gap un-
der the cell is less visible, although it does exist, as indicated by quanti cation of the empty
space under the cell occupied by uorescent dextran at each height (Figure 2.5b). The
biomimetic glycocalyx assay reinforces the critical message of this work while bypassing

issues that may arise from HA oligosaccharides.

2.4.5 Hyaluronan-richglycocalyx mediatesmigration speedin an adhesion-dependent

manner

Last, we sought to demonstrate the relevance of HArGCX-mediated cell adhesion in a
central biological process. Given the intricate orchestration of molecular adhesions dur-
ing cell migration [12, 11], and the signature asymmetric glycocalyx frequently associated
with migrating cells [11, 12], we examined whether HArGCX-mediated cell adhesion im-
pacts cell migration speeds. Previous studies demonstrated the sensitive dependence of cell
migration on adhesion strength, establishing that single-cells exhibit a biphasic migration
speed response. Maximal migration speeds occur at intermediate adhesion strengths, while
slower migration speeds occur at both lower and higher adhesion strengths [13, 14, 15, 16,
17]. Hence we examined whether the HArGCX could also predictably impact the biphasic
migration of single cells in an adhesion-dependent manner.

We hypothesized that stronger attachment to the surface correlated with the removal of
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Figure 2.6: HArGCX-mediated adhesion predictably tunes cell migration speed. The aver-
age migration speed of cells displays a biphasic dependence to ECM density in the presence
(blue) and absence (red) of HArGCX. The shift of the HA-free cells to the left is consistent
with the increase of cell adhesion strength by the loss of HA glycolcayx.

HArGCX would shift the biphasic migration curve to the left, relative to the same cells with
HArGCX. We rst con rmed the biphasic migration response to increasing ECM density

for the migratory cells (MEF and PC3 cells) on surfaces coated with bronectin or col-
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lagen respectively. We then compared the migration speeds of those same cells treated
with HAdase. The results are striking. At low ECM densities, where cells are weakly
attached, removing HArGCX substantially increases migration speed. At high ECM den-
sities, the opposite occurs, with migration speed dropping. Despite the opposing trends,
the results are consistent with the impact of adhesion on cell migration. At low ECM den-
sities, increased adhesion strength, either by HArGCX removal or increased ECM, result
in faster migration. Similarly, at high ECM densities, increase in adhesion strength either
by HArGCX removal or higher ECM density result in the same outcome — slower migra-
tion. Taken together, these data support the hypothesis that HArGCX at the cell-substrate

interface mechanically regulates adhesion strength and thereby mediates migration speed.
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2.5 Supplementary Information

2.5.1 Polymerphysics-basedpproximation®f the hyaluronarglycocalyx

Previous dynamic Monte Carlo simulations of a self-avoiding polymer chain tethered to
an impenetrable surface showed that the behavior of the polymer in its desorbed state is
the same as for polymers in bulk [59]. Therefore for the mushroom regime, we estimated
the diameter of the polymer and hence the thickness of the glycocalyx to be twice the

hydrodynamic radius

I—M = ZRH

whereRy = 0:258 a (n=p):%:6. Note that that we conservatively used= 0:6, as
it ranges from 0.6 to 0.8 for high-MW HA [34]. In the mushroom regime, the spacing
between polymer attachment poists greater than the diameter of the polymer.

On the other hand, in the brush regime the spasirggsmaller tharRy, , introducing
inter-chain interactions as a result of lateral con nement. Previous studies combining AFM
and RICM showed that HA brush thickness can vary as a function of salt concentration and
the amount of bottlebrush proteoglycans embedded in the glycocalyx [60, 49]. We used
the self-consistent mean- eld theory of neutral brush in good solvent [50, 51, 52], which
was previously demonstrated to predict both the HA-brush free thickness and compressed
thickness accurately [61]. According to that work, the HA glycocalyx height in the brush

regime is

W=
Wl
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wherev = b? is the excluded volume argthe contour length.
To estimate the repulsive force by trapped HA, we conservatively set the compressed

thickness to the maximal possible height of compressed HA glycocalyx under the cell
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hmax = 102nm determined using RICM. The force required to compress a polymer brush
of heightLg can be estimated using the force equation from the self-consistent mean- eld
theory model
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whereR is the radius of the compressing objdcthe Boltzmann constant, the temper-
ature,l. the polymer contour length ardl= h,,« the distance between the sphere and
the surface. We used a radius of a circle with area similar to the average area of the HA
glycocalyx at the interface. To estimate the repulsion force per integrin-ligand bond, we
divided the total force by 10,000- an approximation for the number of engaged integrins

[53].
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2.5.2 Theloadcarriedby theintegrin-ligandbondin the presencef the HA glycocalyx

The force required to detach cells using the spinning disk aSsegn be calculated from

the adhesion strengthand is given by = A, whereA is the product of the cell area and
shape factor and the adhesion strength (shear stress). While assuming even distribution
of the detachment force, the force required to break a single integrin-ligand bond in cells
is this total force divided b\ , the number of engaged integrins participating in the initial

detachment phase.
A
=N

To nd the force per bond resulting from the HA glycocalyx, we make two experimen-
tally supported assumptions in order to eliminate the unknown paramatersgN. We
use the result that the average cell area is constant before and after HAdase treatment (Sup-
plementary Figure 2.9). Further we assume that the number of integrins is constant before
and after HA digestion since the adhesions morphology and number do not change with
HAdase treatment on MEF and RCJ-P cells (Figure 2.7 and Figure 2.8). This allows us to

take the ratio of the force per integrin from cells with and without HA glycocalyx

fW=HA _ w=HA |

fw=oHA w=0HA

where subscriptsvy=HA andw=0HA correspond to quantities with and without HA re-
spectively. In this ratio, we are able to cancel out the areas and the number of integrins
resisting cell detachment due to the fact that they are constant. The force required to break
one integrin receptor-ligand bond without the presence of external HA glycocalyx force,
fw=oHa , has been measured in several studies to be between 10 and 100 pN [55, 54, 56]. So
only fw=ha IS an unknown quantity in this equation. But this force is the force required to

break an integrin bond pre-loaded with repulsive force by compressed HA. We can further

28



approximatd -y to be the difference between the force required to break a bond and the

repulsive force by the HA glycocalyx

fw=ta = fw=ona Rnua

whereRy, is the repulsive HA force.
Combining this relation with the cell adhesion strength ratio, and using experimental
measurements éf,-ona, w=Ha aNd y=oHa, We can extract an approximation for the load

carried by the integrin receptor-ligand bond arising from the compressed glycocalyx to be

w=HA

Rua = fu=ona 1
w=0HA

Plugging in the numbers, we nd that the load carried by the integrin receptor-ligand bond
as a result of the compressed glycocalyx is 38% of the force required to break the bond for
both MEF and PC3 cells and 25% for RCJ-P cells. Assurfijaga to be between 10 and

100 pN, these values correspond to forces up to several tens of pNs.
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Figure 2.7: Adhesions remain similar after hyaluronidase treatment. (a-d) Fluorescent
image of immunolabeled paxillin, and processed images of RCJ-P cells with (b) control
and HYAL treatment (c). (d-i) Quanti cation of morphological features comparing control
and HYAL treatment. Plots re ect averages from three independent experinmepts €

57, Nagnesions = 6509); error bars represent SEM; statistical analyses were performed

using two-sample t-test: **g 0.01, ns- not signi cant.
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Figure 2.8: Adhesion morphology quanti cation of immuno-labeled paxillin in RCJ-P cells
with PBS and HAdase treatments. Plots re ect averages from three independent experi-
ments: Cells (n=57), adhesions (n=6509); error bars represeBM; statistical analyses
were performed using two-sample t-test: %p0.01, ns- not signi cant.

Figure 2.9: Cell contact area change of three cell lines before and after HAdase treatment.
Plot re ects average changes in contact area from three independent experiments: MEF
(n=51), PC3 (n=44), and RCJ-P (n=71); error bars repres&&M; statistical analyses
were performed using paired-sample t-test: ns- not signi cang @05.
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CHAPTER 3
MECHANOBIOLOGY OF HYALURONAN IN CELLS WITH
DOXYCYCLINE-INDUCIBLE HYALURONAN SYNTHASE 3

3.1 Abstract

Growing evidence suggests that a key but neglected player in the regulation of adhesion
between cells and their environment is the gigantic polysaccharide hyaluronan, also known
as hyaluronaic acid or hyaluronate (HA), with tunable contour lengths ranging from 250
nanometers to 25 microns. The hyaluronan-rich glycocalyx (HArGCX) is a biophysical
structure, with high molecular mass HA anchored to the cell surface by HA receptors,
which can be further stretched by large proteoglycans. Earlier we showed that HArGCX
weakens cell adhesion strength signi cantly, whereas no signi cant change in cell area or
adhesions morphology is detected. Here we test some of our previous observations in cells
with an inducible hyaluronan synthase (HAS) expression. We then compare experimen-
tal results with polymer physics theory and make predictions about potential glycocalyx-

induced membrane structures at the dorsal and ventral sides of cells.

3.2 Introduction

The ubiquitous biopolymer hyaluronan, also known as hyaluronaic acid or hyaluronate
(HA) is among the largest natural polysaccharides in nature [33]. With contour lengths
reaching up to 25 m [34, 25] and a molecular weight of 10 MDa, HA polymers on the
cell surface may be responsible for regulating membrane curvature [62], and for physical
mediation of cell adhesion through steric and mechanical forces. Synthesized on the cell
plasma membrane by the hyaluronan synthase (HAS) family- HAS1, HAS2, and HAS3,

and extruded to the extracellular space [35, 36, 37], the unbranched HA chains often remain
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tethered to the extracellular cell-surface by HA surface receptors and HAS, forming a thick
HArGCX in vitro andin vivo [26, 38].

Previously, we quanti ed cell adhesion strength and revealed that cells with hyaluronan-
rich glycocalyx (HArGCX) exhibit weaker adhesion than cells without it. It was further
demonstrated that the morphology of cell-ECM adhesions were not affected by the diges-
tion of the HArGCX naturally synthesized by the cells. These results were different than
theoretical work and experimental results suggesting that repulsion by macromolecules
trapped at the cell-ECM interface affects the growth kinetics of focal adhesions [30, 31],
however, consistent with other work showing that adhesions were insensitive to the pres-
ence of con ned HA of various polymer sizes at the cell interface [63]. While our previous
results focused strictly on the comparison between cells with and without HA, this binary
approach has limitations. One such limitation is that in these experiments, the removal
of HA was executed through the employment of the enzyme hyaluronidase (HAdase) that
breaks down the polymer into smaller oligosaccharides. This method could possibly in-
troduce new biochemical variables that may not be accounted for. Therefore, we sought
to test our previous ndings using doxycycline-inducible EGFP-HAS3 MCF7 cells, where
the induction of HA production is done by the addition of the reagent doxycycline [64,
65]. This feature allows us to modulate the levels of one of the hyaluronan synthase (HAS)
enzymes (HAS3) around the cell and at the cell-ECM interface and compare more than
two HArGCX levels whilst minimizing biochemical interference with the sample. We fur-
ther con rm our previous polymer-physics based predictions, by modulating the levels of
HAS3 through the doxycycline-inducible EGFP-HAS3 cells, and make predictions about
the likelihood of glycocalyx-induced membrane structures to exist on the dorsal and ventral

sides of the cells.
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3.3 Materials and Methods

Cell Culture

MCEF7 cell line stabley expressing doxycycline-inducible EGFP-HAS3 and hygromycin re-
sistance genes was a gift from Dr. Kirsi Rilla. As described previously in [64], MCF7 cells
were transduced with lentiviral vectors carrying doxycycline-inducible EGFP-HAS3 and
hygromycin resistance genes and maintained in selective growth media with 0.25 mg/ml|
hygromycin. The expression of EGFP-HAS3 was induced witlg/inl doxycycline, and

the cells with high EGFP expression were selected using FACS.

3.3.1 Hyaluronansynthaseuanti cation

A day prior to imaging cells were seeded into a 6 well plate and each well was treated

with one of the following concentrations of doxy: 0, 0.05, 0.1, 0.25, 0.5g/mL. The

following morning the cells were transferred to a row of a 24 well plate prepared with 50
g/mL collagen. Cells from each well were then imaged on an Olympus FC1000 scanning

laser confocal microscope with a 100x oil objective.

3.3.2 GCX Quanti cation/ParticleExclusionAssay

A day prior to imaging cells were seeded into a 6 well plate and each well was treated with
one of the following concentrations of doxycycline: 0, 0.05, 0.1, 0.25, 0.54y/fnL. The
following morning the cells were seeded into a well plate treated withd@@tL collagen.

An hour after seeding the cells were then treated with green cytosol dye. After incubating
for an hour, each well was washed with alpha mem and the corresponding concentrations
of doxy were added to the respective wells. The sample was then left to equilibrate in a
cell culture incubator before then being transferred to the microscope. At the microscope,
50 L of 500 nm beads were added to each well prior to imaging. The sample was then

imaged on a PerkinElmer UltraVIEW VoX spinning disk confocal microscope with a 60x
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oil objective. The z-stacks were then collected from each condition.

3.3.3 Adhesionandcell morphologyquanti cation

A day prior to imaging, cells were seeded onto a row of a 24 well plate treated with 50
g/mL collagen and each well was treated with green cytosol dye and one of the follow-
ing concentrations of doxycycline: 0, 0.05, 0.1, 0.25, 0.5,gImL. After 5-8 hours of
incubation, the sample was then xed and labeled with primary antibodies which incu-
bated overnight. The following morning the sample was washed thoroughly with PBS
and then treated with secondary antibodies which incubated for an hour before the sample
was washed again and ready to image. The z-stacks from each well were then taken on a

PerkinElmer UltraVIEW VoX spinning disk confocal microscope using a 60x oil objective.

3.3.4 Re ection interferencecontrastimicroscopy

A day prior to imaging cells were seeded into a 6 well plate and each well was treated

with one of the following concentrations of doxycycline: 0, 0.05, 0.1, 0.25, 0.5/nL.

The following morning the cells were seeded into a row of a 24 well plate treated with 50
g/mL collagen. The cells were then imaged using RICM on a Nikon TE2000 Inverted

Microscope.

3.3.5 Single-cellmigrationassay

A day prior to imaging, cells were seeded into 4 of the 6 wells in a 6 well plate and each
well was treated with one of the following concentrations of doxycycline : 0, 0.1, 0.25,
0.5 g/mL. The following morning the cells were transferred to a well plate prepared with
50 g/mL collagen and provided suf cient time to adhere. Prior to imaging the cells were
then treated with 0.5g/mL hoechst and allowed to incubate for approximately 30 minutes.
The cells were then imaged on a PerkinElmer UltraVIEW VoX spinning disk confocal

microscope with images taken every 5 minutes in the DAPI channel and every 30 minutes
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in bright eld for a duration of 3 hours.

3.3.6 Westerrblotting

Cells were lysed in 1x RIPA buffer (25 mM Tris-HCI (pH7.4), 150 mM NaCl , 0.5% sodium
deoxycholate, 1% NP40, 0.1% SDS) for 1 hr at 4C. Protein lysates were sonicated and
centrifuged at 16,000g. After centrifugation, supernatant was mixed with NUPAGE LDS
sample buffer (Invitrogen, NP0O0OOQ7). Mixture was subjected to SDS-PAGE and transfered
to nitrocellulose membrane. Membrane was blocked with 5% non-fat dry milk for 1h at
RT and incubated with anti-GFP antibody (Invitrogen A-11122) at 1:1000 at 4C overnight.
After 3x 5min washes in 0.1% TBST (1x TBS with 0.1% tween), membrane was incubated
with Goat anti-rabbit alexa uor 680 (Invitrogen A27042) at 1:10,000 for 1h at RT. Images

were captured using Licor Odyssey CLx Imaging System.

3.4 Results and discussion

3.4.1 Characterizatioof hyaluronarsynthase3 overexpressioim responseo increasing

doxycyclineconcentrations

Previous work constructed MCF7 cells with doxycycline-inducible overexpression of hu-
man hyaluronan synthase (HAS) gene (HAS3) by transducing them with lentiviral vectors
carrying doxycycline-inducible EGFP-HAS3 and hygromycin resistance genes [64]. A
doxycycline dose-dependent increase of HA secreted in the medium was recorded [65]. To
guantify the relative HAS3 overexpression by MCF7-EGFP-HAS3 cells, we treated MCF7-
EGFP-HASS3 cells with 0, 0.05, 0.1, 0.25, 0.5 andd/mL doxycycline in cell media and
compared the expression levels of EGFP-HAS3 in immunoprecipitated EGFP-HAS3 from
total cell lysate, identi ed by anti-GFP antibody in western blot (WB) Figure 3.1). Our
results con rm a dose-dependent increase in HAS3 overexpression following doxycyline
treatment and suggest the relative expression levels reach up to 10-fold the base levels of

HAS3 expression. These results are consistent with the amounts of HA secreted into the
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cell media, suggesting that the overexpressed HAS3 enzymes are located on the plasma

membrane and synthesize similar HA amounts [65].

Figure 3.1: Western blot of EGFP-HAS3 from total cell lysate of MCF7-EGFP-HAS3 cells
treated with 0, 0.05, 0.1, 0.25, 0.5, and ¢/mL doxycycline shows a dose-dependent in-
crease in HAS3 overexpression. Plot re ects averages from three independent experiments;
error bars representSEM.

To further con rm the dose-dependent response of HAS3 overexpression shown in our
WB assay can be translated into an increase of HAS3 density on the cell membrane, we
imaged MCF7 cells treated with doxyxycline using confocal microscopy (Figure 3.2a-f).
The results show that the great majority of the overexpressd transmembrane EGFP-HAS3
enzymes indeed localize on the plasma membrane, hence, the relative expression levels of
EGFP-HAS3 corresponding to increasing doxycycline concentrations can be assumed to
increase the density of the enzymes on the membrane. To compare another independent
measure of the relative increase in EGFP-HAS3, we quanti ed the intensity from EGFP-
HAS3 images for cells treated with each of the doxycycline concentrations mentioned
above and found a similar dose-dependent increase in EGFP-HAS3 intensity Figure 3.29).
Normalized average intensities measured for each assay (WB and confocal microscopy)
show that 10-fold is a good approximation for the doxycycline-induced overexpression of

EGFP-HAS3 for these MCF7 cells (Figure 3.1 and Figure 3.29).
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(@) (b) (c)

(e) (f)
(d)

Figure 3.2: MCF7-EGFP-HAS3 cells show dose-dependent increase of EGFP-HAS3 ex-
pression when incubated with increasing concentrations of doxycycline. (a-f) Live uo-
rescent confocal images showing the side view (top) and the surface plane (bottom) of
MCF7-EGFP-HAS3 cells incubated with (a) 0, (b) 0.05, (c) 0.1, (d) 0.25, (e) 0.5 and (f)
1 g/mL doxycycline suggest that overexpressed EGFP-HAS3 complexes localize on the
plasma membrane.

3.4.2 Thethicknesof thehyaluronan-riclglycocalyxin responséo increasindiyaluronan

synthase8 overexpression

Based on the increase in EGFP-HAS3 overexpression, the con rmed localization of the
EGFP-HAS3 on the cell membrane and the reported increase in HA amounts in the media
[65], we expected a similar increase in hyaluronan-rich glycocalyx (HArGCX) thickness.

Therefore, we imaged the HArGCX in MCF7-EGFP-HASS cells treated with the doxycy-
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cline concentrations mentioned above. We visualized the area of the HArGCX by labeling
the cells with green cytosol dye and adding 500-nanometer uorescent beads to perform
particle exclusion assay (PEA). This way the area of the HArGCX was the gap between
the cell and the beads (Figure 3.3a-f). To quantify the average HArGCX thickness we rst
took the difference between the area from which beads were excluded and the area of the
cell synthesizing the HArGCX. We then extracted the glycocalyx thickness from the dif-
ference between the radii of perfect circles, one with area equals to the area of the cell
and its HArGCX and the other with area equals to the area of the cell. We plotted the av-
erage HArGCX thickness versus the doxycycline treatment and found a dose-dependednt
increase of the HArGCX thickness (Figure 3.39).

The inducible HArGCX of MCF7-EGFP-HAS3 cells is a perfect system for our poly-
mer physics-based predictions. While MCF7-EGFP-HAS3 cells overexpress HAS3 when
induced with doxycycline, the levels of HAS1 and HAS2 are negligible [66, 67, 68]. Fur-
ther, unlike the dependence in CD44 for the formation of HAS1-synthesized HArGCX
around MCF7 cells, HAS3-synthesized HArGCX was shown to be independent of CD44
and RHAMM [66].

Based on polymer physics theory, we modeled the MCF7 HArGCX as a collection of
monodisperse end-grafted HA chains. The increasing overexpression levels of HAS3 are
taken into account by the decreasing polymer spasingt low doxycycline concentra-
tions corresponding to low grafting densities or large polymer spacings, the glycocalyx
lays in the mushroom regime, where its heidhy,, is de ned by the number of segments
aslby (%)056, Where% is the number of segments calculated by dividing the total num-
ber of disaccharide units by the number of disaccharide units per segnenrt 14. At
higher grafting densities, when the spacing is less than the typical diameter of an HA glob-
ule (s < Ly ), the model glycocalyx is in the brush regime. In this case, the brush height
isdened byLg = £ s g’—svz %IC. Previously, MV3 cells were constructed similarly

to the MCF7 cells with doxycycline-inducible overexpression of human HAS3 gene [24].
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