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ABSTRACT

Synthetic matrices with dynamic presentation of cell guidance cues are needed for the
development of physiologically relevant in vitro tumor models. Towards the goal of mimicking
prostate cancer progression and metastasis, we engineered a tunable hyaluronic acid-based
hydrogel platform with protease degradable and cell adhesive properties employing bioorthogonal
tetrazine ligation with strained alkenes. The synthetic matrix was first fabricated via a slow
tetrazine-norbornene reaction, then temporally modified via a diffusion-controlled method using
trans-cyclooctene, a fierce dienophile that reacts with tetrazine with an unusually fast rate. The
encapsulated DU145 prostate cancer single cells spontaneously formed multicellular tumoroids
after 7 days of culture. In situ modification of the synthetic matrix via covalent tagging of cell
adhesive RGD peptide induced tumoroid decompaction and the development of cellular
protrusions. RGD tagging did not compromise the overall cell viability, nor did it induce cell
apoptosis. In response to increased matrix adhesiveness, DU145 cells dynamically loosen cell-
cell adhesion and strengthen cell-matrix interactions to promote an invasive phenotype.
Characterization of the 3D cultures by immunocytochemistry and gene expression analyses
demonstrated that cells invaded into the matrix via a mesenchymal like migration, with
upregulation of major mesenchymal markers, and down regulation of epithelial markers. The
tumoroids formed cortactin positive invadopodia like structures, indicating active matrix
remodeling. Overall, the engineered tumor model can be utilized to identify potential molecular
targets and test pharmacological inhibitors, thereby accelerating the design of innovative

strategies for cancer therapeutics.



INTRODUCTION

In the United States, prostate cancer (PCa) is the most frequently diagnosed non-
cutaneous malignancy in men. At the early stage of the disease, it is characterized by symptom
free and undetected slow growth of tumor(7, 2), with a five-year survival rate close to 100%.
Approximately 50% of PCa patients can develop metastasis, where PCa cells escape from the
primary tumor to invade the nerves, spread to the lymph nodes, or grow in the bones. Once
metastasized, the survival rate drops to 30%(3). Prostate cancer is typically diagnosed by
transrectal ultrasound guided prostatic biopsies and the type of treatment is chosen based on
different prognostic parameters, such as prostatic specific antigen levels in serum, Gleason score,
and patient’'s age. Current treatment approaches include surgery, chemotherapy, radiation
therapy, hormonal therapy, and cryosurgery(4, 5).

Deeper understanding of mechanisms underlying tumorigenesis will enable the
development of better treatment options. Tumors are complex and heterogenous structures, and
the dynamic reciprocity between cancer cells and the surrounding microenvironment is crucial for
disease progression(6). The biochemical and biomechanical characteristics of the tumor niche
control cell differentiation, dissemination, and invasion. Various extracellular matrix (ECM)
components, such as fibronectin and collagen, associate with the plasma membrane of cancer
cells via integrins, and through the formation of focal adhesion complexes, connect to the
intracellular cytoskeleton to control cell morphology and mobility. These ECM signals are then
relayed to the nucleus to regulate gene expression or release of specific ECM degrading
proteases, such as matrix metalloproteases (MMP)(7, 8).

An important determinant of tumor behavior is its ability to breach the basement
membrane and spread outside the confines of the organ of origin(9, 70). Cancer metastasis
occurs through multiple mechanisms, one of which involves epithelial-to-mesenchymal transition
(EMT). EMT occurs when epithelial cells weaken their cell-cell contacts, lose apical basal polarity,
and reorganize the cytoskeleton to acquire a migratory mesenchymal phenotype. EMT occurs in
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a small subset of tumor cells and can be confirmed by comprehensive analyses of cellular
deformations and cytoskeletal protrusions for directed migration(71, 12). These transformed cells
can detach from the original tumor mass and squeeze through the dense ECM or proteolytically
digest the complex microenvironment. To navigate through the diverse environments, cancer cells
must undergo cellular adaptations to remodel the ECM, overcome extracellular barriers, interact
with neighboring cells or surrounding matrix through biochemical and/or biomechanical
mechanisms(8, 13, 14). Depending on ECM composition, density and stiffness, the mode of
cancer cell migration can vary among mesenchymal-like invasive migration, amoeboid blebbing,
and single, chain or collective migration(15).

To dissect molecular mechanisms involved in metastasis, it is necessary to establish 3D
biomimetic tumor models(76) by incorporating cancer cells in naturally derived or synthetic
matrices. EMT and loss of polarity were first observed in lens epithelial cells embedded in a
collagen gel; in response to ECM cues, these cells undergo extreme cytoskeletal reorganization,
adopt elongated morphology, develop pseudopodia-like structures and become migratory(77).
Mammary epithelial cancer cells embedded in Matrigel adopt a spindle like elongated
morphology, capable of contracting and extending to the surrounding matrix(78, 19). When grown
in Matrigel, prostate epithelial cells from cancerous tissues exhibited different morphologies. Most
formed poorly differentiated spheroids, but the aggressive PC-3 and PC-3M cells formed intact
spheroids and then spontaneously transformed into invasive cells with cellular protrusions. These
cells might have previously undergone EMT, which was momentarily repressed, and with signals
from ECM, transformed into invasive cellular structures. The less invasive prostate cancer cell
line DU145 formed intact and polarized spheroids, without any sign of invasive protrusions in
Matrigel(18-20).

Compared to reconstituted natural ECM gels, synthetic biomaterials offer consistency and
reproducibility, with added advantages of tunability in materials properties and customization of
the microenvironment based on the disease stage(8, 21, 22). The engineered matrices also
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enable cell mediated remodeling of synthetic tumor microenvironment, thus more closely
mimicking the in vivo situation. Hyaluronic acid (HA), a non-sulfated glycosaminoglycan, is a
major component of tumor microenvironment. Through the interactions with HA-degrading
enzymes, hyaluronidases (HAases), cell surface receptors, cluster of differentiation 44 (CD44)
and receptor for hyaluronan-mediated motility (RHAMM), HA activates signaling pathways that
direct cell adhesion, differentiation, and migration. Additionally, HA can be readily and
reproducibly modified to install reactive handles and to incorporate ECM-derived signals(23, 24).
Using HA-based hydrogels, we showed that less invasive LNCaP cells encapsulated as single
cells spontaneously formed multicellular tumoroids. However, these tumoroids remained
immobilized in the hydrogel, without any sign of dissemination or invasion into the surrounding
matrix(24-26). On the other hand, when encapsulated in HA gels established via the dynamic
covalent bonds (i.e., hydrazone linkages), the more aggressive C4-2 and C4-2B cells formed
irregular cell aggregates with occasional invadopodia-like structures(24, 27).

With an overarching goal of modeling prostate cancer metastasis, we report a novel HA-
based hydrogel platform that is physiologically relevant and dynamically tunable; it not only
recreates the pathophysiological features of the primary tumor, but also recapitulates the dynamic
alternation of ECM compositions during metastasis. The synthetic matrix is established employing
bioorthogonal tetrazine ligation with slow (norbornene, Nb, k> ~ 102-10° M-'s"') and fast (trans-
cyclooctene, TCO, k; ~ 105-10° M-'s") dienophiles(28-37). The slow tetrazine-Nb reaction was
employed to create a permissive network for the clonal expansion of single PCa cells, while the
ultrafast, and extremely efficient tetrazine-TCO reaction(28, 32, 33) was utilized to conjugate cell-
adhesive peptides to the living construct in a time-delayed manner to induce cell dissemination
and invasion. Using brain metastasized prostate cancer cells, we investigated how biochemical
and biomechanical signals in the synthetic ECM promoted the formation of compact multicellular
spheroids. We further interrogated how the alteration of ECM adhesiveness induced phenotypical
changes, and stimulated spheroids decompaction and cell invasion into the surrounding matrix.
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We systematically analyzed cellular growth, phenotype, dissemination, and invasion in the
engineered environment. Overall, this engineered hydrogel platform is a tunable and
experimentally tractable alternative to study underlying mechanisms of tumor progression and

evaluate efficacy of pharmacological inhibitors.

EXPERIMENTAL SECTION
1. Materials and Reagents

Hyaluronic acid (HA, sodium salt, 430 kDa) was a generous gift from Sanofi/Genzyme
Corporation (Cambridge, MA). Methyl tetrazine-NHS ester was purchased from Click Chemistry
Tools (Scottsdale, AZ). All Fmoc-protected amino acids were purchased from AAPPTec Inc.
(Louisville, KY). Rink amide MBHA resin was purchased from EMD Millipore Corporation
(Billerica, MA). Ethyl cyanohydroxyiminoacetate (Oxyma) was purchased from CEM Corporation
(Matthews, NC). Diisopropylcarbodiimide (DIC) was purchased from Chem-Impex International
Inc. (Wood Dale, IL). Hydrazine monohydrate and triisopropylsilane (TIPS) were purchased from
Acros Organics (Carlsbad, CA). 1-Ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) and piperidine were purchased from Sigma-Aldrich (St. Louis, MO). Diisopropylethylamine
(DIPEA), triethylamine (TEA), collagenase (type Il and 1V), common organic solvents and cell
culture reagents were purchased from ThermoFisher Scientific (Waltham, MA) unless otherwise

specified.

2. Hydrogel Synthesis and Characterization
2.1. Synthesis of hydrogel building blocks

Tetrazine functionalized HA (HA-TZz), with ~22% Tz incorporation as confirmed by UV-vis
(Fig. S1) and "H NMR (Fig. S2), was synthesized following our previously reported procedure(32,
34). A protease degradable peptide, SMR (Ac-KGGVPMS | MRGGGGK-NH), was synthesized

following standard solid-phase peptide synthesis protocol using a Liberty Blue Peptide

6



Synthesizer (CEM Corporation, Matthews, NC). To synthesize norbornene-functionalized
protease degradable crosslinker (SMR-bisNb), a round bottom flask was charged with SMR
(0.108 mmol) in dimethylformamide (DMF, 1.2 mL). Next, 5-norbornene-2-carboxylic acid N-
hydroxysuccinimide ester (Nb-NHS ester, 1.5 equiv. to amine) and TEA (1.25 equiv. to amine)
were introduced. The reaction was allowed to proceed overnight under stirring at ambient
temperature. The product was obtained by precipitation in ether, followed by centrifugation and
repeated wash with ether. The crude product was purified using a preparative high-performance
liquid chromatography (HPLC, Waters Corporation, Milford, MA) with a C18 column (Luna 5 ym,
100 A, 250 x 21.2 mm, Phenomenex, Torrance, CA). Samples were run with a gradient of 10 to
60% acetonitrile in water over 25 min at a flow rate of 10 mL/min at 25 °C using a UV-vis detector
at 214 nm, and then lyophilized to yield SMR-bisNb (0.059 mmol, 55%) as a fluffy white solid. The
purity of the product was confirmed via an analytical HPLC (Shimadzu Scientific Instruments,
Columbia, MD) as >95%, and the mass was characterized through a Xevo G2-S QTof mass
spectrometry (Waters Corporation, Milford, MA) as 1599.62 Da (expected 1599.94 Da) (Fig. S3-
S8). RGD (Ac-GKGYGRGDSPG-NH:) and RGE (Ac-GKGYGRGESPG-NHy) peptides prepared
on the Liberty Blue synthesizer were treated with TCO nitrophenyl carbonate to produced RGD-

TCO and RGE-TCO (Fig. S9-S20)(33, 35, 36).

2.2. Hydrogel synthesis and interfacial ligation

HA-Tz and SMR-bisNb were separately dissolved in PBS at 2 wt% and 10 mM,
respectively. The stock solutions were combined along with phosphate buffered saline (PBS, pH
7.4) to yield a final Tz and Nb concentration of 5.0 mM and 2.5 mM, respectively. After mixing for
10 min, 300 pL of the viscous solution was transferred into a 12 mm PTFE cell culture insert
(Millicell 0.4 pm, EMD Millipore Corporation, Billerica, MA) and incubated at 37°C for 1 h. to allow
complete gelation. Next, 300 uL PBS solution containing a total of 4 mM TCO-conjugated peptides
was loaded on the top of the hydrogel to introduce RGD or RGE signals to the network. The
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diffusion controlled interfacial ligation was allowed to proceed for 10 h at 37°C before the TCO
reservoir was removed. To assess spatial distribution of peptide in the modulated hydrogel, a
TCO reservoir containing 10 uM Cy5-TCO and 4 mM RGD-TCO was used for interfacial ligation.
Confocal microscopy was performed on the resultant gel using Zeiss LSM 880 with C-Apochromat
10x/0.45W objective. Images were captured with a 20.5-um z-axis step size. 3D reconstruction of
z-stack was conducted with x, y, and z dimensions of 600, 600, and 1400 pym respectively. To
modulate RGD density in the HA gel, TCO reservoirs with RGD-TCO and RGE-TCO mixed at a
molar ratio of 1:0, 1:1.5, and 0:1 was used to generate modified constructs as RGD-H, RGD-L

and RGD-O0, respectively.

2.3. Peptide conjugation efficiency

Upon completion of interfacial ligation, the TCO reservoir was removed, and the hydrogel
construct was incubated in PBS under gentle shaking at 37°C. At 3, 6, 12, and 24 h, the wash
buffer was collected, and fresh PBS was introduced. The collected wash buffer was subsequently
lyophilized and the solid was reconstituted as concentrated solution in PBS for UV-vis (Agilent
Technologies, Santa Clara, CA) analysis at 275 nm (tyrosine, Y). The conjugation efficiency was
calculated according to the standard curves constructed using known amounts of RGD/E (Fig.

S21).

2.4. Hydrogel degradation

Hydrogels prepared as described above in cell culture inserts were immersed in Hanks’
Balanced Salt Solution (HBSS, ThermoFisher Scientific) at 37°C for 12 h and the wet weight of
the hydrogel was recorded. Collagenase Il or IV solution (100 U/mL in HBSS) was loaded in and
outside the insert and the samples were incubated on a shaker at 37°C. The collagenase solution
was refreshed every 12 h, and the wet gel mass was recorded. HBSS was used as a control and

all measurements were conducted in triplicate.



2.4. Oscillatory rheology

A stress-controlled rheometer (AR-G2, TA Instruments, New Castle, DE) was used to
characterize the rheological properties of synthetic hydrogels. Once combined, the hydrogel
precursor solution (40 yL) was immediately loaded on the bottom plate. A 20-mm parallel plate
geometry was lowered to maintain a gap size of 100 um. A time sweep experiment was conducted
for 8 h at a frequency of 1 Hz and a strain of 1%, followed by a frequency sweep measured from
0.1 to 10 Hz with a fixed strain of 1%. Separately, gels were made in cell culture inserts and
interfacial ligation of RGD and RGE peptides were carried out as described above. After PBS
wash, the disk was removed from the insert, loaded on the bottom plate, and tested using an 8-
mm parallel plate geometry with an axial force of 0.03 N. A 20-min time sweep was conducted at
a frequency of 1 Hz and a strain of 1%, followed by a frequency sweep measured from 0.1 to 10
Hz at a strain of 1%. Mineral oil was applied around the geometry to prevent sample drying during

the measurements. All measurements were conducted in triplicate at 37°C.

3. Development and Characterization of Cellular Construct.
3.1. Cell maintenance

DU145 prostate cancer cells were purchased from American Type Culture Collection
(ATCC, Manassas, VA). Cells were maintained in Eagle’s Minimum Essential Medium (EMEM)
with 10% (v/v) fetal bovine serum (HyClone FBS) and 1% (v/v) penicillin-streptomycin at 37°C
with 85% humidity and 5% CO.. Media was refreshed every 2 days. After reaching 80%
confluency, the cells were passaged using 0.25% (w/v) trypsin containing
ethylenediaminetetraacetic acid (2.2 mM, EDTA-4Na). Experiments were conducted with at least

three different passages between 5-12.

3.2. 3D cell encapsulation



Dilute HA-Tz solution was sterile filtered using 0.2 pym Steriflip filter units (EMD Millipore
Corporation) prior to lIyophilization and maintained under aseptic conditions thereafter.
Reconstituted SMR-bisNb (in PBS) and RGD/RGE-TCO (in EMEM) were sterilized using 0.2-um
syringe filters (Pall Corporation, Port Washington, NY). DU145 cells were suspended in a HA-Tz
/ SMR-bisNb solution at a concentration of 0.5%10° cells/mL. Cell-laden hydrogels (300 uL each)
were prepared in 12-mm cell culture inserts as described above and incubated for 1 h at 37°C
before the addition of the EMEM media (300 and 700 pL inside and outside the insert,
respectively). Seven days later, interfacial ligation of RGD/RGE peptides was carried out on the
cellular construct following the procedure mentioned above. Cultures were maintained until day
21, and media was refreshed every other day. The cell-gel constructs were imaged using an
Eclipse Ti-E microscope (Nikon, Tokyo, Japan) to obtain bright field images. For immunostaining,
hydrogels (50 uL each) were prepared in 48-well glass bottom plates MatTek Corporation,

(Ashland, MA) following the same protocol.

3.3. Cell viability and spheroid size

Constructs were stained using the LIVE/DEAD™ viability assay kit (ThermoFisher
Scientific) supplemented with a membrane permeable nuclear stain, Hoechst 33342. Specifically,
samples were incubated with calcein AM (1:1000 dilution), ethidium homodimer (EthD-1, 1:2000
dilution) and Hoechst 33342 (1:500 dilution) in warm PBS at 37°C for 20 min. After thorough
washes with PBS (3 times), samples were inspected under a Zeiss LSM 880 confocal microscope
(Carl Zeiss, Oberkochen, Germany). Images were acquired (>10 images per construct) from
random sections of the hydrogel, as 150-um z-stacks with z-axis step size of 7.0 ym and
quantified from maximum intensity projections. Cell viability and spheroid size and size distribution
were analyzed using ImageJ (National Institutes of Health, Bethesda, MD). After counting EthD-
1+ / Hoechst+ cells (dead cells) and Hoechst+ cells (all cells), viability was calculated as the
difference between the two over the total cell count. Spheroids were defined as organized cell
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clusters with greater than 5 cells. Spheroid size distribution was created using a histogram plot
with a 5 um bin for diameters. The resulting histogram was fitted using Gaussian distribution using

OriginPro Software (Northampton, MA).

3.4. Gene expression

Hydrogel constructs were washed thoroughly with PBS, snap frozen on a dry ice /
isopropanol mixture, and stored at -80 °C till further use. RNA extraction was performed following
our reported methods(37) using Trizol (Invitrogen, Carlsbad, CA). One microgram RNA was
reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany)
and the resultant cDNA was diluted 50 folds with nuclease free water. Real time quantitative
polymerase chain reaction (QPCR) was performed by combining cDNA templates, primers (400
nM) and Power SYBR green master mix using an ABI 7300 real time PCR system. The relative
expression levels of selected genes were monitored. Beta actin (B-actin) was used as
endogenous reference gene. The fold change was calculated using 2-*4€T method using a total of
three biological repeats for each experimental condition. Primer pairs (Table S1) were purchased

from Integrated DNA Technologies (Coralville, IA) and were validated for the DU145 cell line.

3.5. Immunofluorescence

Cell populated hydrogel constructs were washed with PBS three times and fixed with 4%
(w/v) paraformaldehyde (PFA, Sigma Aldrich) in PBS for 30 min. For Ki-67 and cleaved caspase-
3 staining, constructs were incubated in 0.2% (w/v) Triton X-100 in PBS for 2 h at room
temperature, followed by 16-h incubation in 3% (w/v) bovine serum albumin (BSA) in PBS at 4°C.
To stain E-cadherin and CD44, samples were permeabilized for 5 min with 0.2% (w/v) Triton X-
100 in PBS, followed by blocking with BSA for 2 h at 4 °C. For integrin as, samples were

permeabilized for 5 min with 0.1% (w/v) Triton X-100 in PBS, followed by overnight blocking with
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BSA at 4°C. For vimentin and cortactin, permeabilization was done for 1 h with 0.2% Triton X-100
in PBS at room temperature, with overnight blocking at 4°C. Samples were then treated with
primary antibodies with appropriate dilution in 3% BSA (Table S2) overnight at 4°C for E-cadherin,
Ki67, CD44, integrin as and cortactin or for 2 h at room temperature for vimentin, and cleaved
caspase-3. The primary antibody solution was aspirated, and samples were washed three times
using PBS with 0.05% tween 20 (PBST, Sigma Aldrich), with 15-min incubation for each step.
Secondary antibodies, Alexa Fluor™ 488 goat anti-mouse or anti-rabbit IgG, along with Alexa
Fluor™ 568 phalloidin (Life Technologies, Carlsbad, CA), diluted at 1/200 in 3% BSA, were added
and samples were incubated for 2 h at room temperature. The solution was aspirated, and the
sample was washed with PBST three times. Finally, nuclei were counter stained by 4',6-
diamidino-2-phenylindole (DAPI, Life Technologies, Carlsbad, CA), diluted at 1/1000 in PBS, was
for 20 min at room temperature. For hydrogel constructs in which only nuclei and F-actin were
stained, no blocking step was performed. After 1-h permeabilization at room temperature,
samples were stained with Alexa Fluor™ 568 phalloidin, followed by DAPI, as described above.
Fluorescent microscopy was performed using Zeiss LSM 880 using Fast Airy scan mode with
either C-Apochromat 10%/0.45W or LD LCI Plan-Apochromat 25%/0.8 Imm Korr water objectives.
Images were captured as 40 um z-stacks with 1.0 ym z-axis step size, each 16-bit with sequential
frame capture mode. The brightness of each channel was uniformly adjusted for each of the

representative images using ZEN 3.0 SR software.

3.6. Image Analyses

Using the region of interest (ROIl) manager and the magic wand tool in ImagedJ, cells or
spheroids were manually traced for F-actin channel. Background correction was applied and
using ROI manager, and the cross-sectional area and circularity for RGD-H, RGD-L and RGD-0
were generated separately for at least 20 random maximum intensity projection images and
normalized to RGD-0 controls. Fold change in invasion area was defined as invasion index and
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was normalized to RGD-0 cultures. Circularity was calculated as 41rx(area/perimeter?) using ROI
manager, with 1.0 being a perfect sphere and lower values for an elongated object(38). A
minimum of 20 maximum intensity projection images from three biological replicates were
selected for the above analysis. Quantitative observation of morphology and size distribution was
made from at least 10 confocal images acquired as maximum intensity projections.

To quantify the total fluorescent intensity for E-cadherin, vimentin and cortactin, ImageJ
and the associated plugins were used. Following ethical guidelines (39-417), uniform brightness
was applied to captured confocal images using ZEN 3.0 SR software. Image channels were split,
and the background intensity was subtracted from the channel for protein of interest. Using
Macros plugin with an interactive interpreter, uniform areas were selected for day 7 and 21
images. Total intensity of protein of interest was determined by generating histogram of z-stack
and calculating the total count of voxels for the 3D image. Percentage increase or decrease in
intensity was calculated by subtracting the final value from the initial value, normalizing the result

the initial value, and multiplying by 100.

4. Statistical Analyses

In all experiments, replicates were collected across multiple cell passages on different
days, with each passage contributing to at least three replicates as indicated. Sample sizes were
chosen based on preliminary experiments to ensure statistical power. For comparison between
two groups, unpaired two-tailed Student's t-test with p<0.05 was considered significant. For
comparison between multiple groups, one-way or two-way ANOVA followed by Dunnett’s test was
used, with p<0.05 as significant. Statistical analyses were made using GraphPad Prism (San
Diego, CA) version 9.2.0 or JMP Pro 15 (SAS Institute Inc., Cary, NC) and plotted using GraphPad
Prism (San Diego, CA) version 9.2.0 and OriginPro 2021b software (Northampton, MA.) Error

bars represent standard error of the mean value, unless otherwise stated in the figure caption.
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RESULTS
1. Tetrazine ligation with slow/fast dienophiles permits dynamic tuning of gel properties.

The initial HA-based hydrogel was produced via an inverse electron-demand Diels-Alder
reaction between tetrazine and norbornene (Fig. 1A). This reaction is biocompatible and
bioorthogonal and occurs readily under physiological conditions. With a second order rate
constant (k) of 10-2-10° M-'s-' (31), it is ideally suited for 3D cell encapsulation via bulk mixing of
cell suspension with the crosslinker solution (Fig. 1B). HA-Tz with a 22% tetrazine incorporation
(Fig. S1-S2) was used as the macromer and a bifunctional SMR peptide with norbornene linked
to the peptide through lysine amines, as a mixture of exo/endo isomers (Fig. S3-S8), was used
as the crosslinker. To establish matrices with an optimal stiffness for 3D growth of DU145
cells(42), and to permit time-delayed modifications of the synthetic ECM via tetrazine-TCO ligation
(Fig. 1B), hydrogels were prepared at a Tz/Nb molar ratio of 2/1. Characterization by oscillatory
rheometry showed that gelation occurred approximately 10 + 2 min after mixing (Fig. 2A, insert),
as evidenced by the crossover of the storage modulus (G') and loss modulus (G"). The G’ value
continued to increase, reaching a plateau value in 335 = 16 min. The hydrogels exhibited an
average G’ and G” value of 300 + 27 and 1.1 £ 0.1 Pa (Fig. 2A). The storage modulus remained
unchanged at frequencies of 0.1 to 10 Hz, indicating the establishment of a stable covalent
network (Fig. 2B). The sol fraction and swelling ratio of the hydrogel were characterized as 12.7
1+ 2.7% and 14.0 £ 1.1, respectively.

To foster cell mobility in the covalent network, a synthetic peptide SMR-bisNb with an
MMP cleavage site between the serine (S) and methionine (M) residue (43, 44) was selected as
the crosslinker. In the presence of 100 U/mL collagenase type 11(45, 46) or type 1V(47), hydrogels
were degraded in eight days (Fig. 2C). Due to water penetration in the loosened network(48, 49),
an initial increase in wet mass was observed within the first two days. Thereafter, the wet weight

progressively decreased as more peptide cleavage by collagenase led to solubilization of gel
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fragments. No significant weight loss was detected for gels incubated in the enzyme free HBSS
buffer.

The cellular constructs developed above contain residue, unreacted tetrazine groups that
can be used as reactive handles for user-directed matrix modifications during cell culture. To
mimic the dynamic changes occurring in the tumor associated ECM during metastasis, the RGD
peptide, derived from type 11110 repeat of fibronectin(50), was conjugated to the cellular construct
on day 7 using RGD-TCO via a diffusion controlled tetrazine-TCO interfacial ligation (Fig. 1). This
is feasible because the cycloaddition reaction between tetrazine and TCO features fast kinetics,
high yielding, and high selectivity at low concentrations. With k. exceeding 106 M-'s1(28, 33, 57),
it is the fastest bioorthogonal reaction reported to date. As shown in Fig. 2D, the interfacial
reaction was initiated after the TCO reservoir was loaded on top of the pre-formed hydrogel. The
parent, unmodified matrix contained a maximum of 2.5 mM free tetrazine groups. As the TCO
molecule diffused into the gel, it instantaneously reacted with the residual tetrazine group at the
gel-liquid interface, forming a cycloadduct with dangling RGD. This diffusion-controlled reaction
was monitored by the gradual disappearance of the tetrazine chromophore (pink). After 10 h, the
remaining free tetrazine groups were completely consumed.

Supplementation of Cy5-TCO in the RGD-TCO reservoir enabled assessment of the
spatial distribution of RGD via confocal microscope(52). As shown in Fig. 2E, Cy5 signals were
homogenously distributed throughout the hydrogel. Analyses of unconjugated peptide in the wash
buffer equilibrated with the hydrogel(53) by UV-Vis spectrometry indicated 96% + 3% and 94% +
4% retention in the hydrogels for RGD-TCO and RGE-TCO, respectively (Fig. S21, Fig. 2F).
Rheological characterization demonstrated that gels treated with blank PBS and PBS solution of
RGD- or RGE-TCO exhibited similar mechanical properties (Fig. 2G-J). In subsequent studies,
RGE-TCO was used as a control in place of RGD-TCO(54). Mutating the aspartic acid residue to
the glutamic acid negated the ability of the peptide to bind integrins(55, 56) without altering the
molecular diffusion and reactivity.
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2. RGD-free HA hydrogels promote clonal expansion of PCa cells

Cellular constructs were prepared by dispersing DU145 cells homogeneously in HA-Tz
and SMR-bisNb. On day 7, EMEM media was supplemented with RGD-/RGE-TCO to initiate
interfacial RGD tagging. On day 8, the TCO media was replaced by the EMEM media and cultures
were maintained until day 21. Three TCO reservoirs containing varying amounts of RGD-/RGE-
TCO were used to generate modified constructs with high (RGD-H) and low RGD (RGD-L)
densities as well as the RGD-free controls (RGD-0) (Fig. 3A).

During the initial 7 days of culture in non-adhesive HA gels, DU145 cells evolved from
dispersed single cells on day 1 to compact, multicellular spheroids by day 7 (Fig. 3B). Spheroids
were detectable as early as day 3. Cells in individual spheroids were closely packed, with cortical
F-actin delineating the cell-cell boundary and the spheroid-ECM interface (Fig. 3C). The size of
the spheroids increased over time, and by day 6, spheroid size ranged from 20 to 50 ym (Fig.
3D). Although single cells were evenly distributed in the hydrogel on day 1, by day 7, the size of
spheroids in randomly selected areas was heterogenous. This could be due to the heterogenous
growth pattern of cancer cells(25).

Cells in the single cell and the spheroid states exhibited distinctly different gene
expression patterns (Fig. 3E, F). Our gPCR results show that mRNA levels of epithelial cell marker
CDH1 (E-cadherin) were remarkably higher (29.0 + 0.8, p <0.001) and mesenchymal marker
VIM1 (vimentin) was significantly lower (0.5 + 0.1, p<0.05) on day 7 compared to day 1.
Expression of CCND1 (cyclin D1), an important regulator of cell cycle progression, was
significantly upregulated (6.5 + 0.3, p<0.01) on day 7. Overexpression of cyclin D1 has been
shown to compromise the activity of cyclin-dependent kinases, leading to neoplastic growth(57).
CD44 (cluster of differentiation 44), a receptor for hyaluronic acid, and MT7-MMP (membrane
type-1 matrix metalloproteinase), a multifunctional protease that is implicated in cancer
progression and ECM degradation, were also significantly upregulated (CD44: 7.0 £ 0.2, p<0.01;
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MT1-MMP: 40.0 £ 0.7, p<0.001) on day 7 as compared to day 1. Higher expression of CD44 has
been linked to prostate cancer progression(26, 58). Imnmunofluorescent characterization of day 7
spheroids confirmed positive staining for CD44 (Fig. 3G). Overall, DU145 cells readily assembled
into organized 3D spheroids by day 7 in the MMP-degradable HA hydrogels without any integrin

binding peptides.

3. RGD tagging induces spheroid decompaction and cellular outgrowth

Next, interfacial bioorthogonal conjugation was employed to increase the matrix
adhesiveness via RGD tagging (Fig. 4A). Seven days after RGD tagging (day 14), isolated
tumoroids in RGD-H gels started to de-compact and cellular protrusions were developed along
the border of the aggregates. By day 21, almost all multicellular structures developed in RGD-H
gels had lost the original compact spherical morphology and became irregularly shaped loose
aggregates (Fig. 4B). We observed distinct F-actin rich cellular processes protruding from
individual cell clusters (Fig. 4C). Some cells had completely detached from the cluster and
dispersed in the matrix as single, spindle-shape cells, while others migrated into and integrated
with neighboring structures (Fig. 4B, red arrow heads). In doing so, the heterogenous nature of
the cell population was further amplified. At a lower RGD density, the RGD-L cultures contained
intact spheroids as well as those with cellular protrusions radiating from the periphery. No merging
structures were seen. By contrast, cells remained as compact spheroids in RGD-0 gels without
any signs of invasion until day 21 (Fig. 4B, C).

Additional experiments were conducted to evaluate the responses of other prostate cancer
cell lines, including PC3, an aggressive bone metastasized prostatic adenocarcinoma cell line,
and LNCaP, a less aggressive cell line from lymph node metastasis. By day 18 (Fig. S22)
multicellular structures in PC3/RGD-H cultures were abundant, irregularly shaped and some
exhibited distinctive cellular protrusions around the border. Contrarily, structures found in
PC3/RGD-0 were small and spherical. On the other hand, LNCaP cells remained as multicellular
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spheroids irrespective of the culture condition (Fig. S23). Both PC3 and LNCaP cultures
maintained high cell viability (Fig. S22, S23) under RGD-0 and RGD-H conditions.

F-actin and nuclei-stained confocal images were used to quantify spheroid size, invasion
index, percentage of intact spheroids and circularity. Five days after interfacial tagging (day 12 of
culture), DU145 cells remained as spheroids under both RGD-0 and RGD-H conditions (Fig. 5A).
On average, spheroids grown in RGD-H hydrogel were larger than those developed in RGD-0
gels, as shown in the spheroid distribution histogram. By day 12, most spheroids grown in RGD-
H cultures were in the range 30-65 ym, and maximum spheroids were around 45 ym (Fig. 5B). In
RGD-0 cultures, most spheroids ranged from 20-50 ym in diameter, with maximum spheroids
around 35 um (Fig. 5C). Increasing RGD density led to a progressive and significant increase in
invasion index, with the RGD-L and RGD-H cultures being 4.5 £ 0.8 and 10.7 £ 1.5 folds higher
than the RGD-0 controls, respectively (Fig. 5D). Similarly, the circularity of the multicellular
structures and the percentage of spheroids remaining decreased with increasing RGD
concentrations (Fig. 5E, F). As the matrix became more adhesive, spheroid size and shape
became more heterogeneous (Fig. S24).

Because RGD is known to bind various integrins, including asB1, asB1, avp1, avps, avps,
avBs, avPs, aibPs(50), gPCR experiments were performed to analyze the expression of various
integrins at the transcript level. Our results (Fig. 5G-I, Fig. S25) show that, compared to the day
7 level prior to interfacial ligation, RGD modification at high and low concentrations led to
upregulation of the expression of ITGAS5, ITGB2, ITGB6 and ITGB8 by day 14, which is 7 days
post RGD tagging. Additionally, ITGAV, ITGB1 and ITGB5 were upregulated in RGD-H cultures.
Except for the expression of ITGB3, prolonging the culture in a RGD free environment did not
significantly alter the expression of other integrins. Finally, the expressions of ITGA1, ITGA2,
ITGA3, ITGA4, and ITGA6 remained unaltered. Immunofluorescent characterization revealed that
day 10 and day 21 spheroids were stained brightly for integrin as, with localized signals at cell
membrane (Fig 5J). However, prior to RGD tagging on day 7, spheroids were stained negatively
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for integrin as (Fig S26). Overall, DU145 cells grown in HA gels respond to RGD maodification in
a concentration dependent manner and the most profound effect was detected at the targeted
concentration of 2.5 mM.

We further queried whether interfacial RGD tagging affects cell viability, proliferation, and
apoptosis. To this end, constructs were stained with calcein AM (live cells) and Ethdr-1 (dead
cells), as well as Hoechst, a cell permeable nuclei dye, and unbiased viability quantification was
conducted. One day after cell encapsulation, approximately 78.0 £ 1.6% and 80.0 + 1.5% cells
respectively were viable for RGD-H and RGD-0, respectively. At this point, RGD-H and RGD-0
constructs were essentially the same. Cell viability remained unchanged after RGD/RGE tagging
on day 7 and throughout the 21 days of culture, irrespective of culture conditions (RGD-H vs RGD-
0, Fig. 6A, B). Collectively, these results confirmed the cytocompatibility of the 3D culture platform
and that the RGD signal is not a pre-requisite for maintaining cell viability.

Cells grown in RGD-H gels were further stained for Ki67, a nuclear proliferation marker,
and active cleaved caspase-3, a crucial mediator of apoptosis. On day 7, overall Ki67 positive
cells significantly increased as compared to day 1. For larger spheroids, these cells were primarily
located at the periphery of the structures, but for smaller spheroids, proliferative cells were also
seen in the center of the structure (Fig. 6C, D, Fig. S27). By day 21, approximately 30.0 + 2.4%
of cells in RGD-H cultures were Ki67+, representing a significant reduction (p < 0.05) from both
the day 1 and day 7 levels. At this stage, Ki67 signals were observed in the center of spheroids
with less protrusive structures, and very few Ki67+ nuclei were detected in cell clusters with highly
protrusive structures. In RGD-0 cultures, many Ki67+ nuclei were detected on day 21 (Fig. S27
B-C). On day 21, 57 £ 3.9% cells in RGD-0 cultures were Ki67+, representing approximately 21%
increase (p<0.05) compared to the corresponding RGD-H cultures (Fig. S27C). These results
indicate that RGD tagging promoted cell migration at the expense of proliferation. In addition,
positive cleaved caspase-3 cells were not detected in day 7 or day 21 spheroids (Fig. 6E),
suggesting the absence of apoptosis at the core of spheroids throughout the culture period. To
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confirm the sensitivity of our immunostaining protocol, cultures were treated with staurosporine,
known to induce apoptosis through both caspase-dependent and caspase-independent
mechanisms(59). Under these conditions, cleaved caspase 3 was detected both in 2D and day 7
3D cultures (Fig. S28). Collectively, interfacial RGD tagging led to ECM-mediated cell

dissemination at the expense of continued cell proliferation.

4. RGD tagging induced epithelial to mesenchymal transition

To better understand how matrix adhesiveness regulates cell phenotype, cultures were
assessed for expression of EMT related markers by qPCR. First, we analyzed the gene
expression of RGD-0 cultures on day 21 as compared to that on day 7 (Fig. 7A-D). While CDH1
expression was increased significantly by 3.00 £ 0.03 folds, the expressions of VIM1, SNA1, and
SNA2 were significantly reduced by 0.80 + 0.02, 0.70 £ 0.03 and 0.80 % 0.05 folds, respectively.
The expressions of CDH3, FN1, TWIST1 and ZEB1 were not changed. These results indicate
that prolonged culture of PCa cells in an RGD free environment does not induce EMT.

Next, the gene expression of the RGD-H culture was normalized to the RGD-0 level at
day 21 (Fig. 7E-I). Introduction of RGD signals significantly down-regulated CDH1 expression by
0.70 £ 0.02 fold for RGD-H cultures, but significantly upregulated CDH3 (an indicator of enhanced
cell motility)(60) expression by 1.8 + 0.1 folds for RGD-H. Meanwhile, VIM1, mesenchymal marker
and intermediate filament vimentin, was significantly upregulated (2.5 + 0.2 folds) in RGD-H
cultures. Fibronectin (FN1) was downregulated (0.8 + 0.1 folds) in RGD presenting gels and EMT
master transcription factors, SNA1 (Snail1), SNA2 (Snail2/Slug), TWIST1 and ZEB1, were
significantly upregulated upon RGD conjugation. A similar trend in gene expression was observed
for day 14 when compared to day 7 spheroids (Fig. S29). Interestingly, the expression of MMP9,
MT1-MMP and TIMP1 was upregulated in RGD presenting hydrogel while the expression of

SDC1 (syndecan) and MMP1 remained unaltered (Fig. 7H-I).
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The expression of EMT markers were further confirmed by immunofluorescence. On 2D
surface, DU145 cells showed bright immunofluorescence for E-cadherin, indicating substantial
native expression (Fig. S30). Prior to RGD tagging on day 7, the spheroids exhibited bright
staining for E-cadherin at the cell-cell junctions (Fig. 8A). Positive vimentin staining was only found
at the periphery of the spheroids where cells were in contact with the synthetic matrix (Fig. 8C).
Fourteen days post RGD conjugation (day 21), E-cadherin staining became very diffuse,
punctate, and intracellular. Compared to day 7 spheroids, E-cadherin expression reduced by
approximately 81% on day 21 (Fig. 8B). On the other hand, vimentin was stained extremely
brightly in almost all invading spheroids, as filamentous structures concentrated in regions with
distinct cell protrusions. From day 7 to day 21, there was an approximate 54% increase in vimentin
expression (Fig. 8D), indicative of the attainment of a mesenchymal phenotype upon RGD
tagging. We further stained the intact and invading structures for cortactin, a classical marker for
invadopodia, an invasive protrusion exhibiting proteolytic activity uniquely found in aggressive
cancer cells(671, 62). Intact spheroids showed diffuse cytoplasmic expression of cortactin while
invading tumoroids exhibited distinct cortactin signals in the protrusive structures interacting with
the matrix (Fig. 8E), with an estimated 37% increase in cortactin fluorescence intensity from day
7 to day 21 (Fig. 8F). Together these data indicate that HA-based hydrogel with RGD presentation
promotes spheroid invasion with a mesenchymal phenotype and invadopodia like protrusive

structures (Fig 9).

DISCUSSION

We have developed a biomimetic hydrogel platform that is enzymatically degradable, and
dynamically tunable, allowing in situ bioorthogonal incorporation of fibronectin derived cell
adhesive RGD peptide, which reflects fibronectin overexpression during tumor growth and
metastasis(23, 63). Gel stiffness, maintained constant before and after RGD tagging, was
matched to that for brain tissues(42) to recreate the metastatic niche. The highly efficient tetrazine
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ligation with TCO ensures quantitative, close to 100% conjugation. The exceptional rate also
ensured that cells in the gel were not exposed to the soluble ligand, which would otherwise
competitively bind integrins(32).

Our results show that dispersed DU145 cells formed compact spheroids with close cell-
cell contacts after 7 days of culture in the initial RGD-free, MMP-degradable matrix. The ability of
DU145 cells to bind HA via CD44 and RHAMM and to remodel the matrix through various secreted
enzymes, including HAases and MMPs, facilitates the growth of dispersed single cells into
multicellular spheroids in hydrogels lacking integrin binding ligands(27, 58, 64). Increased
expression of MT1-MMP could be a response to the SMR crosslinker that is known to be degraded
by MMP1, MMP2, MMP3, MMP7, MMP9 and MMP14 (MT1-MMP)(43). Compared to the single
cells, cells in the spheroids expressed a higher level of epithelial cell marker, CDH1. Thus, under
the initial culture conditions, DU145 cells remained epithelial cell-like with strong cell-cell contacts,
forming compact spheroids due to the proximity of clonally expanded daughter cells in the
covalent network. Upregulation of CCND1, a regulator of cell cycle and a biomarker of cancer
phenotype(65), has been shown to compromise cyclin dependent kinases activity, leading to
neoplastic growth(57). The primary tumoroids also expressed a high level of CD44, indicative of
an invasive, stem cell-like phenotype. CD44 positive cancer stem cells are known to mediate
tumor initiation and metastasis(66). Analysis of immortalized prostate cancer cell lines (LNCaP
and DU145) revealed that CD44 positive cells exhibited more invasive properties in Matrigel,
whereas CD44 negative were non-invasive(66). In colorectal cancer, even a single CD44 positive
cell can produce a tumoroid exhibiting stem cell-like properties in vitro and generate a xenograft
tumor similar to the primary tumor, indicating the functional importance of cancer stem cells for
cancer initiation and progression(67). Collectively, the initial RGD-free network facilitated the
establishment of the primary tumoroids with metastatic potential.

To induce cell invasion, we introduced fibronectin derived RGD signals to the ECM
surrounding the day-7 tumoroids. As one of the most abundant glycoproteins in the native ECM,
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fibronectin plays important roles in cell adhesion, growth, differentiation, and migration through
integrin mediated signaling. RGD interacts with integrins to activate several tyrosine kinases and
protein kinase signal transduction pathways. It is possible that more RGD in the matrix leads to
the development of more traction force, which in turn upregulates integrin expression(68). In
various types of cancers, reprogramming of tumor stroma is accompanied by upregulation of
fibronectin and their receptors(63, 69). For example, upregulation of several ECM proteins,
including fibronectin and laminin, was found to correlate with poor patient outcome in pancreatic
ductal carcinoma. Analysis via immunohistochemistry revealed that high levels of relevant
integrins were detected and fibronectin mediated adhesions via ayf+ and a3+ integrins occurred
in vivo. Additionally, splicing of the FN7 gene in adults occurs in cancer and FN1 modifications
contribute to ECM biosynthesis, alterations, or degradations, thereby modulating tumor ECM
composition and promoting metastasis(69-77). Hence, we reasoned that it is necessary to
introduce this cell adhesion cue to the ECM in a time-delayed manner to recapitulate the dynamic
changes in tumor microenvironment and to reconstitute ECM-receptor interactions.

Upon RGD tagging, tumoroids grew bigger and by day 21, spheroids in RGD-H gels
developed F-actin rich protrusive structures and started to invade into the surrounding ECM.
Contrarily, tumoroids developed under RGD-0 conditions remained intact and spherical. We
further showed that cell dissemination from the tumoroids and invasion into the matrix were
dependent on RGD density. Since tetrazine-TCO reaction is highly efficient and proceeds with
close to 100% yield, the RGD density in the modified ECM was readily varied by stoichiometric
mixing of RGD-/RGE-TCO in the diffusing media. As RGD density increases, the spheroids
became less compact, the invasive protrusions extended further, and the invasion area became
larger. In the hydrogel with the maximum RGD density, the cellular protrusions were highly
pronounced, neighboring structures were seen coalescing and integrating, and almost no intact
spheroids were present. In hydrogels with a low RGD density, some tumoroids remained spherical
and others had developed invasive fronts.
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RGD tagging on day 7 did not negatively impact the overall cell viability throughout the
remaining 14 days of culture. RGD tagging led to an immediate increase in the size of the
spheroids, followed by decompaction and invasion. In RGD-0 gels, spheroids stayed compact,
although moderate increase in spheroid size over time was observed, the size was smaller than
those found in RGD-H before significant invasion was observed. Interestingly, staining of the
proliferation marker Ki67 revealed that an overall lower percentage of cells were Ki67 positive in
RGD-H cultures at day 21 as compared to day 1, day 7 and day 21 RGD-0. DU145 cells
proliferated rapidly during the initial 7 days of culture through close cell-cell interactions. As the
matrix was rendered more adhesive, the number of proliferative cells at the periphery of the cell
clusters decreased, although a few Ki67 positive cells were seen at the core of spheroids on day
21. Under these conditions, apoptotic cells were not detected. Instead of stimulating cell
proliferation, RGD immobilization led to the strengthening of cell-matrix adhesion and
reorganization of F-actin cytoskeleton to promote the development of invasive cellular protrusions.
In other words, time-delayed presentation of the RGD signal transformed the inherently less
invasive DU145 cells (718) into a more aggressive phenotype.

We do not expect to observe the same cellular responses to interfacial RGD tagging given
the wide spectrum of phenotype, polarization, EMT status, ECM stiffness and cell-cell/cell-ECM
interactions across different PCa cell lines. Owing to these differences, cells adapt differently to
our 3D culture platform. Interestingly, the order of cell dissemination (DU145 > PC3 > LNCaP)
observed here correlated with their metastatic potential. In agreement with our observations,
primary and non-transformed cells when cultured in Matrigel, formed compact spheroids, whereas
more aggressive prostate cancer cell lines formed poorly differentiated spheroids or aggressively
invading structures(18).

To understand how ECM composition regulates cell function and phenotype, we
measured the expression of genes encoding EMT markers. RGD conjugation led to a significant
upregulation of the expression of mesenchymal markers, including vimentin (VIM1), P-cadherin
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(CDH3), and EMT master regulators Snail (SNAIT), Slug (SNAI2), TWIST and ZEBT.
Interestingly, prolonged culture of DU145 cells in RGD-free gels beyond day 7 led to a marked
increase in CDH1 (E-cadherin) expression, while mesenchymal markers and EMT transcription
factors were downregulated when compared to the levels on day 7. Compared to RGD-0 cultures,
cells in RGD tagged hydrogels expressed significantly higher levels of MMP9 and MT1-MMP. A
similar trend was observed at the protein level, with marked increase in expression of vimentin
and decreased expression of E-cadherin post RGD conjugation. F-actin polymerization in a
bundled state along with breakdown of adherens junctions can translocate E-cadherin from cell
surface to cytoplasm and drive localized cellular protrusions, all indicative of directed cell
migration and EMT(71, 12). These data indicate that RGD tagging induced cell dissemination
from the spheroids and invasion into the ECM, as evidenced by loss of cadherin-mediated cell-
cell adhesion within the spheroid, increase in cell-ECM attachment, and proteolytic breakdown of
basement membrane, all characteristics of EMT.

Abundant expression of E-cadherin and minimal expression of vimentin are required to
form compact spheroids. During cancer progression, loss of cell polarity and intercellular contacts
are accompanied with the attainment of cell motility and the invasion of the basement membrane.
Loss of E-cadherin expression through transcriptional repression by Snail/Slug or Twist
contributes to the adaptation of invasive behaviors. The upregulation of certain integrins and
surface expression of integrin as after RGD tagging further enhanced cell-matrix adhesion,
promoting cell survival and phenotypic switches (60, 72, 73). Although DU145 spheroids exhibited
complete loss of cell-cell contacts after RGD conjugation, only a small subset of cancer cells might
be in state of complete EMT or intermediate states of partial EMT. These cells exhibit inherent
phenotypic plasticity and become the leading cells to establish tumor at a secondary site(74-77).
Moreover, EMT and dissemination of individual cancer cells have been linked to loss of E-
cadherin and increased integrin mediated ECM adhesions. Additionally, intracellular binding
partners of asB+ integrins can promote metastasis by sensitizing cancer cells to changes in the
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surrounding matrix. This interdependency of integrins-cadherin is an important regulator of
plasticity of cancer invasion in vivo(78).

Recent studies have shown that cortactin, a cytoskeletal protein and SRC kinase substrate
that is highly expressed in high grade metastatic cancers, plays an important role in promoting
cell motility and its presence in actin-rich invadopodia structures is associated with ECM
degradation by tumor cells(79). As a master regulator of branched actin assembly, cortactin
localizes to sites of dynamic actin assembly through the Arp2/3 and F-actin binding sites (80-84).
Live cell imaging has shown that cortactin recruitment precedes a few minutes before the
proteases like MT1-MMP, MMP2 and MMP9 trafficking to sites of ECM degradation(85, 86).
Positive cortactin staining of protrusive structures developed in RGD-H constructs further
substantiates the development of invasive phenotype.

Collectively, employing modular building blocks and bioorthogonal reactions, we have
successfully constructed a reductionist 3D culture platform that is reproducible, flexible, and
tunable, allowing straightforward interrogation of the effects of a particular ECM cue on the
morphology, migration, and phenotype of prostate cancer cells. The bioorthogonal hydrogel
platform provides a cell permissive and cell instructive microenvironment that fosters the initial
cell-cell and later cell-matrix interactions to enable the establishment of a metastasis-mimetic
tumor model. Using this platform, we demonstrated EMT-like behavior of DU145 cells for the first
time. The engineered model is valid as it replicates a well-known phenomenon in cancer biology,
i.e., the increase in matrix adhesiveness due to excessive fibronectin deposition during
tumorigenesis and metastasis (63,69). While we cannot completely recapitulate the complex
metastatic niche, our platform has the potential to increase predictive value of pre-clinical drug
research. Incorporation of stromal cells and nerve or vascular components in the existing

construct will likely produce a more physiologically relevant model.

CONCLUSION
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In summary, we present an innovative hydrogel platform that supports the growth,
assembly, and migration of DU145 cells in 3D. The modular design of the hydrogel allows time-
delayed, user-directed presentation of cell adhesive peptide motifs at variable densities without
altering the biomechanical properties of the hydrogel. The tunable platform enabled systematic
investigations of the roles of ECM signals in cancer cell proliferation and invasion. The initial RGD
free, MMP degradable matrix supported the clonal expansion of dispersed single cells to form
multicellular spheroids with close cell-cell contacts. RGD tagging led to a downregulation of the
expression of epithelial markers, and an upregulation of the expression of mesenchymal markers
and master EMT transcription factors. RGD conjugation induced spheroid decompaction with loss
of E-cadherin, and promoted the formation of protrusive, vimentin and cortactin positive
‘invadopodia’-like structures. The mesenchymal characteristics and the migratory behaviors
observed in our hydrogel-based model are reminiscent of the early stage of cancer progression
The engineered model presented here can be used for testing and screening innovative

anticancer therapies targeting metastasis.
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FIGURE CAPTION

Figure 1. Bioorthogonal tuning of hydrogel properties to induce EMT. (A) Hydrogels were
fabricated via slow Tz-Nb cycloaddition reaction using tetrazine modified HA (HA-Tz) and an
MMP-degradable crosslinker (SMR-bisNb) at a Tz/Nb molar ratio of 2/1. RGD ligand was
covalently conjugated to the synthetic ECM via fast Tz-TCO ligation through a diffusion-controlled
mechanism. RGD density was tuned by varying the molar ratio of RGD-TCO and RGE-TCO. (B)
DU145 cells in MMP-degradable HA gels spontaneously assembled into multicellular spheroids
in 3D. Seven days post encapsulation, the RGD signal was introduced. RGD tagging promoted
decompaction of spheroids and invasive processes were developed around the spheroids.

Figures for hydrogels were created using BioRender.com.

Figure 2. Hydrogel synthesis, modification, and characterization. (A-B) Representative
rheological measurements, including time sweep (A) and frequency sweep (B), of bulk gels
prepared with HA-Tz and SMR-bisNb. (C) Gravimetric evaluation of hydrogel degradation by
collagenase 1l and IV (100 U/mL). (D) Tetrazine-TCO interfacial ligation enabled in-situ
modification of hydrogel with RGD-TCO. The TCO reservoir was loaded on the top of the hydrogel
(labeled with dotted line). The TCO molecules diffused into the hydrogel and conjugated to the
network through the unreacted Tz groups. The disappearance of pink color reflected the
consumption of tetrazine groups and the immobilization of RGD. (E) Representative confocal
image of a hydrogel modified with Cy5/RGD-TCO via interfacial tetrazine ligation. Cy5 signal was
homogeneously distributed throughout the gel. (F) Quantification of peptide conjugation efficiency
by UV-Vis. n=3, Error bars represent SEM, ns: non-significant. (G-J) Representative rheological
measurements of hydrogel after 48 h treatment with a blank PBS reservoir (G, H) or a reservoir

containing 2.5 mM RGD-TCO (I, J).
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Figure 3. Characterization of 3D cultures prior to RGD-tagging. (A) Flow chart for 3D cell culture
experiments. (B) Bright-field images of RGD-0 cultures on day 1 and 7. (C) Representative
confocal images of fluorescently stained RGD-0 cultures on day 1 and 7. Blue: DAPI, red: F-actin.
(D) Spheroid size distribution represented as a histogram for day 6 RGD-0 cultures. (E, F) Gene
expression analyses of RGD-0 cultures on day 7. Expression was normalized to that for day 1
cultures. n=3, Error bar represent SEM, *: p < 0.05, **: p<0.01, ***: p<0.001, B-actin as the
reference gene. (G) Immunofluorescence characterization of CD44 expression on day-7 RGD-0

cultures.

Figure 4. Effects of interfacial RGD tagging on tumoroid morphology. (A) RGD density in the
construct was controlled by varying the molar ratio of RGD-TCO and RGE-TCO in the TCO
reservoir. (B) Bright-field images of RGD-0, RGD-L and RGD-H cultures on day 1, 7, 14 and 21.
Red arrowheads point to protrusions around the tumoroids. Scale bar: 50 um. (C) Representative

confocal images of day 21 fluorescently stained for DAPI (blue) and F-actin (yellow).

Figures 5. Morphological (A-F, and J) and molecular (G-1) characterizations of hydrogel derived
tumoroids. (A) Confocal images of day 12 cultures stained for F-actin and nuclei. Scale bar:
100um, (B-C) Spheroid size and size distribution for day 12 cultures for RGD-H (B) and RGD-0
(C). Solid line represents Gaussian fit. (D-F) Quantification of day 21 cultures in terms of invasion
index (D), circularity (E) and percent intact spheroids (F). (G-I) Quantification of integrin
expression by qPCR after 14 days of 3D culture as compared to day 7. n=3, Error bars represent
SEM, * p < 0.05, ** p<0.01, B-actin as reference gene. (J) Immunofluorescence characterization

of integrin a5 expression by DU145 cells after 10 and 21 days of culture under RGD-H conditions.

Figure 6. Characterization of RGD-H cultures in terms of cell viability (A, B), proliferation (C, D)
and apoptosis (E). (A) Confocal images of DU145 cells stained with calcein AM (live cells, green)
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and ethidium homodimer-1(dead cells, red) after 1, 7, 14 and 21 days of culture in RGD-0 and
RGD-H. White circles highlight dead cells. (B) Quantification of percent viable cells based on
live/dead staining. (C) Quantification of percentage of Ki67 positive nuclei on day 1, 7, and 21 for
RGD-H cultures. *: p<0.05, **: p<0.01 (D, E) Immunofluorescence characterization of protein
expression by DU145 cells grown in RGD-H for 7 and 21 days. Cell proliferation was assessed

by Ki67 staining (D) and cell apoptosis was assessed by cleaved caspase 3 staining (E).

Figure 7. Analyses of the expression of EMT markers by qPCR. (A-D) EMT marker expression
of RGD-0 culture on day 21 as compared to day 7. Data was normalized to the same RGD-0
conditions on day 7. n=3, Error bars represent SEM, *: p < 0.05, **: p<0.01, B-actin as reference
gene. (E-I) EMT marker expression by RGD-0 and RGD-H cultures on day 21. Data was
normalized to the respective RGD-0 conditions on day 21. n=3, Error bars represent SEM, *: p <

0.05, **: p<0.01, B-actin as the reference gene.

Figure 8. Characterization of the expression of E-cadherin (A, B), vimentin (C, D) and cortactin
(E, F) by immunofluorescence. DU145 cells were grown in RGD-H gels for 7 and 21 days. E-
cadherin was used as the epithelial cell marker, vimentin as mesenchymal marker, and cortactin
as invadopodium marker. Quantification was based on the total fluorescent intensity, by
generating histogram of z-stack and calculating the total count of voxels for the 3D image.
Percentage increase or decrease in intensity was calculated by subtracting the final value from
the initial value, normalizing the result the initial value, and multiplying by 100. n=3, Error bars

represent SEM, *: p < 0.05, **: p<0.01, ***: p<0.001.

Figure 9: Schematic representation of phenotypic changes observed in RGD-H cultures from day

1 through day 21.
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