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Abstract

A majority of breast cancer deaths occur due to metastasis of cancer cells to distant

organs. In particular, brain metastasis is very aggressive with an extremely low sur-

vival rate. Breast cancer cells that metastasize to the brain can enter a state of dor-

mancy, which allows them to evade death. The brain microenvironment provides

biophysical, biochemical, and cellular cues, and plays an important role in determining

the fate of dormant cancer cells. However, how these cues influence dormancy

remains poorly understood. Herein, we employed hyaluronic acid (HA) hydrogels with

a stiffness of �0.4 kPa as an in vitro biomimetic platform to investigate the impact of

biochemical cues, specifically alterations in RGD concentration, on dormancy versus

proliferation in MDA-MB-231Br brain metastatic breast cancer cells. We applied

varying concentrations of RGD peptide (0, 1, 2, or 4 mg/mL) to HA hydrogel surfaces

and confirmed varying degrees of surface functionalization using a fluorescently

labeled RGD peptide. Post functionalization, �10,000 MDA-MB-231Br cells were

seeded on top of the hydrogels and cultured for 5 days. We found that an increase in

RGD concentration led to changes in cell morphology, with cells transitioning from a

rounded to spindle-like morphology as well as an increase in cell spreading area.

Also, an increase in RGD concentration resulted in an increase in cell proliferation.

Cellular dormancy was assessed using the ratio of phosphorylated extracellular

signal-regulated kinase 1/2 (p-ERK) to phosphorylated p38 (p-p38) positivity, which

was significantly lower in hydrogels without RGD and in hydrogels with lowest

RGD concentration compared to hydrogels functionalized with higher RGD con-

centration. We also demonstrated that the HA hydrogel-induced cellular dormancy

was reversible. Finally, we demonstrated the involvement of β1 integrin in mediat-

ing cell phenotype in our hydrogel platform. Overall, our results provide insight into

the role of biochemical cues in regulating dormancy versus proliferation in brain

metastatic breast cancer cells.
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1 | INTRODUCTION

Breast cancer is the most common form of cancer in women

worldwide, accounting for 25% of all cancer cases in women.1,2 In

2020, there were over 2.3 million newly diagnosed instances and

685,000 deaths of breast cancer, that is 1 out of 6 cancer deaths in

women.3,4 A majority of deaths from breast cancer occur because of

metastasis to distant organs. Metastatic breast cancer is the second

most common solid tumor to induce brain metastases, behind lung

cancer.5–7 To thrive in the brain, metastatic breast cancer cells must

acquire a specific set of traits that enable them to traverse the blood–

brain barrier, initiate neoangiogenesis, and start growing with perivas-

cular proliferation.5–7 In addition, these cancer cells are able to stay in

a dormant state for extended periods of time and later outgrow into

metastasis.8–11 The inability to fully comprehend the mechanisms

associated with breast cancer brain metastasis (BCBM), particularly,

control of the dormant state, prevents the development of effective

therapeutic strategies for BCBM.

Steven Paget's “seed and soil” hypothesis suggests that the ability

of cancer cells to metastasize and grow at distant tissues is linked to

both the cancer cells' innate features (seed) and the availability of a

favorable microenvironment (soil).12,13 The brain microenvironment

presents multiple cues (i.e., biophysical, biochemical, and cellular cues)

to cancer cells and plays an important role in determining the fate of

cancer cells, including control of the dormant state. However, study-

ing the contributions of these cues in regulating tumor cell dormancy

using in vivo mouse models is challenging, as they provide limited con-

trol of the local microenvironment. Furthermore, animal–animal varia-

tion, as well as high costs, makes it difficult to study the contribution

of these cues in regulating tumor cell dormancy.

Recently, biomaterial-based culture platforms have emerged as an

important tool to study regulation of the dormant state in vitro.14,15

For example, natural biomaterials, including hyaluronic acid (HA),16

Collagen I,17 Matrigel,18 and Fibrin,19 as well as synthetic biomaterials

such as polyethylene glycol (PEG)-based hydrogels20,21 have been

employed to study microenvironmental regulation of dormancy

in vitro. In the context of BCBM, we previously reported a biomimetic

HA hydrogel-based in vitro platform to study regulation of the dor-

mant state mediated by biophysical cues in brain metastatic breast

cancer cells.22 Specifically, we found that cells cultured on soft

(�0.4 kPa) versus stiff (�4.5 kPa) HA hydrogels functionalized with

identical levels of RGD peptide exhibited a dormant versus prolifera-

tive state. However, the impact of varying RGD peptide concentration

on the regulation of dormancy versus proliferation in this culture plat-

form was not investigated.

To bridge this gap, in this study, we employed HA hydrogels with

a stiffness of �0.4 kPa to mimic the brain extracellular matrix and

functionalized them with various concentrations of integrin binding

peptide (RGD). We confirmed varying degrees of surface functionali-

zation using a fluorescently labeled RGD peptide. Post functionaliza-

tion, we seeded MDA-MB-231Br brain metastatic breast cancer cells

on top of HA hydrogels with varying RGD concentrations and investi-

gated how these environments influence cell adhesion, morphology,

spreading, as well as dormancy versus proliferation. Finally, we tested

reversibility of the dormant phenotype and the involvement of integ-

rin β1 via blocking studies.

2 | MATERIALS AND METHODS

2.1 | HA hydrogel preparation

Hyaluronic acid methacrylate (HAMA) was synthesized using a previ-

ously established procedure.22,23 Briefly, a 1 wt% HA (66–90 kDa;

Lifecore Biomedical) aqueous prepolymer solution was prepared over-

night. HA solution was methacrylated by reacting with �18-fold molar

excess of methacrylic anhydride (Sigma Aldrich) at 4�C while pH was

maintained between 8 and 10 using 5 M NaOH solution. A fivefold

volumetric excess of cold acetone was added to the final solution to

extract HAMA, which was frozen and freeze-dried overnight. In this

study, we used HAMA with �85% methacrylation degree as specified

by proton nuclear magnetic resonance (1H NMR). To fabricate HA

hydrogels, a gel precursor solution containing 5 wt% HAMA in serum-

free Dulbecco's modified eagle's medium (DMEM; Sigma Aldrich) was

prepared. Then, crosslinker Dithiothreitol (DTT; Sigma Aldrich)

was added to the hydrogel precursor solution at a final concentration

of 10 mM. Next, 75 μL of this solution was added to each well of a

96-well plate, and the plate was incubated at 37�C overnight. This for-

mulation yields �0.4 kPa HA hydrogels as measured through com-

pression testing performed on RSA-G2 solid analyzer instrument

(TA Instruments). To fabricate HA hydrogels with various cell adhe-

sion sites, the hydrogel surfaces were functionalized with different

concentrations of the integrin binding peptide (RGD) with

GCGYGRGDSPG sequence (GenScript). Briefly, in serum-free DMEM,

we prepared RGD solutions at concentrations of 0, 1, 2, or 4 mg/mL.

Following that, we applied 25 μL of the RGD solution to the surface

of HA hydrogels. The hydrogels were then incubated at room temper-

ature for 3 h to allow for the thiol-Michael addition reaction between

the methacrylated functional groups on the HAMA backbone and the

thiol group of the cystine amino acid (C) in the RGD sequence. This

results in the covalent attachment of RGD peptides to the hydrogel

surface, providing cells with adhesive sites. Following the 3 h incuba-

tion period, the hydrogels were thoroughly washed three times with

serum-free DMEM to remove any unreacted or physically attached

RGD peptides from the hydrogel surface, leaving only chemically

bound RGD.

2.2 | Quantification of attached RGD to the HA
hydrogel

To quantify the amount of RGD attached to the hydrogel, HA hydro-

gels were prepared using PBS instead of DMEM. After the hydrogels

were prepared using the aforementioned method, 25 μL of RGD solu-

tion containing 5% fluorescently labeled RGD peptide (sequence:

GCGYGRGDSPG) (GenScript) with similar total concentrations (0, 1,
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2, and 4 mg/mL) were applied to the surface of HA hydrogels. The

functionalized hydrogels were then incubated for 3 h at room temper-

ature. Subsequently, the functionalized hydrogels were washed with

PBS three times to eliminate any unreacted fluorescently labeled RGD

and the fluorescence was read using a FilterMax F5 multi-mode

microplate reader. To determine the concentration of RGD attached

to the HA hydrogels, a standard curve was prepared using known con-

centrations of fluorescently labeled RGD in PBS and total functiona-

lized RGD concentration for each condition was calculated based on

the functionalization of 5% fluorescently labeled RGD.

2.3 | Cell culture

In this study, we used MDA-MB-231Br cells, a brain metastasizing variant

of the triple-negative breast cancer line MDA-MB-231 (generously

provided by Dr. Lonnie Shea [University of Michigan]). MDA-MB-231Br

cells were cultured in DMEM (Sigma Aldrich) supplemented with 10% fetal

bovine serum (FBS; VWR Life Science) and 1% penicillin–streptomycin in a

37�C and 5% CO2 environment. The cells were passaged at �80% con-

fluency and were then seeded onto the hydrogel surface.

2.4 | Optical imaging, cell adhesion, and single cell
area measurements

To assess short term cell adhesion as function of varying RGD con-

centration, �10,000 MDA-MB-231Br cells were seeded onto hydro-

gel surfaces and allowed to incubate for a duration of 1.5 h. The

media was then removed from the wells, followed by a light wash

using 1� phosphate-buffered saline (PBS) (Gibco), and fresh media

was added. Subsequently, the wells were imaged using a bright field

microscope in order to determine the number of cells present per

field of view.

To evaluate the impact of varying RGD concentration on cell

spreading, 10,000 MDA-MB-231Br cells were seeded onto HA hydro-

gels and imaged using an Olympus IX83 microscope equipped with a

spinning disk confocal attachment. Images of the cells were captured

within 30 min of seeding on day 0 and at day 5 post cell seeding. The

area of each individual cell was measured using Image-J software, fol-

lowing a manual selection of the cell boundary as previously

described.23 Atleast 12 images per condition were analyzed.

2.5 | Cell viability

To qualitatively assess cell viability, we stained cells with Calcein AM

(Thermo Fisher Scientific) as described previously.24 Briefly, on day

5, cell seeded hydrogels were incubated in 100 μL of fresh media con-

taining 4 � 10�6 M Calcein AM for 1 h at 37�C and 5% CO2. The

samples were then washed in PBS (Gibco). Fluorescence images were

obtained using an Olympus IX83 microscope with a spinning disk con-

focal attachment.

2.6 | EdU cell proliferation assay

To measure the proliferation of MDA-MB-231Br cells on HA

hydrogels, we used the Click-iT™ EdU Cell Proliferation Kit

(Thermo Fisher Scientific) as described in prior studies.25,26 In brief,

10,000 MDA-MB-231Br cells were seeded on HA hydrogels with

varying RGD concentrations. After 4 days in culture, 10 μM EdU

was added to the cell culture media on each HA hydrogel and incu-

bated with the cells overnight. On day 5, the EdU-containing media

was discarded, and the cells were trypsinized for �5 min before

being retrieved from the HA hydrogels. The cells were then trans-

ferred to a 96-well plate and 100 μL of 4% paraformaldehyde was

added to fix the cells at room temperature (RT) for 20 min. Next,

100 μL of a 0.25% Triton-X solution was added to the cells for

15 min at RT to permeabilize them. The cells were then blocked

with 100 μL of a 5% bovine serum albumin (BSA) solution at 4�C

for 30 min following which they were incubated with the reaction

cocktail prepared according to the manufacturer's instructions, for

30 min in the dark at RT. The cell nuclei were stained at RT with

4,6-diamidino-2-phenylindole (DAPI) (Invitrogen). The cells were

washed with PBS between each step, and the plate was centrifuged

for 1 min at 1000g to settle cells at the bottom before any liquid

was aspirated. Imaging was performed using an Olympus IX83

microscope with a spinning disk confocal attachment. EdU positive

cells were manually counted using the multi-point tool in ImageJ

software (NIH).

2.7 | Immunofluorescence staining

We performed immunofluorescence staining for p-ERK and p-p38, as

these markers have been shown to be differentially expressed

between proliferative and dormant cells in previous studies.27,28 To

determine the percentage of p-ERK and p-p38 positive cells on day

5, cells were gently trypsinized for �5 min, allowing their detachment

from the HA hydrogels. Subsequently, these cells were transferred to

a 96-well plate, where they underwent fixation, permeabilization, and

blocking, following the previously outlined procedures. For assessing

p-ERK and p-p38 intensity, hydrogel constructs containing cells were

directly subjected to the same fixation, permeabilization, and blocking

procedures as described earlier. Next, the cells were incubated at 4�C

overnight in primary antibody solution (p-ERK [Cell Signaling Technol-

ogy, C#4370S—1:200]; p-p38 [Cell Signaling Technology, C#9216S—

1:200]). On the following day, cells were fluorescently labeled by incu-

bating them for 1 h at 4�C with secondary antibodies (goat anti-rabbit

antibody, Thermo Fisher Scientific [A11034-1:1000] and goat anti-

mouse antibody, Thermo Fisher Scientific [A11001-1:1000] for p-ERK

and p-p38, respectively). Cells were then counter stained for DAPI.

Imaging was performed using an Olympus IX83 microscope with a

spinning disk confocal attachment. For each marker, all images were

taken at the same exposure time. For quantifying percentage positive

cells or mean fluorescence intensity of the images, Image J software

was used. To adjust for background noise, intensity measurements of
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five non-cell containing background regions were quantified and aver-

aged for each image. The p-ERK and p-p38 intensity values were cal-

culated by subtracting the average of background intensity data from

the mean intensity of the image as described previously.29 These

values were then averaged for all images in each experimental condi-

tion. The intensity ratio for each condition was then calculated by tak-

ing the ratio of mean intensity of p-ERK to the mean intensity

of p-p38.

2.8 | Integrin β1 blocking studies

For integrin β1 blocking studies, we seeded 10,000 MDA-MB-231Br

cells on HA hydrogels functionalized with 4 mg/mL RGD solution.

After 4 days, we added integrin β1 antibody (Santa Cruz Biotech) to

the cell media, reaching a final concentration of 2 μg/mL. The cells

were then incubated with the integrin β1 antibody for 24 h. Following

this, we performed imaging to quantify cell spreading area. To evalu-

ate cellular proliferation, we employed the Click-iT™ EdU Cell Prolifer-

ation Kit, as previously mentioned. Similarly, we evaluated cell

spreading and cell proliferation post integrin β1 blocking (24 h) at day

12 post-transfer in studies investigating reversibility of the dormant

phenotype.

2.9 | Statistical analysis

At least two independent experiments were conducted, each with at

least two replicates. Unless otherwise specified, all numbers are pre-

sented as the mean ± standard deviation value. The PRISM software

package was used for statistical analysis. To compare samples, Stu-

dent's t-test or Brown-Forsythe ANOVA was run, with the method

chosen depending on the number of data points. For comparison post

ANOVA, Tukey-HSD test was used.

3 | RESULTS

3.1 | Quantification of RGD density on HA
hydrogel surfaces

We quantified the RGD density on HA hydrogel surfaces using a fluo-

rescently labeled RGD peptide. We generated a standard curve with

known concentrations of fluorescently labeled RGD peptide in PBS

(Figure S1) to determine the coating density of RGD on the surface of

the hydrogels. Using this standard curve, we were able to determine

the concentration of attached RGD to the HA hydrogels. Our findings

indicate that the concentration of the applied RGD solution influences

the amount of RGD attached to the HA hydrogel surface. As

expected, a higher concentration of the applied RGD solution resulted

in a greater amount of RGD attachment to the HA hydrogels

(Table 1).

3.2 | MDA-MB-231Br cell adhesion, morphology,
and spreading as a function of varying RGD
concentration

We first examined MDA-MB-231Br cell adhesion, morphology, and

spreading as a function of varying RGD concentration. We found that

short term cell adhesion increased as a function of varying RGD con-

centration (Figure S2). We found that in the absence of RGD, cells

exhibited a rounded morphology and were loosely attached to the

hydrogel, possibly due to proteins adsorbing from the cell culture

media. This rounded morphology was also observed in hydrogels with

low RGD concentration, as opposed to spindle-shaped morphology

noted at higher RGD concentration (Figure 1).

We also measured cell spreading area as a function of RGD con-

centration. We found that the concentration of functionalized RGD

and cell spreading area were positively correlated (Figure 1).

In hydrogels without RGD, the average cell spreading area was

372 ± 103 μm2. In hydrogels with applied RGD concentration of 1, 2, and

4 mg/mL, the cell spreading area was 702 ± 341 μm2, 975 ± 778 μm2,

and 1204 ± 1136 μm2, respectively. This was likely due to the increased

number of possible cell attachment sites, supporting cell spreading. We

also qualitatively assessed the viability of MDA-MB-231Br cells using Cal-

cein AM staining. In all the conditions tested, cells adhered to the hydro-

gel surfaces were viable (Figure S3).

3.3 | MDA-MB-231Br cell proliferation as a
function of varying RGD concentration

Next, we examined MDA-MB-231Br cell proliferation as a function of

varying RGD concentration. We utilized EdU staining as EdU is fre-

quently utilized as a marker to evaluate cancer cell proliferation and

cell cycle progression.30,31 EdU staining at day 5 revealed that the per-

centage of EdU positive cells was significantly lower in hydrogels

without RGD and 1 mg/mL applied RGD concentration as opposed to

hydrogels with 2 or 4 mg/mL applied RGD concentration.

Specifically, the percentage of EdU positive cells was 5.2%

± 6.8% in the absence of RGD, 5.3% ± 3.5% in the presence of 1 mg/

mL applied RGD concentration, 18.3% ± 8.6% in the presence of

2 mg/mL applied RGD concentration, and 40.9% ± 14.4% in the pres-

ence of 4 mg/mL applied RGD concentration (Figure 2). These results

TABLE 1 Quantification of functionalized RGD on HA hydrogel
surfaces.

Applied RGD solution

concentration (mg/mL)

RGD coating

density (μg/cm2)

4 140.8 ± 5.1

2 78.8 ± 7.3

1 35.2 ± 3.7

0 0
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indicated that cells exhibited a proliferative phenotype on hydrogels

with higher RGD concentration as opposed to those with lower RGD

concentration or the absence of RGD, wherein the cells exhibited a

dormant phenotype. The observed increase in cell proliferation also

correlated with the cell spreading area measurements (Figure 1).

3.4 | Percentage of p-ERK and p-p38 positive cells
as a function of varying RGD concentration

To further examine dormancy versus proliferation, we performed

immunostaining for p-ERK and p-p38. The ERK signaling pathway

plays a crucial role in facilitating the progression of cell cycle and

promoting tumor growth. Further, it has been established that the

activation of p38 signaling pathway induces cell-cycle arrest in tumor

cells, promoting their survival.32,33 Also, lower ratio of p-ERK to p-p38

has been reported to be an indicator of dormancy.34

The expression levels of phosphorylated ERK and p38 were assessed

in MDA-MB-231Br cells via immunostaining on day 5 and quantified by

percentage of positive cells. We found that the percentage of p-ERK posi-

tive cells was the highest in HA hydrogels with 4 mg/mL applied RGD

concentration. In particular, HA hydrogels with 4 mg/mL applied RGD

concentration exhibited a percentage p-ERK cell positivity of 45.2%

± 4.7%, whereas the percentage of p-ERK positive cells lowered to

32.2% ± 4.4%, 20.8% ± 5.7%, and 14.1% ± 3.1%, respectively, for condi-

tions with 2, 1, and 0 mg/mL of applied RGD concentration, respectively

F IGURE 1 Brain metastatic breast cancer cells cultured in the presence of higher concentrations of RGD adopt spindle-like morphology and a
higher level of cell spreading. (A) Bright field images of day 5 of 10 k MDA-MB-231Br single cells seeded on HA hydrogels. (B) Quantification of
cell spreading area as a function of the applied RGD concentration. Error bars represent standard deviations. Scale bar = 50 μm. N ≥ 4 replicates
per condition. Statistically significant difference indicator via Brown-Forsythe ANOVA followed by Tukey-HSD test: (**p < .01; ***p < 0.001;
****p < .0001).

F IGURE 2 Percentage of
EdU-positive MDA-MB-231Br
cells increase with an increase in
applied RGD concentration on
HA hydrogels. (A) Representative
fluorescence microscopy images
of EdU staining on day 5 of
MDA-MB-231Br cells.
(B) Quantification of EdU-
positive MDA-MB-231Br cells
cultured on HA hydrogels
functionalized with various
concentrations of RGD. Error
bars represent standard
deviation. Scale bar = 100 μm.
N ≥ 5 replicates per condition.
Statistically significant difference
indicator via Brown-Forsythe
ANOVA followed by Tukey-HSD
test (****p < .0001).
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(Figure 3). The expression levels for p-p38 exhibited an opposite trend, as

noted for p-ERK with varying RGD concentration. In particular, %p-p38

positivity decreased with an increase in RGD concentration applied to the

HA hydrogels. The percentage of p-p38 positive cells of RGD-free HA

hydrogels was 38.3% ± 3.6%, but this value dropped to 30.7% ± 5.8%,

21.9% ± 4.0%, and 13.3% ± 5.2% for conditions with applied RGD con-

centration of 1, 2, and 4 mg/mL, respectively (Figure 4).

We also quantified the ratio of % p-ERK positive cells to %p-p38 posi-

tive cells as a function of RGD concentration. We found that the ratio

increased with an increase in RGD concentration with ratios greater than

1 observed in hydrogels with 2 and 4 mg/mL applied RGD concentration

(Table 2). These results were also confirmed via mean intensity measure-

ments (Figures S4 and S5, Table S1). Overall, these results indicated that

cells in the absence of RGD or 1 mg/mL applied RGD concentration exhib-

ited a dormant phenotype, whereas cells cultured in the presence of 2 or

4 mg/mL applied RGD concentration exhibited a proliferative phenotype.

F IGURE 3 Percentage of
p-ERK positive cells increases
with an increase in applied RGD
concentration. (A) Representative
fluorescence microscopy images
of p-ERK staining on day 5 of
MDA-MB-231Br cells, blue—
DAPI (nucleus), green—p-ERK.
(B) Quantification of p-ERK

positive MDA-MB-231Br cells
cultured on HA hydrogels
functionalized with various
concentrations of RGD. Error
bars represent standard
deviation. Scale bar = 100 μm.
N ≥ 4 replicates per condition.
Statistically significant difference
indicator via Brown-Forsythe
ANOVA followed by Tukey-HSD
test: (*p < .05; **p < .01;
***p < .001; ****p < .0001).

F IGURE 4 Percentage of
p-p38 positive cells decreases
with an increase in applied RGD
concentration. (A) Representative
fluorescence microscopy images
of p-p38 staining on day 5 of
MDA-MB-231Br cells, blue—
DAPI (nucleus), green—p-p38.
(B) Quantification of p-p38
positive MDA-MB-231Br cells
cultured on HA hydrogels
functionalized with various
concentrations of RGD. Error
bars represent standard

deviation. Scale bar = 100 μm.
N ≥ 4 replicates per condition.
Statistically significant difference
indicator via Brown-Forsythe
ANOVA followed by Tukey-HSD
test (***p < .001; ****p < .0001).

TABLE 2 Ratio of percentage of p-ERK positive cells to p-p38
positive cells as a function of applied RGD concentration.

Applied RGD
concentration (mg/mL)

Ratio of %p-ERK+
to %p-p38+ cells

0 0.37

1 0.68

2 1.47

4 3.39
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3.5 | Reversibility of the induced dormant
phenotype

We next investigated if the observed dormant phenotype was

reversible. For this study, we seeded 10,000 MDA-MB-231Br

cells on HA hydrogels without RGD and cultured them for

5 days. We then retrieved the cells and transferred them to

newly fabricated HA hydrogels that were functionalized with

0 or 4 mg/mL RGD solution and cultured them for an additional

5 days.

Upon transfer to the RGD-deficient hydrogel, the cells exhib-

ited a rounded morphology with minimal cell spreading and an aver-

age cell spreading of 300 ± 95 μm2. However, when the cells were

transferred to the RGD-enriched hydrogel, we observed a shift from

dormant to proliferative state, as evidenced by a spindle-like cell

morphology and increased cell spreading. The average cell spread-

ing area for this condition was 541 ± 342 μm2 and significantly

higher than that observed in RGD-deficient hydrogel at day

10 (Figure 5).

These findings were further corroborated through the EdU stain-

ing (Figure 6). When cells were transferred and cultured on RGD-

enriched hydrogel for a duration of 10 days, the percentage of EdU

positive cells was found to be 25% ± 6%, which was significantly

higher than that observed in the RGD-deficient hydrogels (11% ± 7%)

indicating that the cells adopted a proliferative state upon transfer to

RGD-enriched hydrogel. Overall, these results demonstrate that the

observed dormant phenotype was reversible, and that varying the

RGD concentration influences dormancy versus proliferation in brain

metastatic breast cancer cells.

3.6 | Involvement of β1 integrin in mediating cell
phenotype

To investigate the mechanism involved in mediating cell phenotype, we

tested integrin β1 due to its significance in various cellular processes,

including cell adhesion, signaling, and interactions with the extracellular

matrix (ECM).35–37 Specifically, we performed blocking studies for integrin

β1 in HA hydrogels functionalized with 4 mg/mL applied RGD concentra-

tion, as this condition promoted the highest cell spreading and prolifera-

tion compared to other conditions (Figures 1 and 2). We found that the

average cell spreading area was 1014 ± 237 μm2 without integrin β1

blocking, which was significantly reduced to 553 ± 211 μm2 with integrin

β1 blocking at day 5 (Figure 7). Similarly, we found that the percentage of

EdU positive cells was 43% ± 7% without integrin β1 blocking, which was

significantly reduced to 35% ± 6% with integrin β1 blocking at day 5 (Fig-

ure 7). These results indicated that β1 integrin, partly mediated cell

spreading and cell proliferation in our hydrogel platform.

To further assess the involvement of β1 integrin in the dormant-

to-proliferative switch, we performed blocking studies for integrin β1

in transferred cells on HA hydrogels functionalized with 4 mg/mL

applied RGD concentration. We found that the average cell spreading

area was 1275 ± 380 μm2 without integrin β1 blocking, which was

significantly reduced to 883 ± 330 μm2 with integrin β1 blocking at

day 12 (Figure S6). Similarly, we found that the percentage of EdU

positive cells was 56% ± 7% without integrin β1 blocking, which was

significantly reduced to 41% ± 6% with integrin β1 blocking at day

12 (Figure S6). These results indicated that β1 integrin, partly medi-

ated spreading and proliferation in cells that transitioned to a prolifer-

ative state from a dormant state in our hydrogel platform.

F IGURE 5 MDA-MB-231Br cells exhibited a higher level of cell spreading at day 10 in HA hydrogels containing 4 mg/mL applied RGD
concentration (0 mg/mL à 4 mg/mL) compared to hydrogels without RGD (0 mg/mL à 0 mg/mL) post transfer from HA hydrogels without RGD
at day 5. (A) Bright field images of MDA-MB-231Br cells transferred from HA hydrogels without RGD to HA hydrogels without RGD (0 mg/mL à
0 mg/mL) or 4 mg/mL applied RGD concentration (0 mg/mL à 4 mg/mL) taken at day 10 (5 days post transfer). (B) Quantification of cell
spreading area post transfer at day 10. Error bars represent standard deviation. Scale bar = 100 μm. N ≥ 4 replicates per condition. Statistically
significant difference indicator via Student's t-test (****p < .0001).
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4 | DISCUSSION

In this study, we investigated the impact of varying RGD concentration

on the regulation of dormancy versus proliferation in brain metastatic

breast cancer cells in a biomimetic HA hydrogel in vitro. Varying the

RGD concentration provided varying levels of adhesivity and allowed

us to examine how such environments may impact tumor cell dor-

mancy. Generally, studies investigating the role of biophysical or bio-

chemical cues in regulating dormancy in the context of BCBM have

been limited.22,25,27–29 To this end, our group previously examined the

impact of biophysical cues and how it regulates dormancy in brain met-

astatic breast cancer cells in a biomimetic HA hydrogel.22 However, the

impact of biochemical cues (e.g., varying levels of cell adhesivity) was

not tested. Our study bridges this gap by demonstrating that varying

the RGD concentration in a biomimetic HA hydrogel influences dor-

mancy vs. proliferation in brain metastatic breast cancer cells.

The brain microenvironment plays an important role in regulating

the fate of brain metastatic breast cancer cells. However, how various

cues presented by the microenvironment influence the regulation of

dormancy remain poorly understood. This is, in part, due to the lack

of relevant biomimetic model systems that provide controllable envi-

ronments and allow for the investigation of various microenvironmen-

tal cues involved in dormancy as well as the dormant-to-proliferative

switch. As such, our study provides an important step in addressing

this need and demonstrates the role of biochemical cues in regulating

dormancy as well as the dormant-to-proliferative switch by employing

biomimetic HA hydrogels functionalized with the integrin binding

RGD peptide derived from fibronectin/vitronectin, ECM proteins pre-

sent in the brain environment.16,38

Our findings reveal a direct correlation between the applied RGD

concentration on HA hydrogels and cell spreading in brain metastatic

breast cancer cells. These results are consistent with previous studies on

other cancer types, which have also demonstrated a similar response to

increasing RGD concentration in their respective microenvironments.39–42

We also found a significant increase in cell proliferation on HA hydrogel

functionalized with a higher concentration of RGD peptides. This obser-

vation can be attributed to the interaction between the RGD peptide and

integrin receptors present on the surface of MDA-MB-231Br cells. These

interactions are known to activate downstream signaling pathways that

promote cell proliferation.43

Previous work has shown that dormant cancer cells have low

levels of p-ERK and high levels of p-p38.11,44 In addition, low ratio of

p-ERK to p-p38 positivity has been reported to be an indicator of dor-

mancy.34 Our study findings revealed that an increase in functiona-

lized RGD motifs on the HA hydrogel led to a substantial increase in

the p-ERK/p-p38 ratio, indicating that cells adopted a proliferative

state. In contrast, in the absence of RGD or lower applied RGD con-

centration (i.e., 1 mg/mL) cells adopted a dormant state. These find-

ings further demonstrate that the biochemical cues can be

independently tuned to study dormancy versus proliferation in vitro.

Our findings are also consistent with prior work that investigated the

impact of RGD peptide presence in a three-dimensional PEG-based

hydrogel on the growth and dormancy of BrM2a-831 cells (a brain-

seeking variant of the MDA-MB-231 parental cell line).29 These vari-

ants differ in the selection process used to create the variant and the

adaptations that occurred during propagation.

Reawakening of dormant tumor cells contributes to disease relapse

at metastatic sites.45–47 Recent studies suggest that the activation of

F IGURE 6 MDA-MB-231Br cells expressed a higher percentage of EdU positivity at day 10 in HA hydrogels containing 4 mg/mL applied
RGD concentration (0 mg/mLà 4 mg/mL) compared to hydrogels without RGD (0 mg/mL à 0 mg/mL) post transfer from HA hydrogels without
RGD at day 5. (A) Representative fluorescence microscopy images of EdU staining on day 10 of MDA-MB-231Br cells. (B) Quantification of EdU
positive MDA-MB-231Br cells post transfer. N ≥ 3 replicates per condition. Error bars represent standard deviation. Scale bar = 100 μm.

Statistically significant difference indicator via Student's t-test (**p < .01).
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dormant cells is dependent on specific cues provided by the microenvi-

ronment, and that the ECM plays a crucial role in the reawakening

process.48–51 Specifically, alterations in the ECM composition or signal-

ing molecules have the potential to induce the reactivation of dormant

cancer cells.52–55 For example, changes in the level of specific matrix

proteins (i.e., Collagen-I) can stimulate the proliferation of previously

dormant mouse mammary cancer cells.56 In our study, we found that

after being transferred from RGD-free HA hydrogels to hydrogels with

the highest RGD concentration, MDA-MB-231Br cells exhibited a signif-

icant increase in both cell spreading area and proliferation 5 days post

transfer. However, the levels of cell spreading, and proliferation were

lower than that observed for cells directly cultured on hydrogels with

4 mg/mL applied RGD concentration (Figures 5 and 6 vs. Figures 1 and

2). This could be attributed to the dormancy period which was absent

for cells directly cultured on hydrogels with 4 mg/mL applied RGD

concentration. To understand the associated mechanism, we performed

integrin β1 blocking studies. We found that when β1 integrin was

blocked, there was a significant reduction in cell spreading area and the

percentage of proliferating cells. Moreover, in cells transitioning from a

dormant to a proliferative state, we observed similar results, underscor-

ing the involvement of β1 integrin in mediating cell phenotypes. Taken

together, our results demonstrate that the dormant phenotype can be

reversed by manipulating the RGD concentration in their microenviron-

ment and that the interaction with RGD (via β1 integrin) plays a crucial

role in the reactivation of dormant cancer cells. These findings also

emphasize the importance of understanding the role of the microenvi-

ronment in the reawakening of dormant cancer cells, which is critical for

developing new therapeutic strategies to prevent disease relapse.

In sum, we have shown that varying the RGD concentration on a

HA hydrogel influences dormancy vs. proliferation and also plays a role

F IGURE 7 Cell spreading area and proliferation of MDA-MB-231Br cells cultured in the presence of 4 mg/mL applied RGD concentration is

decreased by incubating the cells for 24 h with 2 μg/mL integrin β1 antibody. (A) Bright field images of day 5 of 10 k MDA-MB-231Br single cells
seeded on HA hydrogels. (B) Quantification of cell spreading area on HA hydrogels functionalized with 4 mg/mL RGD after 24 h of incubation
with and without integrin β1 antibody (control). (C) Representative fluorescence microscopy images of EdU staining on day 5 of MDA-MB-231Br
cells. (D) Quantification of EdU-positive MDA-MB-231Br cells cultured on HA hydrogels functionalized with 4 mg/mL RGD after 24 h of
incubation with and without integrin β1 antibody (control). Error bars represent standard deviations. Scale bar = 50 μm for A and scale
bar = 100 μm for C. N ≥ 5 replicates per condition. Statistically significant difference indicator via Student's t-test (*p < .05; ****p < .0001).
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in the dormant-to-proliferative switch, mediated, in part, via β1 integrins.

However, we note the following limitations of the work: (1) This work

has not investigated cancer cell invasion or metastatic potential as a

function of RGD concentration and would be topic of future studies.

(2) Future studies would also examine how RGD density influences dor-

mancy vs. proliferation in tumor cells encapsulated in 3D hydrogels.

(3) Future studies would expand testing with additional cell types,

including non-invasive cancer cells, as well as patient-derived cancer

cells to understand tumor heterogeneity. (4) In future work, we will

examine the impact of other ECM derived peptides, such as Laminin-

and Collagen-derived peptides on dormancy versus proliferation.

5 | CONCLUSIONS

In this study, we report the impact of RGD peptide concentration in

regulating dormancy versus proliferation in brain metastatic breast

cancer cells in a biomimetic HA hydrogel. An increase in RGD concen-

tration resulted in enhanced cell spreading with cells transitioning

from a rounded morphology in the absence of RGD or lower applied

RGD concentration (1 mg/mL) to adopting a spindle-like morphology

at higher applied RGD concentration (i.e., 2 or 4 mg/mL). An increase

in RGD concentration resulted in an increase in cell proliferation. The

ratio of p-ERK to p-p38 positivity was significantly lower in hydrogels

without RGD and in hydrogels with lower applied RGD concentration

compared to the hydrogels functionalized with higher RGD concentra-

tion further indicative of cellular dormancy versus proliferation. We

also demonstrated that the HA hydrogel-induced cellular dormancy

was reversible via modulation of the culture environment. Finally, we

demonstrated the involvement of β1 integrin in mediating cell pheno-

type in the HA hydrogel platform. Overall, the HA hydrogel-based

platform could be used to investigate the impact of several biochemi-

cal cues (proteins or peptides) on the regulation of dormancy in brain

metastatic breast cancer cells in vitro.
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