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Besides molecular and phenotypic variations observed in cancer cells, intratumoral heterogeneity 

also occurs in the tumor microenvironment. Correlative stiffness maps of different intratumor 

locations in breast tumor biopsies show that stiffness increases from core to periphery. However, 

how different local ECM stiffness regulates key functions of cancer cells in tumor progression 

remains unclear. Although increased tissue stiffness is an established driver of breast cancer 

progression, conclusions from 2D cultures do not correspond with newer data from cancer cells in 

3D environments. Many past studies of breast cancer in 3D culture fail to recapitulate the stiffness 

of a real breast tumor or the various local stiffnesses present in a tumor microenvironment. In 

this study, we developed a series of collagen/alginate hybrid hydrogels with adjustable stiffness to 

match the core, middle, and peripheral zones of a breast tumor. We used this hydrogel system to 

investigate effects of different local stiffness on morphology, proliferation, and migration of breast 

cancer cells. RNA sequencing of cells in hydrogels with different stiffness revealed changes in 

multiple cellular processes underlying cancer progression, including angiogenesis and metabolism. 

We discovered that tumor cells in a soft environment enriched YAP1 and AP1 signaling related 

genes, whereas tumor cells in a stiff environment became more pro-angiogenic by upregulating 

fibronectin 1 (FN1) and matrix metalloproteinase 9 (MMP9) expression. This systematic study 

defines how the range of environmental stiffnesses present in a breast tumor regulates cancer cells, 

providing new insights into tumorigenesis and disease progression at the tumor-stroma interface.
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Introduction

Breast cancer, like most other malignancies, is marked by heterogeneity at multiple levels. 

Breast tumors fall into multiple molecular subtypes with different receptors that inform 

selection of therapies [1, 2]. With increasing use of single-cell sequencing, researchers 

now realize that heterogeneity of breast cancer exists not only among different tumors but 

also within a single tumor[3, 4]. Besides molecular and phenotypic variations observed in 

cancer cells, intratumoral heterogeneity also extends to the tumor microenvironment[5, 6]. 

While studies have focused on composition and heterogeneity of stromal cells in tumor 

microenvironments in vitro and in vivo[7–9], heterogeneity of the non-cellular component, 

namely physical and mechanical changes in the extracellular matrix (ECM) that alter 

parameters such as stiffness[10] has largely been overlooked. Correlative stiffness maps 

obtained from different locations in breast tumor biopsies show that stiffness varies from 

core to periphery. The core is the softest with stiffness usually lower than 2 kPa[11], while 

stiffness in the periphery can go as high as 20 kPa[12]. The diversity of biomechanical 

profiles underscores the importance of understanding heterogeneity in the extracellular 

microenvironment and how it regulates disease progression in breast cancer.

Tumor initiation and progression generate complex structural changes in the ECM and 

cytoskeletal architecture[13–15]. Differences in local ECM stiffness, therefore, may elicit 

varying mechanical responses among cancer cells. Investigating how such biomechanical 
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heterogeneities affect pro-metastatic functions of cancer cells requires the ability to measure 

cellular behaviors within the complicated native tumor microenvironment in vivo[16] while 

separating effects caused by changes in systemic physiology. Specifically, dissecting effects 

of biomechanical heterogeneity in tumor microenvironments on functions of cancer cells 

necessitates an in vitro tumor model with adequate spatial/structural resolution to study 

regional variations of local ECM stiffness.

Long-standing ambiguities exist about biomechanics in cancer because of fundamental 

differences between 2D versus 3D environments. Numerous studies have investigated 

isolated cells on 2D substrates with various stiffness and shown that increased stiffness 

exerted profound effects on cancer progression[17], inducing oncogenic intracellular 

signaling to aid tumorigenesis by activating pathways such as FAK[18, 19], AKT[20, 21], 

and PI3K[22, 23]. By comparison, 3D culture has been reported to be crucially important 

when modeling breast cancer[24–27]. Cell morphology and signaling alter significantly in 

3D culture[28–31], producing sometimes contradictory outcomes from 2D settings[32–34]. 

In addition, most existing studies of breast cancer in 3D culture fail to recapitulate the 

stiffness of a real breast tumor[21, 35–37]. As such, effects of varied ECM stiffness on 

breast cancer cells in 3D culture and subsequent cellular responses still remain unclear.

In this study, we developed a series of collagen/alginate hybrid hydrogels with adjustable 

stiffness to match the core, middle, and peripheral zones of a breast tumor. We used 

these gels to investigate effects of varying mechanical stiffness on multiple responses of 

MDA-MB-231 breast cancer cells. We previously established that our collagen/alginate 

hybrid hydrogel possesses a well-organized, homogenous microstructure with adjustable 

mechanical stiffness and permeability of nutrients from culture medium. We also established 

a 3D tumor invasion model showing follow-the-leader migration with fibroblasts leading 

invasion of cancer cells similar to in vivo[38]. Furthermore, we demonstrated that human 

mammary fibroblasts embedded in these 3D matrices remodel the collagen network to 

oriented, thicker fibrillar tracks, facilitating invasion of tumor cells[39]. Based on these 

results, we further explore effects of 3D hydrogel stiffness, which mimics heterogeneous 

local stiffness of tumor ECM, on breast cancer cell morphology, proliferation, and 

migration. Using RNA sequencing, we also identified critical cellular processes regulated 

by tissue mechanics, including metabolism and angiogenesis. This systematic study reveals 

key processes regulated by heterogeneous mechanical tumor microenvironments in breast 

cancer, providing links of mechanical stiffness with tumor formation and progression.

Methods

Hydrogel preparation.

We prepared hydrogels as previously described. Briefly, we mixed collagen type I (Ibidi) 

with low viscosity alginic acid sodium salt stock solution (Sigma Aldrich), 10× DMEM 

(Sigma Aldrich), and cell culture medium (with or without live cells and spheroids) to 

achieve a final concentration of 3 mg/ml collagen and 5 mg/ml alginate for all gels. We then 

adjusted to neutral pH and crosslinked gels with different molar concentrations of CaCl2 

(Sigma Aldrich) (3.75 mM for the soft gels, 7.5 mM for the middle gels, and 30 mM for the 
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stiff gels). After mixing with CaCl2, we cured gels in a humidified tissue culture incubator 

with 5% CO2 for 30 minutes at 37 °C and then added fresh cell culture medium on top.

Stiffness measurements.

We measured compressive elastic moduli of gels as previously described. Briefly, we 

prepared cylindrical gel samples with a diameter of 3 mm and thickness of 1 mm and 

compressed the hydrogels with a MicroSquisher (CellScale) in a water bath. We determined 

the compressive modulus from the slope of the linear region on the stress-strain curve (n = 5 

samples per condition).

Cell culture.

We cultured all cells in DMEM (Thermo Fisher) with 10% fetal bovine serum (Thermo 

Fisher) and 1% added penicillin/streptomycin/glutamine (Thermo Fisher) in a humidified 37 

°C tissue culture incubator with 5% CO2. MDA-MB-231 and MCF-7 human breast cancer 

cells (obtained from the ATCC and verified by short tandem repeat profiling) with LifeAct-

GFP protein or unfused GFP have been described previously[40]. We previously described 

human mammary fibroblasts (HMFs) (gift of Dr. Daniel Hayes, University of Michigan) 

stably immortalized with a viral vector co-expressing telomerase and GFP. We added 

mCherry to these HMFs to distinguish them by dual-color fluorescence (GFP and mCherry)

[41]. We previously described cells stably expressing FUCCI cell cycle reporters[42].

Preparation of tumor spheroids.

We prepared spheroids with HMFs, HS5 cells, and MDA-MB-231 breast cancer cells as 

described[40]. Briefly, we added 3×103 cells in 20 μl culture medium to 384-well low 

volume, non-adhesive, round bottom plates (Corning) and cultured cells for 48 hours before 

embedding in gels.

Fluorescence microscopy.

We captured all microscopic images of cells and spheroids with an upright Olympus 

FVMPE-RS two photon microscope with Insight-DS+ laser (Spectra-Physics) and 25× NIR 

corrected objective (XLPLN25XWMP, NA=1.05, Olympus). We used 920 nm excitation for 

GFP and 1040 nm excitation for red fluorescent proteins, collecting emitted light in green 

(495–540 nm) and red (575–630 nm) channels, respectively. To monitor actin and YAP1 

expression in hydrogel containing cells, we used actin-tracker red-rhodamine (C2207S, 

Beyotime) and YAP1 (D8H1X, Cell Signaling Pathway). To limit signal attenuation 

throughout 300 μm stacks (5 μm step size), we adjusted laser transmission to the sample 

and detector gain to maximize signal per slice. To capture invasion from spheroids, we 

stitched images with a resolution of 1024×1024 to show the entire field. We used the same 

acquisition parameters for all cells and spheroids compared within a single experiment. We 

performed SHG imaging using 880 nm for excitation and collected emitted light at 460 nm. 

We exported SHG images to Imaris software for image segmentation and data analysis.
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Quantification of cell proliferation.

We used the FUCCI fluorescent reporter system to detect cell cycle phases. We did not 

use any experimental manipulations to synchronize cell cycles of breast cancer cells prior 

to introducing them into hydrogels. We took fluorescent images as described above and 

analyzed images using Imaris software. The fluorescence intensity of each cell nucleus was 

quantified in red and green. Following thresholding, the numbers of nuclei of in green and 

red channels as well as the total number of cells were quantified. We defined cells that 

showed both fluorescence in red and green as yellow, which indicated a transition phase 

from G1 to S. For each group, we quantified 6 (3×2) stitched 1024×1024 images with 

300 μm stacks (5 μm step size), and we performed three independent replicates to achieve 

statistical significance.

Quantification of spheroid invasion distance.

We defined the margin of invasion as the circular outer edge of the radial migration of cells 

from spheroids. To quantify invasion distance, we took the invasive margin of spheroids in 

gels as a circle and then measured the diameter using CellSens software (Olympus). Invasion 

distances were calculated as the diameter of the invasion margin on each day minus that 

on day 0. For each condition, we measured 3 spheroids and repeated experiments with 3 

independent replicates of cells to achieve statistical significance.

Cell line RT-qPCR assay.

We washed gels from different conditions using PBS for three times and then incubated 

the gels with 50 mg/ml sodium citrate for 5–10 minutes, following by 1 mg/ml collagenase 

lysis. We then extracted total RNA using TRIzol reagent (Invitrogen, 15596018) according 

to the manufacture’s protocol and examined RNA quality by Nanodrop (Thermo) analysis. 

Total RNA was reversed transcribed into cDNA using a reverse transcription kit (Takara, 

RR047A) according to manufacturer’s protocol. The relative quantity of mRNA was 

determined by qPCR using ABI Stepone system with SYBR Green reagent (Takara TB 

Green, RR420A). The expression levels of genes were quantified using the comparative Ct 

method. The expression level of each mRNA was normalized to the expression of GAPDH 

mRNA or β-actin mRNA and calculated as the fold difference relative to the control.

The human primer sequences used in qPCR are shown as below:

GAPDH: GGAGCGAGATCCCTCCAAAAT; GGCTGTTGTCATACTTCTCATGG

DHFR: ACTCAAGGAACCTCCACAAGG; GCCACCAACTATCCAGACCA

NDUFB3: GCTGGCTGCAAAAGGGCTA; CTCCTACAGCTACCACAAATGC

MFN2: CTCTCGATGCAACTCTATCGTC; TCCTGTACGTGTCTTCAAGGAA

DNM1L: TCACCCGGAGACCTCTCATTC; GGTTCAGGGCTTACTCCCTTAT

PGK1: TGGACGTTAAAGGGAAGCGG; GCTCATAAGGACTACCGACTTGG

LDHA: ATGGCAACTCTAAAGGATCAGC; CCAACCCCAACAACTGTAATCT
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SLC2A1: GGCCAAGAGTGTGCTAAAGAA; ACAGCGTTGATGCCAGACAG

YAP1: TAGCCCTGCGTAGCCAGTTA; TCATGCTTAGTCCACTGTCTGT

FOS: GGGGCAAGGTGGAACAGTTAT; CCGCTTGGAGTGTATCAGTCA

FOSB: GCTGCAAGATCCCCTACGAAG; ACGAAGAAGTGTACGAAGGGTT

FOSL: CAGGCGGAGACTGACAAACTG; TCCTTCCGGGATTTTGCAGAT

MMP9: AGACCTGGGCAGATTCCAAAC; CGGCAAGTCTTCCGAGTAGT

FN1: CGGTGGCTGTCAGTCAAAG; AAACCTCGGCTTCCTCCATAA

β-actin : TGACGTGGACATCCGCAAAG; CTGGAAGGTGGACAGCGAGG

The murine primer sequences used in qPCR are shown as below:

FN1: ATGTGGACCCCTCCTGATAGT; GCCCAGTGATTTCAGCAAAGG

MMP9: CTGGACAGCCAGACACTAAAG; CTCGCGGCAAGTCTTCAGAG

ANG: CCAGGCCCGTTGTTCTTGAT; GGAAGGGAGACTTGCTCATTC

β-actin : GAGACCTTCAACACCCCAGC; ATGTCACGCACGATTTCCC

RNA-seq mRNA library construction.

Oligo(dT)-attached magnetic beads were used to purify mRNA, followed by fragmentation 

into small pieces with fragment buffer. Then first-strand cDNA was generated using random 

hexamer-primed reverse transcription, followed by a second-strand cDNA synthesis. After 

that, A-Tailing Mix and RNA Index Adapters were added to end repair. The cDNA 

fragments obtained from the previous step were amplified by PCR, and products were 

purified by Ampure XB Beads and then dissolved in EB solution. The product’s quality 

control was validated on the Agilent Technologies 2100 bioanalyzer. The double stranded 

PCR products from the previous step were heated, denatured, and circularized by the splint 

oligo sequence to get the final library, and the single strand circle DNA (ssCir DNA) was 

formatted as the final library. The copies of one molecular, DNBs were loaded into the 

patterned nanoarray and single end 50 bases reads were generated on BGIseq500 platform 

(BGI-Shenzhen, China).

Bioinformatic analysis of RNA-seq data.

For RNA-seq data analysis, data were filtered with SOAPnuke (v1.5.2) by removing reads 

containing sequencing adapter; removing reads whose low-quality base ratio (base quality 

less than or equal to 5) exceeded 20%; and removing reads whose unknown base (‘N’ 

base) ratio exceeded 5%. Resulting clean reads were obtained and stored in FASTQ format. 

The clean reads were mapped to the reference genome using HISAT2 (v2.0.4). Bowtie2 

(v2.2.5) was applied to align the clean reads to the reference coding geneset, then expression 

levels of genes were calculated by RSEM (v1.2.12). The heatmap was drawn by pheatmap 
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(R language package) according to the gene expression in different samples. Essentially, 

differential expression analysis was performed using the DESeq2 with Q value ≤ 0.05.

GO (http://www.geneontology.org/) and KEGG (https://www.kegg.jp/) enrichment analysis 

of annotated different expressed gene was performed by Phyper (https://en.wikipedia.org/

wiki/Hypergeometric_distribution) based on Hypergeometric test. Significant levels of terms 

and pathways were corrected by Q value with a rigorous threshold (Q value ≤ 0.05) by 

Bonferroni correction.

Hydrogel assay in vivo analysis.

All animal experiments were approved by the Animal Ethics Committee of Sun Yat-sen 

University (Approval No. SYSU-IACUC-2020–000425) and performed in accordance with 

the Animal Care and Use guidelines of Sun Yat-sen University. 8-week-old female BALB/c 

nude mice were subcutaneously injected with 2×106 MDA-MB-231 cells in 100 μl hydrogel 

solution. The gels were still liquid during injection, and the body temperature of mice 

then initiated crosslinking. Hydrogels with tumors were harvested at end point as indicated. 

Hydrogels were fixed in 4% paraformaldehyde at room temperature for at least 48 hours.

Immunohistochemistry (IHC) and microvessel density (MVD).

The hydrogels were fixed in 4% paraformaldehyde at 4°C for 48 hours, embedded in 

paraffin and cut into 5 μm sections. The paraffin sections were dehydrated in an alcohol 

gradient, dewaxed in xylene, and then incubated with 3% H2O2 and super-blocking 

reagent for 10 minutes at room temperature. The sections were subsequently incubated 

with the following primary antibodies at 4°C: CD31 (Arigobio, ARG52748). IHC staining 

was detected using a secondary antibody detection kit (ABsin, abs957) according to 

the manufacturer’s instructions. After staining with DAB, sections were counterstained 

with hematoxylin and sealed with neutral gum. The sample slices were imaged by light 

microscopy. Six randomly selected high-power fields (400×) were evaluated, and CD31+ 

microvessls were counted and averaged in the most vascular regions of hydrogel sections. 

Mean MVD was assessed as the number of microvessels/mm2.

Statistical analysis.

For Fig 1–3 we report all statistics as means ± standard deviation (SD). We used analysis of 

variance (ANOVA) tests followed by the Tukey test for post-hoc pairwise comparisons with 

p<0.05 defining significance. Statistical analysis of relative gene mRNA levels and MVD 

difference were performed using GraphPad Prism 8 software (San Diego, California). We 

analyzed data with a two tailed t-test or two-way ANOVA with p<0.05 defining significant 

differences. All quantitative data were reported as mean ± standard error of the mean (SEM) 

deviation from at least three independent experiments.

Results

Hydrogel system mimicking the heterogeneous stiffness of a tumor microenvironment.

We prepared collagen/alginate hybrid hydrogels with adjustable stiffness to mimic the local 

stiffnesses in human breast tumors. Based on previous published data from both human and 
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mouse tissues (both showed similar trends and stiffness values), Fig 1a shows a schematic 

map of stiffness distributions in a breast tumor, where the ranges of stiffness in core, 

middle, and periphery were 0–2, 2–5, and 4–20 kPa, respectively[11, 12]. Correspondingly, 

we adjusted the gel stiffness by varying the degree of calcium crosslinking to match 

the three local stiffnesses of a breast tumor microenvironment. Fig 1b shows the gel 

stiffnesses we chose in this study, where soft (2.27±0.46kPa), middle (3.94±0.27kPa), and 

stiff (16.85±1.12kPa) gels were in accordance with stiffness ranges of the core, middle, and 

peripheral areas of a breast tumor. We used separate gels of three different stiffnesses instead 

of one gel with a stiffness range from soft to stiff. This strategy allows us to focus on the 

local microenvironment and dissect effects of pure local stiffness from a stiffness gradient, 

which may induce cell migration and other crosstalk between cells in different locations. We 

believe the current design provides essential knowledge for future studies on behaviors of 

cells in 3D environments with gradients of stiffness.

Prior investigations showed that mechanical rigidity regulates invasion of cancer cells from 

spheroids. However, gels used in prior studies typically failed to recapitulate the stiffness of 

real tumors[43, 44]. In addition, methods used to change gel stiffness most often involved 

varying concentrations of major extracellular matrix components, which also altered gel 

microstructure and cell binding motifs[45, 46]. The hydrogel we used in this study is a 

well-defined system that allows us to control stiffness while maintaining constant amounts 

of alginate and collagen. The amounts of calcium we used in this protocol ranged from 3.75 

to 30 mM, which is a relatively low concentration as compared with previous studies where 

investigators used up to several hundred mM CaCl2 to crosslink alginate[47–49]. In the 

soft gel the calcium concentration is very close to the calcium level in DMEM cell culture 

medium (1.8 mM). Hence, the leaching of calcium ions from the gel and the free calcium in 

the medium can reach a balance, and the cells inside the gel will not be stimulated by a burst 

release of calcium ions. In addition, the alginate chains that are not crosslinked by calcium 

will not diffuse out of the network due to hydrogen bonding with collagen fibers. We tested 

the stiffness with regular culture medium changes over 24 hours and 7 days after gelation for 

the stiff gels and did not find a significant change over time (Sup Fig 1). Our previous 

studies have thoroughly defined material properties of this hydrogel system, including 

mechanism of gelation, porosimetry, and the remodeling of fibrillar collagen microstructure, 

demonstrating this gel system as a versatile in vitro platform to study tumor invasion[38, 

39]. This gel system offers a purified mechanical microenvironment with stiffness as the 

only variable, while minimizing confounding variables such as cell binding motifs and gel 

porosity. Since type I collagen is the major component of tumor ECM and the crosslinked 

alginate provides good mechanical support to achieve the designed stiffness, this biomimetic 

gel system is capable of recapitulating the mechanical microenvironment of a breast tumor.

Cellular morphology and proliferation in environments with different local stiffness

We first explored changes in cell morphology and proliferation in heterogeneous tumor 

microenvironments of different stiffness. We cultured MDA-MB-231 human breast cancer 

cells, a highly invasive basal subtype of breast cancer, in the hydrogel for 4 days. We seeded 

MDA-MB-231 cells stably expressing LifeAct, a marker of polymerized actin, fused to 

green fluorescent protein at the same density (50,000 cells/ml) for all three conditions. Fig 
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2a displays cell morphologies after 4 days of culture. Presented images represent maximum 

intensity in z-projection over a depth of 200 μm. As compared with soft gels where MDA-

MB-231 cells showed both elongated and round morphologies (Fig 2a first column), cells 

in the middle and stiff gels extended long fine protrusions that formed connections between 

cells. We also observed small actin protrusions (tiny brighter projections demarked by white 

arrows in the zoomed images in Fig 2a) on the cell bodies. Actin filaments are known to 

play an important role in mechano-sensing[50, 51]. We take these actin protrusions as an 

indication of breast cancer cells interacting with the mechanical microenvironment through 

mechano-sensing, where cells actively sense the microenvironment through protrusion and 

respond to the stiffness of extracellular matrix. Similarly, we also found the morphology of 

MCF-7 cells behaved comparably to MDA-MB-231 cells, where cells formed small round 

aggregates in the soft gel and showed a spindle shape in the stiff gel (Sup Fig 2).

We quantified overall proliferation of cells in different microenvironments in Fig 2b. We 

counted the numbers of cells on day 0, 2, and 4 and normalized to the data of day 0 to 

define fold change in proliferation. Breast cancer cells in the soft and middle gels showed 

significantly higher proliferation than the stiff gel on day 4 (Fig 2b). We also investigated 

changes in cell cycle in microenvironments of different stiffnesses using cells expressing 

the FUCCI system[52]. Fig 2c shows the growth of FUCCI cells in heterogeneous gel 

environments, where the fluorescent color in cell nuclei indicates different phases of the 

cell cycle. Green nuclei indicate cells in S, G2, and M phases, while red nuclei indicate the 

cells in G1. There is also a transitional phase from G1 to S, where nuclei were shown as 

yellow (overlay of red and green) fluorescence. We quantified cells in each phase plotted 

as percentages over time and culture conditions in Fig 2d. Results showed cells in soft 

environments proliferated more than in a stiff environment on day 2, indicated by 35% cells 

in S, G2, and M phases in soft gels as compared with 15% in stiff gels. Moreover, the day 

4 results also showed higher proliferation in a soft environment with less cells (54%) in 

G1 phase in soft gels as compared with in stiff gels (77%). To summarize, MDA-MB-231 

cells showed higher proliferation in a soft versus stiff microenvironment. Cells in a stiff 

microenvironment showed more actin protrusions, which are essential for cell migration.

Cell invasion and remodeling of ECM responding to different local mechanical stiffness

Building on our observation that breast cancer cells in a stiff microenvironment had more 

actin protrusions, we next investigated effects of stiffness on cell migration. We have 

previously shown invasion with multi-cellular tumor spheroids made of MDA-MB-231 

breast cancer cells and human mammary fibroblasts (HMFs) in collagen/alginate hydrogels, 

where HMFs led the way for breast cancer cells as has been reported in vivo[38]. To avoid 

‘follow-the leader’ migration and just focus on migration of cancer cells, we substituted the 

HMFs with another type of stromal cell line (HS5 bone marrow stromal cells) known to 

be non-invasive[53]. Fig 3a shows invasion of tumor spheroids made of MDA-MB-231 and 

HS5 cells in hydrogel environments of different stiffness. MDA-MB-231 breast cancer cells 

were labeled with GFP in cytoplasm and mCherry in the nucleus, while the HS5 cells had 

no fluorescence labeling. The tumor spheroids were initially approximately 350 μm diameter 

(top row in Fig 3a), and the size grew after culturing in hydrogels due to cell proliferation 

and migration. From Fig 3a, cancer cells proliferated more in the soft gel as indicated by 
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highly compacted cells showing higher intensity on day 2. In the stiff gel, the cancer cells 

migrated more, as shown by the large sparsely occupied fluorescent area from non-migratory 

stromal cells remaining alone in the core (shown as black area in the center). These results 

demonstrated isotropic invasion of cancer cells into the surrounding environment without 

assistance from stromal cells on days 1 and 2. We quantified the invasion distance of 

tumor spheroids as previously described[38] and compared the cell migration distance 

on each day in different gels as shown in Fig 3b. The isotropic cell migration distance 

increased significantly with the stiffness of tumor microenvironment, indicating mechanics 

of a heterogeneous tumor microenvironment regulates cancer cell migration.

We also investigated cell migration in co-cultures with HMFs, which are well-known as 

important regulators of tumor invasion[54, 55]. In Fig 3c we placed two spheroids in 

the same gel environment separated by a short distance (approximately 200 μm), where 

spheroids on the left consisted of only HMFs (mCherry) and the right contained both MDA-

MB-231 cells (GFP) and HMFs (mCherry), respectively. This 2-spheroid model allowed us 

to monitor migration aided by stromal cells. As shown in Fig 3c the HMFs on both sides 

extended tracks to build a bridge connecting the two spheroids on day 1, where cancer 

cells migrated along the bridge from right to left. This migration behavior differs from the 

isotropic migration in Fig 3a, since the cancer cells preferentially migrated to the left side 

in an anisotropic pattern. We did not observe any notable difference in cancer cell migration 

distance on day 1 among all the three conditions, while on day 2 bridging cells merged the 

two spheroids. The cancer cells in the stiff gel extended a further leading edge onto the HMF 

spheroid while leaving some empty space between leading edge and the spheroid on the 

right (less green fluorescence and more red fluorescence) due to a lower proliferation rate. 

In the soft and middle gels, the cells proliferated more and filled all the gap (brighter green 

fluorescence intensity and overlay with red). These results show interaction with stromal 

cells promotes migration of cancer cells, establishing that both cellular components (stromal 

cells) and acellular components (ECM) regulate tumor invasion. The two migration models 

we used here also mimic different scenarios in vivo, where in the tumor stroma fibroblasts 

assist and lead the way for cancer cell invasion, while bone marrow stromal cells regulate 

several steps in bone metastasis[56].

We further explored remodeling of ECM in the same 2-spheroid model. In Fig 3d and 3e, we 

detected the collagen network (pseudo-colored in purple) with second harmonic imaging 

(SHG) using two-photon microscopy. Fig 3d showed overlaid images of the collagen 

network with spheroids, where we found the collagen network initially homogeneously 

surrounded spheroids on day 0. On day 1 there was a dense collagen ring wrapping around 

the HMF spheroid and along the bridge area in all three conditions, which became denser 

with greater spreading with both HMFs and cancer cells. Fig 3e shows the full areas of 

Fig 3d without overlays, where the collagen rings and bridges clearly showed the locations 

of spheroids. These thick collagen rings indicated remodeling of the surrounding collagen 

network by stromal cells, which is in accordance with our previous finding[39]. Note the 

remodeling of the gel was purely done by cells rather than decomposition of gels since 

blank gels without cells remain stable with regular medium changes over 6 months (Sup 

Fig 1). To summarize, the heterogeneous stiffness in tumor microenvironments affects 

migration of cancer cells, while the existence of stromal cells also plays a vital role in 
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regulating cancer cell migration. In addition, HMFs can remodel the collagen network of 

tumor microenvironment.

Transcriptomic profile changes responding to matrix stiffness

To elucidate alterations in transcriptomes of tumor cells in environments with different 

stiffnesses, we performed transcriptomic profiling by RNA sequencing. We cultured MDA-

MB-231 cells in soft, middle and stiff hydrogels for 48 hours, then extracted total RNA 

and performed transcriptomic profiling by RNA-seq. To provide a better comparison with 

most previous studies, we also used cells on 2D tissue culture plastic as a control for 

RNA-seq. The heatmap in Fig 4a shows distinct differences in total gene expression for cells 

in 2D, soft, middle and stiff microenvironments. According to Gene Ontology (GO) function 

annotation, we found that the altered genes mostly involved binding, catalytic activity and 

transcription regulator activity. The Venn diagram in Fig 4b shows that 15,966 genes were 

co-expressed in four groups with 243, 284, 304 and 120 genes exclusively expressed in 2D, 

soft, middle and stiff groups. Then we analyzed Differentially Expressed Genes (DEGs) 

between the control group (2D culture) and other three hydrogel groups (soft, middle and 

stiff) in supplemental figure (Sup Fig 3a–d). We also analyzed the DEGs in these groups 

in Fig 4c by Venn diagram. The unique DEGs in soft, middle and stiff hydrogels compared 

to 2D control were 113, 920 and 1246, respectively. Consistent differential expression of 

904 genes occurred in these groups with enrichment computed by Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathways analysis. Fig 4d shows the top 20 enriched pathways 

of the 904 DEGs set, including breast cancer, cell cycle, ECM-receptor interaction and 

metabolism. Changes in genes associated with cell cycle, ECM interactions, and metabolism 

parallel prior observations in expression when comparing cells in 2D versus 3D cultures[57–

60]. We further focused on transcriptional changes induced by heterogeneous hydrogel 

stiffness. Sup Fig 3e–g shows the expression heatmaps of soft-vs-middle, middle-vs-stiff 

and soft-vs-stiff groups respectively. We showed the DEGs between three groups in Fig 4e 

by Venn diagram. There were 151, 458 and 92 genes that differed in soft-vs-middle, middle-

vs- stiff and soft-vs-stiff groups, respectively. The GO function enrichment of the DEGs 

showed the top 3 pathways including binding, catalytic activity and molecular function 

regulator (Fig 4f). We next performed the KEGG pathway enrichment analysis in Fig 4g–

h. MAPK and PI3K-Akt pathways regulate multiple processes in breast cancer and other 

malignancies, including proliferation, migration, invasion, and survival[61–63]. Enrichment 

of these pathways may reflect capabilities of cells in middle stiffness environments to 

proliferate efficiently while still retaining the ability to migrate. Nevertheless, the definite 

and specific signaling processes involved in responses to stiffness requires more research. 

IL-17 drives invasion in cancer cells, consistent with greater migration of breast cancer 

cells in middle versus soft stiffness environments[64]. While MAPK and Ras signaling may 

drive both proliferation and invasion in cancer, preferential expression of these pathways 

in cells cultured in soft environments suggests greater functions in proliferation, a behavior 

upregulated in soft versus stiff cultures. Similarly, Notch signaling promotes proliferation in 

a variety of physiologic and pathologic settings[65]
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Cancer cells shift from glycolysis to OXPHOS and FA metabolism responding to a stiff 
microenvironment

To establish how matrix rigidity affects cellular activities, we performed overall 

Geneset Enrichment Analysis (GSEA) of sequencing data. Interestingly, the results 

showed enrichment of glycolysis in a soft microenvironment (Fig 5a), whereas a stiff 

microenvironment made tumor cells upregulate oxidative phosphorylation (OXPHOS) and 

fatty acid metabolism (FA) processes (Fig 5b–c). The clustering heatmap illustrates genes 

involved in glycolysis, OXPHOS and FA (Sup Fig 4a–c). In Fig 5d we listed the top ranked 

genes for glycolysis. The top ranked 10 genes of OXPHOS and FA metabolism profiles were 

listed in Fig 5e and Fig 5f, respectively. Next, since OXPHOS correlates with mitochondrial 

respiration, we also enriched the mitochondrial respiration chain complex assembly 

transcriptomic profile in Fig 5g–h. Compared to the soft stiffness microenvironment, breast 

tumor cells elevated expression of genes in the mitochondrial respiratory chain in the stiff 

microenvironment. NDUFB and NDUFS, components of mitochondrial respiratory complex 

I, were upregulated in tumor cells by the stiffer microenvironment. To confirm the RNA-

seq results, we detected mitochondrial respiratory and dynamics related genes, including 

NDUFB3, DNM1L (DRP-1) and MFN2 in cells of different conditions using RT-qPCR (Fig 

5i). Consistent with the sequencing data, we confirmed that these significant genes were 

increased in breast cancer cells responding to stiffness. Alterations in genes involved in 

glycolysis and OXPHOS pathways, such as DHFR, SLC2A1, PGK1 and LDHA, also were 

detected by RT-qPCR (Fig 5j and Sup Fig 6g). With the significance upregulation of DHFR 

and downregulation of PGK1 in MCF-7 and MDA-MB-231 cells (Sup Fig 6g), these results 

demonstrate that heterogeneous tumor mechanics alter genes related to cellular metabolism.

Early vascular angiogenesis responding to heterogeneous local stiffness

Next, we performed several Key Driver-genes Analyses (KDA) in angiogenesis (Fig 6a), 

OXPHOS, ECM modeling and EMT pathways (Sup Fig 5a–c), respectively. Comparing key 

genes in the normal and invasive breast carcinoma databases, we found that angiogenesis 

pathway was obviously different between normal and patients. Consistently, we found 

enrichment of pro-angiogenic genes in increased rigidity microenvironments (Fig 6b). We 

confirmed by RT-qPCR that the expression of MMP9 and FN1 in MDA-MB-231 and 

MCF-7 cells increased with stiffness (Fig 6c and Sup Fig 6a–b). Next, to examine to 

what extent stiffness of a hydrogel microenvironment can regulate angiogenesis in vivo, 

we established subcutaneous tumor xenografts by injecting MDA-MB-231 cells mixed with 

hydrogels of different stiffness. To monitor early angiogenesis, we euthanized mice 10 

days after injection according to previous research[66], when the hydrogel had not been 

totally absorbed in vivo. The in situ xenografts of hydrogels were photographed in Sup 

Fig 7a–b. More obvious vascular formation was shown in middle and stiff hydrogel groups 

by CD31 staining and MVD analysis in Fig 6d. To further evaluate key genes involved 

in rigidity-related modulation of angiogenesis, we detected murine FN1, ANG and MMP9 

from hydrogel-containing cells from xenograft models, which indicated that breast cancer 

cells in stiffer rigidity promoted angiogenesis in vivo (Fig 6e). Next, we analyzed additional 

signaling pathways or transcriptional programs regulated by stiffness. By GSEA analysis, 

mostly E2F-related genes were enriched in the stiff group (Fig 6f). Besides E2F, we also 
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found enrichment of KRAS, STAT3 and mTORC1 activation in our transcriptional profiles 

by KEGG enrichment and analysis (Fig 6g).

YAP1 and AP1 signaling pathways were downregulated by increased local stiffness

To reveal signaling pathways downregulated by microenvironmental stiffness in cancer 

cells, we performed GSEA analysis and found enrichment of YAP1 target gene set in 

the soft microenvironment (Fig 7a). The YAP1/Hippo pathway is known to contribute 

to tumorigenesis[67]. We confirmed YAP1 expression by RT-qPCR in Fig 7b and Sup 

Fig 6c, which showed that YAP1 expression decreased in MDA-MB-231 and MCF-7 

cells with increasing stiffness. As MDA-MB-231 cells exhibit a mesenchymal phenotype, 

we confirmed the findings from MDA-MB-231 cells using a second cell line, MCF-7, 

with an epithelial phenotype. Fig 7c showed that more YAP1 protein located in nuclei, 

a marker of transcription by this protein, when cells were cultured in soft hydrogels 

compared with a stiffer environment (Fig 7c). These results agreed with a recent study 

establishing that 2D YAP1 mechano-transduction studies do not recapitulate conditions seen 

in clinical samples and 3D models, as the high activation of YAP1 seen in 2D culture 

did not occur in 3D cultures. Notably, expression of YAP1 target genes decreased with 

greater stiffness in 3D culture[32], but the consequences remain unclear. Besides YAP1, 

another important transcriptional factor, AP1 was also enriched in breast cancer cells in a 

softer microenvironment (Fig 7d). Expression of the AP1 subunits, FOS, FOSL and FOSB, 

decreased with increased stiffness (Fig 7e–g and Sup Fig 6d–f).

To quantify long-term tumorigenesis and proliferation, we euthanized mice 30-days after 

subcutaneous injection. Percentages of tumors formed in soft, middle, and stiff hydrogel 

xenograft groups were 100%, 87.5%, and 37.5%, respectively. Although the soft gel 

degraded the fastest as compared with the middle and stiff groups (as shown in the 10-day 

tumor formation data where the soft group showed the smallest volume), tumors in the soft 

hydrogels had the highest tumor formation percentage. There were no gels left in the 30-day 

tumor tissue, showing that all hydrogels eventually degraded over time. These data indicate 

that hydrogels mediated greatest effects on tumor formation and growth at earlier times 

after implantation. Tumors formed in middle hydrogels had the largest volume among the 

three groups, suggesting that tumor cells cultured in middle stiffness balanced metabolism, 

angiogenesis, and signaling to proliferate. However, tumors formed from soft and stiff gels 

showed comparable, small volumes (Fig 7h), which may due to the downregulation in key 

genes of angiogenesis. Overall, the middle stiffness hydrogel provided the most suitable 

overall environment for tumor growth with the stiff environment being least conducive.

Discussion

In this study, we applied a mature 3D hydrogel culture system to model the heterogeneous 

mechanics in different parts of a breast tumor and investigate changes in both cellular 

behaviors and transcriptomic profiles regulated by distinct microenvironmental stiffnesses. 

Our results demonstrate how heterogeneous stiffnesses of a tumor microenvironment 

affect breast cancer cells. The three locations we chose correspond with different 

functional requirements for tumor progression. Stiffnesses in the core and periphery 
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promote proliferation or invasion of cancer cells, while the middle stiffness supports both 

proliferation and invasion. As MDA-MB-231 cells already exhibit a very ‘mesenchymal’ 

phenotype, we focused more on cell growth, changes in metabolism and early angiogenesis 

in our research.

Various biomaterials have been applied to grow 3D tumor models in vitro, although there 

is still not a gold standard formulation that optimally mimics the tumor microenvironment. 

Investigators select different materials to best satisfy the experimental needs and questions. 

Synthetic polymers such as PEG or polyesters are frequently used with chemically 

functionalized cell-binding motifs, which present adjustable mechanical properties and 

well-defined molecular structures[68, 69]. Natural materials such as proteins (collagen, 

gelatin)[70, 71], polysaccharides (hyaluronic acid, alginate)[72, 73], and ECM extracts 

(decellularized ECM, Matrigel)[74, 75], on the other hand, present better cellular responses 

as compared with synthetic polymers, albeit with less flexibility in manipulating material 

properties. Here we chose the collagen/alginate gel as a well-defined system to eliminate 

confounding effects due to unknown factors. We note that prior publications using 

hydrogels for 3D cell culture have used many different formulations, which may account 

for inconsistences not only with our results but also across tissue-engineered models 

of cancer. Differences in material components of hydrogels, culture conditions, and 

mechanics contribute to divergent outcomes in various model systems. The hydrogel system 

described in this manuscript, which uses readily available components and reproducible 

design parameters, positions us to investigate mechanisms accounting for these differences 

across studies in breast cancer and other malignancies. As both collagen and alginate are 

commonly used natural materials[76, 77], our gel system thus can provide comparable 

results with previous and future studies. Since the concentrations of collagen and alginate 

were fixed, we only varied millimolar concentrations of CaCl2 to control crosslinking and 

stiffness. As gels were all saturated in cell culture medium, the water uptake and surface 

charge also remained consistent with negligible changes. The varied crosslinking level of 

alginate may affect the overall sterically available functional groups within the gel, which 

requires further in-depth study on molecular conformations of hydrogels. We only focused 

on cell binding sites on the collagen fibers, which remained constant with the unchanged 

collagen concentration. Our previous results showed that while hydrated, the gel behaved in 

a manner of rubber-like materials where the linear region of stress-strain curve occurred at 

0–25% strain. Microstructure illustrated the secondary network of crosslinked alginate over 

a network of collagen, where the collagen formed D-banded fibrils at neutral pH that can be 

captured by SHG imaging using two-photon microscopy. The gels were always kept under a 

saturated condition, so the microenvironment remained stable with no additional swelling or 

contracting.

We present the new observation that 3D matrix stiffness regulates metabolic pathways 

related to OXPHOS versus glycolysis. A stiff microenvironment altered genes related 

to mitochondrial respiration, enhancing processes associated with OXPHOS and FA 

metabolism. Prior research demonstrated that invasive cancer cells preferentially utilized 

OXPHOS[78]. By comparison, cancer cells in soft hydrogels representing the core of 

a tumor upregulate genes related to glycolysis and high YAP1 expression. Cancer cells 

commonly rely on glycolysis to meet energetic and anabolic requirements of proliferation, 
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consistent with our results showing greater proliferation of cancer cells in soft and middle 

stiffness environments in vitro[79]. Our system controls mechanical properties of ECM 

without changing composition of the hydrogel itself, which may account for differences 

between studies. Further research will investigate mechanics controlling intersections of 

ECM mechanics and metabolism in cancer.

Substrate stiffness may promote migration and angiogenesis capacities of lung cancer 

through overexpression of MMPs and angiogenesis-related growth factors[80]. Consistently, 

short-term xenograft experiments in our research showed formation of blood vessels 

consistent with upregulation of FN1, ANG and MMP9 in breast cancer cells in a stiff 

microenvironment, whereas other angiogenesis-related genes (VEGFA, IL-18) remained 

unchanged or inconsistent in two cell lines (MDA-MB-231 and MCF-7). GSEA analysis 

showed enrichment of Rb-E2F signaling in cells cultured in a stiff microenvironment. 

The Rb-E2F pathway regulates genes involved in angiogenesis and invasion such as 

MMPs or FN1 in retinoblastoma and human circulating tumor cells (CTCs)[81, 82]. E2F 

also plays a regulatory role in energy metabolism of cancer cells[83]. FN1 promotes 

angiogenesis in prostate cancer[84] and hepatocellular carcinoma[85], regulated by MAPK 

signaling and the TFCP2 transcriptional factor. In accordance with pro-angiogenic functions, 

FN1 also promoted aggressive metastatic cancer cells. Secreted FN1 supports vascular 

mimicry contributing to tumor angiogenesis [86] through activation of ZEB. MMP9 in 

our experiments was increased by increasing stiffness, contributing to ECM degradation 

and basement membrane remodeling during angiogenesis. Tumor cells sense mechanics 

through multiple interconnected systems, including the actin cytoskeleton, integrins, cell-

cell adhesion receptors, receptor tyrosine kinases, and other membrane proteins including 

ion channels and G-protein-coupled receptors[87]. Interestingly, in our Fig4 analysis, GO 

analysis showed enrichment of binding proteins, opening further studies in the future.

Effects of hydrogel stiffness likely diminish with time in vivo as regulation shifts toward 

ECM materials deposited by endogenous mouse stroma and contraction of ECM by 

fibroblasts in the tumor environment. In addition, these data indicate that interactions 

between environmental and cancer cell states regulate overall tumor formation. Long-term 

xenograft experiments showed higher proliferation of tumor cells in soft and middle 

microenvironments. Both the soft and middle stiffness hydrogels promoted comparable 

engraftment and proliferation in vitro and in mouse xenografts. Reduced tumor size in 

soft hydrogels may be due to dissolution of the soft hydrogel in vivo, resulting in loss of 

the expected tissue mechanics. Different calcium crosslinking ratios used to produce gel 

networks with desired stiffness led to different degradation kinetics in vivo, which affected 

tumor growth in the early time points. GSEA demonstrated an increase in YAP1 and AP1 

signaling pathways in cells cultured in soft hydrogels compared to stiff hydrogels. Tumors 

require angiogenesis and proliferation to continue growth beyond millimeter size because of 

limits on diffusion of oxygen and nutrients[88]. The ability of middle stiffness hydrogels to 

support both proliferation and angiogenesis of cancer cells may account for greater tumor 

size and overall growth. Although the soft hydrogel has 100% engraftment in mice, the 

middle hydrogel was the most suitable environment for later tumor growth and proliferation. 

Previous studies indicate that plasticity of cancer cells and the ability to shift between 

proliferative and invasive states promotes disease progression in breast cancer and other 
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malignancies[89–91]. Our results support the need for plasticity in proliferative and invasive 

cell states in tumor formation.

Our system utilized common biomaterials for construction of a simplified 3D tumor 

microenvironment, leaving opportunities for future improvements. While the simplified 

components provided well-controlled mechanical stiffness, the environment lacks other 

ECM components, such as laminin, present in tumor microenvironments. In addition, we 

simplified the cellular components and only studied the cancer cells and fibroblasts as 

stromal cells. Future advances in the system should include other cells, including subsets of 

immune cells and vascular endothelium. We recognize that a limitation of this study arises 

from using MDA-MB-231 cells, an established breast cancer cell line adapted to standard 

2D cell culture conditions. Established cell lines may have genetic and/or epigenetic 

changes not representative of cancer cells in patients. We also acknowledge that relying 

on cell lines known to exhibit mesenchymal features may reduce the extent to which data 

generalize to all breast cancers. Extending these studies to patient-derived cells represents an 

exciting future direction for our hydrogel technology. While our hydrogel system controls 

mechanical properties of the environment, other variables in 3D cultures, including hypoxia 

and restricted diffusion of nutrients, also may affect behaviors of cells and results of RNA 

sequencing.

Heterogeneity in a tumor microenvironment involves complex effects arising not only from 

multiple cells but also from non-cellular ECM components. To investigate effects of ECM 

on cancer cells, we first started with a model focused on local stiffness as a single regulator 

and demonstrated effects of various ECM stiffnesses on cell behaviors. We believe our 

results will provide important basic knowledge for future studies on heterogeneous tumor 

microenvironments.

Conclusion

In this study, we employed a well-defined biomimetic ECM material to model different 

stiffnesses of a tumor microenvironment and investigated effects of microenvironmental 

stiffness on cell proliferation, migration, metabolism, angiogenesis and other transcriptomics 

of breast cancer cells. Our results illustrate functional and transcriptomics effects of different 

ECM microenvironmental stiffnesses on cancer cells. We believe this study will provide an 

essential foundation for future investigations of ECM mechanics in breast cancer and spark 

new approaches for therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Representative stiffnesses of 3D hydrogel environment mimicking the local mechanical 
properties of human breast cancer.
a The corresponding stiffness range of breast cancer changes from core to periphery[11, 12] 

(data reproduced with combination of human and mouse tissue analysis). b The stiffness of 

3D hydrogel environment can be adjusted to match the core, middle, and peripheral areas of 

a breast tumor. *: > soft, p < 0.01; #: > middle, p < 0.01.
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Fig. 2. Morphology and proliferation of breast cancer cells in heterogeneous 3D 
microenvironments.
a Cell morphology represented by LifeAct MDA-MB-231 cells (green fluorescence 

tagged F-actin) in 3D hydrogels of different stiffnesses. White arrows denote protrusions 

of cytoskeleton into surrounding environment. Scale bar indicates 50 μm. b Overall 

proliferation curves of cells in heterogeneous environments. *: p<0.01. c Proliferation 

and cell cycle in heterogeneous environments represented by cells with the FUCCI 

reporter, where cell nuclei showing green fluorescence indicates S, G2, and M phases, 

red fluorescence indicates G1, and yellow fluorescence indicates transition from G1 to S. 

Scale bar indicates 100 μm. d Quantification of FUCCI reporter fluorescence in cells after 

culturing in 3D hydrogel environment of different stiffnesses for 2 and 4 days.
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Fig. 3. Cell migration and interaction with ECM in 3D hydrogel environment mimicking the 
local mechanical stiffness of human breast cancer.
a Isotropic cell migration in hydrogels of different stiffnesses. Invasion of cells from a 

tumor spheroid made of MDA-MB-231 breast cancer cells (GFP labelled cytoplasm and 

mCherry labelled nucleus) and HS5 cells was imaged using 2-photon microscopy after 

culturing in gels on day 0, 1, and 2. Scale bar indicates 200 μm. b Quantification of the 

invasion distances in the isotropic cell migration assay shown in a *: > day 1, p <0.01; 

**: p <0.01. c Anisotropic cell migration in hydrogels of different stiffness. A spheroid of 

mCherry-labelled HMFs and spheroid of LifeAct MDA-MB-231 cells and mCherry-labelled 

HMFs were placed in gels with an original separation of about 200 μm. Cell migration into 

the gap was imaged using 2-photon microscopy on day 0, 1, and 2. Scale bar indicates 100 

μm. d Overlay of second harmonic images of collagen network (pseudocolor in purple) with 

the images of two-spheroid migration shown in c. Scale bar indicates 100 μm. e Whole 
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field view of collagen networks in anisotropic two-spheroid migration on day 2. Scale bar 

indicates 100 μm.
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Fig. 4. Microenvironmental stiffness alters transcriptomic profiles of breast cancer cells.
a Gene expression of breast cancer cells in 2D, soft, middle, stiff rigidities groups. b Total 

gene expression in 2D, soft, middle and stiff hydrogel groups. 243, 284, 304 and 120 

genes were exclusively expressed in 2D, soft, middle and stiff hydrogel groups, respectively. 

15,966 genes were co-expressed in four groups. c DEGs between 2D culture and hydrogels 

of different stiffness conditions. 113, 920 and 1,246 genes were exclusively expressed in 

2D-vs-soft, 2D-vs-middle and 2D-vs-stiff hydrogel groups, respectively. 904 genes were 

co-expressed as indicated. d KEGG enrichment analysis of DEGs indicated DNA repair, 

ECM receptor interaction and cell cycle pathways. e DEGs between hydrogel culture 

conditions of different stiffnesses. 151, 458 and 92 genes were exclusively expressed in 

soft-vs-middle, middle-vs-stiff and soft-vs-stiff hydrogel groups, respectively. 13 DEGs 

genes were co-expressed as indicated. f GO analysis revealed enrichment for pathways of 
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binding, catalytic activity and molecular function regulator. g-h KEGG pathway analysis 

revealed pathway enrichment of soft-vs-middle (g), soft-vs-stiff (h), respectively.
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Fig. 5. Breast cancer cells shift from glycolysis to OXPHOS and fatty acid metabolism 
responding to stiff matrix microenvironment.
a Geneset Enrichment Analysis (GSEA) of overall gene expression of breast cancer cells 

in soft rigidity environment. Hallmark genes in glycolysis were enriched in cells cultured 

in the soft rigidity environment. b-c GSEA enrichment of oxidative phosphorylation (b) 

and fatty acid metabolism (c) hallmarks in breast cancer cells cultured in the stiff rigidity 

environment. d-f Clustering of top ranked genes involved in glycolysis (d), oxidative 

phosphorylation (e) and fatty acid metabolism pathways (f). Red and blue represent 

up- and down-regulated genes, respectively. Heatmap was normalized by z-score (row 

direction), and the expression level was the mean of three biological repeats as indicated. g 
Mitochondrial respiratory chain complex assembly genes were enriched in cells cultured in 

stiff microenvironment. h Clustering of leading genes involved in mitochondrial respiratory 

chain complex assembly geneset. Red represented the upregulated, blue represented the 

downregulated. Heatmap was normalized by z-score (row direction). i MDA-MB-231 cells 
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were cultured in hydrogels of different stiffnesses for 24 hours before extraction of total 

RNA. Relative NDUFB3, DNM1L and MFN2 expression levels were detected by RT-qPCR. 

j Relative DHFR, SLC2A1, PGK1 and LDHA expression levels were detected by RT-qPCR 

in MDA-MB-231 cells. Error bars represent standard deviations of three independent 

experiments. p values were shown as indicated in graph. Significance was indicated as 

p<0.05.
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Fig. 6. Breast cancer cells upregulate angiogenesis in stiff microenvironmental niche.
a KDA revealed the most 10 significant genes involved in angiogenesis pathways 

participating in matrix stiffness environments. b GSEA of overall gene expression of breast 

cancer cells in middle rigidity environment compared to soft environment. Hallmarks of 

angiogenesis were enriched in cells cultured in microenvironment of middle stiffness. c 
MDA-MB-231 were cultured in different hydrogels for 24 hours and extracted total RNA. 

Relative MMP9 and FN1 mRNA expression were detected by RT-qPCR. d Hydrogels of 

different stiffnesses were mixed with 2×106 MDA-MB-231 cells, followed by subcutaneous 

injection into BALB/c nude mice (each group contained 5 mice). The hydrogels containing 

cells were harvested after 10 days for analysis of CD31 staining and MVD analysis. Scale 

bar indicates 50 μm. e Total RNA was extracted from hydrogels recovered from mice. 

Relative FN1, ANG, and MMP9 expression were detected by RT-qPCR. Error bars represent 

standard deviations of three independent experiments. p values were shown as indicated in 
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graph. Significance was indicated as p<0.05. f-g GSEA (f) and GO (g) analysis of overall 

gene expression of breast cancer cells in a microenvironment of stiff rigidity compared to 

soft environment. E2F signaling was enriched in cells cultured in a stiff environment.
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Fig. 7. Breast cancer cells down regulate YAP and AP1 signaling pathways responding to the 
microenvironmental stiffness.
a GSEA of YAP1 signaling expression of breast cancer cells in soft rigidity environment 

compared to stiff environment. b MDA-MB-231 cells were cultured in different hydrogels 

for 24 hours and extracted total RNA. Relative YAP1 mRNA expression was detected in two 

cell lines by RT-qPCR. c Immunofluorescence of YAP1 (red) and DAPI (blue) expression 

in MDA-MB-231 cells cultured in different rigidity groups were detected and imaged. Scale 

bar indicates 20 μm. d GSEA of AP1 signaling expression of breast cancer cells in soft 

rigidity environment compared to stiff environment. e-g MDA-MB-231 cells were cultured 

in different hydrogels for 24 hours and extracted total RNA. Relative FOS (e), FOSL (f) 

and FOSB (g) mRNA expression were detected by RT-qPCR. Error bars represent standard 

deviations of three independent experiments. p values were shown as indicated in graph. 

Significance was indicated as p<0.05. h Hydrogels of different stiffnesses were mixed with 

2×106 MDA-MB-231 cells, followed by subcutaneous injection into BALB/c nude mice 
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for 30 days. Tumors were dissected from xenograft mice (soft group: n=8, middle group: 

n=7, stiff group: n=3). Scale bar indicates 10 mm. The tumor volumes were calculated by 

measuring length and width (mean ±SEM).
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