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Abstract

Oxygen status and tissue dimensionality are critical determinants of tumor angiogenesis, a 

hallmark of cancer and an enduring target for therapeutic intervention. However, it is unclear how 

these microenvironmental conditions interact to promote neovascularization, due in part to a lack 

of comprehensive, unbiased data sets describing tumor cell gene expression as a function of 

oxygen levels within three-dimensional (3D) culture. Here, we utilized alginate-based, oxygen-

controlled 3D tumor models to study the interdependence of culture context and the hypoxia 

response. Microarray gene expression analysis of tumor cells cultured in 2D versus 3D under 

ambient or hypoxic conditions revealed striking interdependence between culture dimensionality 

and hypoxia response, which was mediated in part by pro-inflammatory signaling pathways. In 

particular, interleukin-8 (IL-8) emerged as a major player in the microenvironmental regulation of 

the hypoxia program. Notably, this interaction between dimensionality and oxygen status via IL-8 

increased angiogenic sprouting in a 3D endothelial invasion assay. Taken together, our data 

suggest that pro-inflammatory pathways are critical regulators of tumor hypoxia response within 

3D environments that ultimately impact tumor angiogenesis, potentially providing important 

therapeutic targets. Furthermore, these results highlight the importance of pathologically relevant 

tissue culture models to study the complex physical and chemical processes by which the cancer 

microenvironment mediates new vessel formation.
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1. Introduction

In tumors, spatiotemporal depletion of oxygen (hypoxia) due to excessive cell proliferation 

and dysfunctional vasculature elevates angiogenic signaling and tumor angiogenesis [1]. 

More specifically, hypoxia activates a response program largely controlled by the 

stabilization of the transcription factor hypoxia inducible factor-1 (HIF-1) [2]. As a 

consequence of HIF signaling, the up-regulation of pro-angiogenic morphogens, including 

vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and 

interleukin-8 (IL-8), activates the ‘angiogenic switch’ necessary for new vessel growth [3, 

4]. However, microenvironmental conditions other than hypoxia also modulate the pro-

angiogenic capability of tumors [5–7]. For example, changes in tissue dimensionality and 

integrin engagement can activate nuclear factor-κB (NF-κB) and activator protein-1 (AP-1) 

transcription factors, which regulate the expression of IL-8 and VEGF [8, 9]. Additionally, 

varied matrix architecture, cell morphology, and substrate mechanics broadly affect tumor 

cell phenotype as thoroughly reviewed elsewhere [10–12]. Nevertheless, how interactions 

between hypoxia and tissue dimensionality regulate tumor vascularization is poorly 

understood, due in part to a lack of comprehensive, unbiased data sets describing tumor cell 

gene expression as a function of these individual and combined parameters.

To generate such data sets, it will be critical to separate the effects of hypoxia and tissue 

dimensionality in 3D tumor models. Given that growth in conventional 3D culture systems 

inevitably leads to heterogeneous oxygen distributions and resulting cellular phenotypes, it 

is challenging to distinguish these parameters [13, 14]. Because gene expression changes are 

typically determined as population averages, most 3D models preclude the association of 

culture context-dependent expression profiles to a specific oxygen level. Conventional 

studies in 2D monolayer culture are not subject to transport challenges, and oxygen levels 

can be readily manipulated by placing cultures in oxygen-controlled incubators. Yet, this 

approach does not recapitulate the 3D microenvironmental conditions that may alter tumor 

cell phenotypes. For example, hypoxia and the resulting oxidative stress is necessary to 

stimulate IL-8/NF-κB signaling in 2D culture, whereas this signaling axis is constitutively 

active in 3D [15]. Accordingly, we have previously shown that hypoxia upregulates 

secretion of IL-8 in 2D, while causing an opposite effect in 3D culture [15]. Hence, 

pathologically relevant culture conditions that allow independent control of oxygen levels in 

relevant 3D culture contexts may provide new insights regarding the role of tissue 

dimensionality in guiding hypoxia-related tumor cell responses.

Biomaterials-based in vitro models are increasingly employed to study the role of tissue 

dimensionality in tumorigenesis [16–23]. We recently developed an alginate-based oxygen-

controlled, 3D culture system with which we circumvented the challenges of diffusion-

limited mass transport to control oxygen concentrations [15]. Fabrication of thin (200 μm) 

hydrogel-based scaffolds relieved interior oxygen depletion, allowing us to create 

homogeneous O2 levels within the 3D matrix [15]. Here, we used this model to distinguish 

the independent and co-dependent effects of dimensionality and oxygen tension in 

regulating the tumor hypoxia response and angiogenesis. More specifically, we determined 

gene expression profiles of tumor cells cultured in 2D and 3D under uniform hypoxic or 

normoxic conditions via microarray analysis. We validated the results for molecules of 
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interest by RT-PCR and ELISA, and we confirmed their relevance across multiple tumor 

cell lines and with patient data. Finally, using a 3D model of endothelial cell invasion, we 

evaluated the functional consequences of 3D culture and oxygen conditions on sprouting 

angiogenesis. Insights gained from these studies may advance our understanding of tumor 

angiogenesis and identify routes toward more effective therapy.

2. Materials and Methods

Cell Culture

Cell lines used in this study included human oral squamous cell carcinoma (OSCC)-3 (gift 

from Peter Polverini, University of Michigan), A549 lung carcinoma, KATO-III gastric 

signet ring carcinoma, and MDA-MB231 breast cancer cells (all from ATCC). Tumor cells 

were cultured in Dulbecco’s modified eagle medium (DMEM, Gibco), supplemented with 

10% fetal bovine serum (20% for KATO-III), and 1% penicillin-streptomycin (P/S). In 

addition, human umbilical vein endothelial cells (HUVEC, Lonza) at low passage (p < 6) 

were cultured in Bio-Whittaker medium 199 (M199, Lonza), supplemented with endothelial 

cell growth supplement (ECGS, Millipore, Billerica, MA), 20% FBS, 1% P/S, 2 mM 

Glutamax, and 5 U/mL heparin.

Preparation of Alginate Discs

Microfabricated alginate hydrogels (4% wt/vol) were used for 3D tumor cell culture, as 

previously described [15]. Briefly, cells were suspended in alginate (Protanal LF, FMC 

Biopolymer, Philadelphia, PA) at 20 × 106 cells/mL. The cell-laden gel was cast in a 

Plexiglass mold (4 mm diameter, 200 μm deep to ensure uniform O2 concentration) and 

cross-linked with 60 mM calcium chloride (CaCl2) solution for 15 minutes. Alginate disks 

were cultured in 24-well plates (one disk per well) on an orbital shaker for 6 days in the 

appropriate media at 37° C and 5% CO2. Oxygen levels were set to either hypoxic (1%) or 

ambient (17 %) O2 in a controlled atmosphere incubator (ThermoFisher Scientific, Inc., 

Waltham, MA). Media was changed every 48 hours.

Endothelial Invasion Assays

Collagen-based microwell invasion assays were fabricated as previously described [24]. 

Briefly, PDMS microwells (200 μm deep, 4 mm diameter; Dow Corning, Midland, MI) were 

fabricated by soft-lithography against an SU-8 mold. The PDMS surface was pre-treated 

with 1% poly(ethyleneimine) (PEI; Aldrich Chemical, St. Louis, MO) and 0.1% 

glutaraldehyde (GA; Fischer Scientific, Fair Lawn, NJ) for 10 minutes and 20 minutes, 

respectively, and washed thoroughly with sterile water. Stock solutions of 1.5% (wt/vol) 

type I rat tail collagen in 0.1% acetic acid were osmotically balanced (9:1) with 10x 

concentrated M199 media, neutralized with 1N sodium hydroxide (NaOH), and diluted to 

0.8% (wt/vol) for mono-culture assays. For co-culture invasion assays, tumor cells were 

suspended in 0.68% collagen gel at a density of 10 million cells/mL. The collagen gel was 

then cast onto the PDMS microwell mold and cross-linked for 15 minutes at 4 °C, followed 

by 15 minutes at 37°C. HUVECs were seeded at 300 cells/mm2 on the collagen surface and 

cultured in HUVEC invasion media at ambient O2, 5% CO2, and 37°C. For invasion assays, 

HUVEC growth media was spiked with 1% [v/v] L-ascorbic acid (50 μg/mL; Acros 
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Organics, Morris Plains, NJ), and 0.16% [v/v] tetradecanoyl phorbol acetate (TPA; 50 

ng/mL; Cell Signaling Technology Inc., Danvers, MA) to sensitize endothelial cells. In 

mono-culture experiments, recombinant human IL-8 (GenScript, Piscataway, NJ) and VEGF 

(R&D Systems, Minneapolis, MN) was added at 40 ng/mL, and their respective inhibitors 

were added at 200 ng/mL in co-culture experiments (both from R&D Systems). Co-culture 

invasion assay media also contained 40 ng/mL basic fibroblast growth factor (bFGF, 

Invitrogen, Carlsbad, CA). After three days, gels were fixed in 10% formalin and stained 

with 4′,6-diamidino-2-phenylindole (DAPI), phalloidin (Alexa Fluor 568; Invitrogen), and a 

combination of mouse anti-human CD31 (BD Biosciences, San Jose, CA) with goat anti-

mouse IgG (Alexafluor 488, Invitrogen). Imaging was performed by confocal microscopy 

(Zeiss 710, Carl Zeiss, Inc., Thornwood, NY) at 250x magnification for a 0.46 mm2 area and 

z-slices up to 40 μm depth. Images were analyzed using ImageJ software by counting the 

number of CD31+ cell invasions extending beyond 12 μm (~3 slices) from the surface.

Microarray Processing

Total RNA from cells was isolated by using TRIzol (Invitrogen) according to 

manufacturer’s instructions. A one-round in vitro transcription (IVT) RNA Amplification 

Kit was used to amplify 1.5 micrograms of total RNA. The cDNA was synthesized with a 

primer containing oligo (dT) and T7 RNA polymerase promoter sequences. Double-stranded 

cDNA was then purified and used as a template to generate biotinylated cRNA. The quantity 

and quality of the amplified cRNA was assessed using NanoDrop ND-1000 

Spectrophotometer (Thermo Scientific, Wilmington, DE) and Agilent Bioanalyzer (Santa 

Clara, CA). The biotin labeled cRNA was fragmented and hybridized to the Affymetrix 

ChIP kit (Genechip Human Genome U133 plus 2.0) (Santa Clara, CA) for analysis of over 

39,000 transcripts on a single array. After hybridization, GeneChip arrays were washed, 

stained, and scanned by GeneChip Scanner 3000 7G according to the Affymetrix Expression 

Analysis Technical Manual.

Affymetrix GeneChip Operating Software was used for image acquisition. The target signal 

intensity from each chip was scaled to 500. The data normalization, statistical analysis, and 

pattern study were performed with GeneSpring GX 12.6.1 software. Pathway and functional 

analyses were generated through the use of IPA (Ingenuity® Systems, www.ingenuity.com).

Confirmation of Microarray Results by ELISA and qRT-PCR

Secreted protein levels were measured by ELISA (R&D Systems) following 24 hours of 

culture in serum-free media, according to the manufacturer instructions. Cells were released 

by dissolving alginate disks with ethylenediaminetetraacetic acid (EDTA) and lysed in 

Caron’s buffer. DNA content of cell lysates was fluormetrically measured with Quant-iT 

PicoGreen dsDNA reagent (Invitrogen) and used to normalize secretion levels. To determine 

changes at the transcriptional level, total RNA was harvested from isolated cells using 

TRIzol. Reverse-transcription of 1 μg to cDNA (qScript cDNA supermix, Quanta 

BioSciences, Gaithersburg, MD) was performed with random hexamer and IL-8 specific 

oligo(dt) primers, followed by qRT-PCR using SYBR green detection (Quanta Biosciences) 

and an Applied Biosystems 7500 system. Quantification was normalized relative to β-actin 

using the ΔΔCt method.
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Statistical Analysis

Chip data raw intensity files (.cel) that were processed using the RMA algorithm were 

imported into the GeneSpring GX 12.6.1 program (Agilent Technologies, Foster City, CA). 

Signal values <0.01 were set to 0.01, arrays were normalized to the 20th percentile, and 

individual genes normalized to the median. A one-way analysis of variance (ANOVA) with 

a corrected asymptotic p-value of <0.05 for significant differential gene expression and a p-

value of < 0.0001 for pathway analysis was performed comparing OSCC3 cells grown under 

the following conditions: 3D matrix in 1% O2, 2D matrix in 1% O2, 3D matrix in 17% O2, 

and 2D matrix in 17% O2. Multiple Testing Correction (Benjamini-Hochberg) was 

performed and a threshold of greater than 2.0-fold differences was applied to determine 

potential differential expression. A post-hoc test using the Student-Newman Keuls (SNK) 

method was also applied. Data were imported into Ingenuity Pathway Analysis software 

(Ingenuity Systems, Redwood City, CA) for molecular pathway analysis using a 2.5 fold 

change filter.

ELISA, RT-PCR, and invasion assays were compared using Fisher’s T-test. All experiments 

were performed in triplicate (N=3). Results are presented as mean +/− the standard 

deviation.

Clinical Gene Expression Analysis

Oncomine® Research Edition (Thermo Fisher Scientific; www.oncomine.org) was used to 

identify clinical microarray data sets comparing gene expression in cancer versus normal 

tissue. A search for IL-8 (CXCL8) by mRNA data type with a p-value threshold of 0.001 

and fold change cut-off of 2.0 was applied, with no filter for gene rank. Differential 

expression was evaluated by a two-sample t-Test of log2-transformed median-centered 

intensity values.

3. Results

Dimensionality and oxygen status interdependently regulate tumor cell gene expression

In order to determine the interdependent effect of hypoxia and dimensionality on gene 

expression, microarray analysis of 46803 gene transcripts was performed on OSCC3 cells 

cultured in a 2D monolayer on conventional tissue culture polystyrene or encapsulated 

within microfabricated alginate discs after 6 days. OSCC-3 cells were chosen as 

representative of an aggressive tumor whose highly vascular nature may result from a latent 

relationship between oxygen depletion and dimensionality. The 3D discs were 

microfabricated at 200 μm thickness (Fig 1A), allowing uniform control of intra-scaffold 

oxygen concentration by incubation at either hypoxic (1% O2) or ambient (normoxic, 17% 

O2) conditions. Homogeneous oxygen transport was previously predicted by finite element 

models incorporating oxygen diffusion and cellular consumption and confirmed by 

histological analysis [15]. Principle component analysis of gene expression assays 

performed on 2D and 3D samples from normoxic or hypoxic cultures (Fig 1B) showed a 

consistent clustering of samples within each treatment, as well as maximum disparity 

between groups along each axis (Fig 2A). This data distribution affirms that cells in each 

condition exhibited a unique and reproducible expression profile.
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In total, 29866 genes satisfied the corrected p-value criteria (p < 0.05), and 8637 genes were 

identified based on a response to hypoxia and/or dimensionality by a relative fold-change 

greater than 2. The populations of genes associated with each comparison are provided in 

the Venn diagram in Fig 2B. We begin by noting that interaction between oxygen status and 

dimension played a role in the transcription of 77% of genes (6653 genes, denoted “a”). 

Only one fifth of oxygen-sensitive genes were independent of dimensionality: the expression 

of 19% of genes (1592 genes, denoted “b”) occupy the intersection of the blue (1% vs. 17% 

in 3D) and green (1% vs. 17% in 2D) ovals, but were unaffected by changes in 

dimensionality at either hypoxic (red oval) or normoxic (orange oval) conditions. 

Furthermore, merely 5.6% (392 genes, denoted “c”, intersection of red and orange ovals) of 

dimension-associated genes were not also affected by oxygen concentration. Surprisingly, 

the majority (66%, 4558 genes, denoted “x”) of hypoxia-associated genes were unique to 

either 2D or 3D culture; only 34% (2316 genes, denoted “y”) were similarly regulated by 

hypoxia in both substrate conditions. Likewise, only 19% (838 genes, denoted “z”) of genes 

regulated by substrate dimension were shared in both low- and high-oxygen conditions. 

Notably, dimensionality affected a larger number of genes in hypoxia (3093 genes, sum of 

red oval) than in normoxia (2230 genes, sum of orange oval), suggesting that the hypoxia 

response depended strongly on whether cells were cultured under 2D or 3D conditions. 

Specifically, hypoxia may have sensitized cells to respond to changes in dimensionality, or 

conversely, changes in dimensionality may have sensitized cells to hypoxia. Altogether, this 

data suggests a strong interdependence between oxygen status and dimensionality at the 

gene expression level.

Although the Venn diagram identified populations of genes that respond to 3D context and 

oxygen concentration, the direction and magnitude of regulation are also important. In order 

to more clearly define these parameters, we generated a scatter plot of the relative fold 

change (FC) expression levels in response to hypoxia in 2D and 3D culture (Fig 2C). 

Changes in gene expression were ranked by the magnitude of the residual (3D FC/2D FC), 

and a total of 2563 genes were identified that exhibited a differential response to hypoxia 

greater than 2-fold in 2D versus 3D culture (blue data points). Of the genes that responded 

differently in 2D versus 3D hypoxia, 12% (317 genes, purple quadrants) exhibited an 

inversion of expression, 28% (714 genes, yellow quadrants) produced an exaggerated up- or 

down-regulation, and the remaining 60% (1536 genes, grey background) were regulated by 

hypoxia in one context but not the other. The subset of genes displaying a differential 

regulation of hypoxia response based on 2D or 3D substrate became the subject of 

subsequent analysis in the link between hypoxia and dimensionality.

Interactions between hypoxia and dimensionality regulate pro-inflammatory response 
pathways

Ingenuity Pathways Analysis software was used to identify biofunctional signaling networks 

that were associated with the differential changes in gene expression for the 3D versus 2D 

hypoxia response. Data for this analysis used a gene list of 11,828 entities satisfying a p-

value < 0.0001 and a FC cut-off of 2.0; data was further filtered in IPA to a FC threshold of 

2.5. In order to identify divergence between the 2D and 3D hypoxia response, we performed 

an analysis of the changes in gene expression in response to both oxygen status and substrate 
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dimension. Not surprisingly, top ranked networks were associated with traditional cancer 

motifs, which are known to depend on hypoxia and 3D, including cell cycle, DNA 

replication, cell death and survival, cell signaling, cell growth and proliferation, and cancer 

(Fig 3A). Top ranked networks from the individual comparisons are listed in Supplementary 

Table 1. In most cases, these networks were also highly ranked in the individual 

comparisons between each of the four conditions (2D 1% vs 17%; 3D 1% vs 17%; 1% 2D 

vs 3D; 17% 2D vs 3D; supplementary table 1). Interestingly, the pro-inflammatory response 

was highly ranked in the meta-comparison (Fig 3A), and also emerged among the top 

biofunctions in the 3D 17% vs 2D 17% and the 3D 1% vs 3D 17% comparisons 

(Supplementary Table 1). This result suggests that pro-inflammatory signaling is one of the 

top functions linked to both substrate dimension and oxygen status.

Next, we identified the top signaling pathways associated with each treatment by comparing 

the expression profiles to canonical responses; several metabolic and cell cycle signaling 

cascades emerged as prominent features of this analysis (Fig 3B, Supplementary Table 2). 

Looking at the divergence between the 2D and 3D hypoxia response, we observed that 

leukocyte trafficking signaling, as well as interferon signaling and pattern recognition 

receptor (PRR) activity, emerged as top ranked pathways (Fig 3B). The differential 

regulation of these pro-inflammatory pathways in 3D versus 2D is consistent with the 

network analysis described above.

Finally, we investigated the integrated effects of culture dimensionality and hypoxia on the 

transcription of individual genes (Fig 3C, Supplementary Tables 3–4). In accord with the 

network and pathways analyses, we observed that several of the top regulated genes (PLAT, 

IL-8, CXCL1, and TFAIP6) were associated with pro-inflammatory signaling (Fig 3C, red 

boxes). Taken together, this analysis suggests that the differential regulation of hypoxic 

signaling in 2D versus 3D culture has significant consequences for pro-inflammatory 

signaling at the network, pathway, and molecular level.

Validation of IL-8 expression and secretion confirms regulation of pro-inflammatory 
signaling in 3D

Because IL-8 was prominently regulated by the integrated effects of hypoxia and 

dimensionality at both the individual gene (Fig 3C) and canonical pathway level (Fig 3B), 

and because IL-8 has pleiotropic effects on inflammation and angiogenesis [25–27], we 

chose to pursue this molecule as a representative candidate for further investigation. 

Interestingly, IL-8 was one of 214 genes affected by all four combinations of oxygen status 

and dimensionality, and also one of 351 genes that exhibited an inverted hypoxia response 

depending on culture dimension. Specifically, IL-8 expression was increased in 2D hypoxia 

but reduced in 3D hypoxia, compared to the respective expression under ambient conditions. 

Moreover, IL-8 was the most strongly up-regulated molecule in 3D culture compared to 2D 

culture at 17% O2 (Supplementary Table 3). Indeed, the changes in IL-8 transcription 

detected via microarray analysis were relevant as quantitative RT-PCR and ELISA analysis 

similarly confirmed the direction and magnitude of regulation of IL-8 in response to hypoxia 

in 2D and 3D culture (Fig 4A–B). Most importantly, IL-8 was expressed and secreted at 

significantly higher levels in 3D vs. 2D culture independent of oxygen concentration. These 
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changes were not specific to the OSCC-3 cell line used for the initial investigations, but also 

applied to three additional human epithelial tumor cell lines: A549 alveolar basal 

adenocarcinoma, KATO-III gastric carcinoma, and MDA-MB231 breast carcinoma. Each of 

these cell lines similarly demonstrated a robust up-regulation of IL-8 in normoxic 3D versus 

2D culture (Fig 5A–B). These results reaffirm that 3D microenvironmental conditions can 

regulate IL-8 and that the microarray results are not an artifact of one particular cell line.

Finally, we confirmed the clinical relevance of IL-8 up-regulation in tumors using 

bioinformatics. Oncomine® software retrieved 370 unique microarray analyses of IL-8 gene 

expression in cancer versus normal samples. Of these, 54 datasets and 12 different cancer 

types demonstrated IL-8 over-expression based on the utilized search criteria (p-value 

<0.001; FC > 2), including ductal breast carcinoma (FC = 4.86) [28], gastric cancer (FC = 

11.6) [29], squamous cell lung carcinoma (FC = 2.1) [30], and oral squamous cell carcinoma 

(FC = 20.3) [31] (Supplementary Fig 1A). An additional 24 analyses indicated IL-8 down-

regulation in tumor vs. normal tissue, including 10 leukemia, 7 lymphoma, and 2 sarcoma 

datasets (Supplementary Fig 1B). Collectively, these data imply that our studies are 

clinically relevant for tumors of epithelial origin, but not for hematopoietic cancers or 

sarcomas.

Pro-inflammatory signals in the 3D environment may promote angiogenesis via IL-8 and 
VEGF interaction

Next, we examined the relevance of microenvironmentally-induced IL-8 on tumor 

angiogenesis. To this end, we used a microwell invasion assay to evaluate the direct 

interactions between tumor and endothelial cells within a 3D culture environment.

The microwell assay comprised remodelable type I collagen molded to the same dimensions 

as the alginate discs, but confined within a PDMS template to prevent gel contraction (Fig 

6A). We previously confirmed that culturing OSCC-3 in 3D collagen disks similarly 

upregulated IL-8 [15], but the assay used here additionally allowed the seeding of HUVECs 

on the surface of the culture conditions (Fig 6B). In the mono-culture assay, IL-8 and VEGF 

were added exogenously to the media, either alone or in combination. While IL-8 has 

previously been reported to exert direct pro-angiogenic effects [32, 33], our results suggest 

that exogenous IL-8 alone exhibits no effect on endothelial cell invasion. However, in the 

presence of VEGF, IL-8 synergistically enhances sprouting, suggesting that interactions 

with VEGF are necessary for IL-8 to modulate endothelial cell behavior (Fig 6C). Likewise, 

inhibition of either IL-8 or VEGF in the co-culture assay showed significant reduction in 

sprouting; combined inhibition of both molecules showed no additional benefits (Fig 6D). 

These results indicate a direct functional consequence of the 3D culture environment in 

regulating tumor hypoxia response and neovascularization as a function of increased IL-8 

levels.

4. Discussion

Microenvironmental conditions are critical determinants of tumor angiogenic capability; 

however, due to a lack of unbiased gene expression data sets helping to delineate the effects 

of tissue dimensionality and oxygen status, it is unclear how these conditions interact to 
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regulate neovascularization. In order to evaluate the interdependence between tissue culture 

environment and the hypoxia response, we used custom biomaterials-based assays to control 

oxygen concentrations within 3D cell-laden alginate scaffolds. A comprehensive microarray 

analysis revealed profound coupling between culture dimensionality and hypoxia response, 

which was mediated in part by pro-inflammatory signaling pathways. In particular, IL-8 

emerged as a major component of the microenvironmental regulation of the hypoxic 

program with important functional consequences on endothelial sprouting in a 3D invasion 

assay. Taken together, our results highlight the importance of pathologically relevant tissue 

culture models to study complex biological processes such as hypoxia-related cell responses 

and tumor angiogenesis.

We maintained homogeneous oxygen-concentration by fabricating 200 μm alginate discs, 

which alleviated the depletion of oxygen typically found beyond 150 μm from the surface. 

Although we cannot exclude that subcellular level oxygen variations may exist in this 

model, it has demonstrated stable, uniform conditions throughout the culture period at the 

cellular scale [15]. We used this platform to conduct a comprehensive microarray analysis of 

gene expression for cells cultured in 2D, or in 3D alginate discs, subjected to hypoxic (1% 

O2) or normoxic (17% O2) conditions.

Results from the microarray analysis revealed a striking interdependence between oxygen 

status and culture dimensionality. Of the 8637 genes that responded to dimension or oxygen 

conditions by greater than 2-fold change, 77% were co-regulated rather than independent. 

Similarly, we found that changes in gene expression induced by hypoxia varied greatly 

based on its 2D or 3D substrate, and genes regulated by dimensionality also depended on 

oxygen status. In total, 2563 genes were found to be differentially expressed by greater than 

2-fold change. These results support the conclusion that the change in dimensionality had a 

strong effect on cells’ biological response to low oxygen conditions, and vice versa. 

Therefore, the intimate coupling of mass transport and 3D culture is both a physically and 

biologically relevant problem.

Our results are consistent with previous efforts to characterize the effects of oxygen 

deprivation in 3D using spheroid models and biomaterials-based approaches. For example, 

the rate of osteogenic differentiation of adipose stem cells in response to low oxygen 

conditions has been reported to change in 3D poly(lactide-co-glycolide) (PLG) scaffolds 

compared to 2D polystyrene [34]. Likewise, we previously reported that secretion of VEGF 

and IL-8 depends on both 3D environment and oxygen status [15]. On the other hand, our 

results contrast with a recent proteomic study comparing 11 different tumor cell lines 

cultured in 2D monolayers and 3D spheroids under ambient or hypoxic conditions [35], in 

which the authors concluded that changes due to oxygenation in 2D are predominantly 

similar in 3D. This disparity may be due to the method of acquiring and analyzing data. 

Whereas the previous study was designed to identify the top similarities between various 

treatments and across multiple cell lines at the protein level, our study specifically examined 

top differences in each condition at the gene expression level. In both cases, careful 

validation for individual molecules of interest should be performed when interpreting high-

throughput data.
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Our next task was to identify which genes were most affected by dimensionality and 

hypoxia. Not surprisingly, Ingenuity pathway analysis revealed significant regulation of cell 

cycle, cancer, cell growth and proliferation, and cell death and survival in individual 

comparisons between each of the four conditions. These are known consequences of both 

hypoxic and 3D culture conditions [36]. Divergence in the 3D versus 2D hypoxia response 

was associated with a pro-inflammatory phenotype at the network, pathway, and molecular 

levels, suggesting that this process is equally sensitive to the culture environment. Together, 

this supports the conclusion that pro-inflammatory signals are closely linked to the 

differential regulation of hypoxic signaling in 2D and 3D culture. These results are 

consistent with a recent study focusing on IL-6/pSTAT signaling, which similarly suggested 

that the 3D tissue context can regulate pro-inflammatory potential [37]. Collectively, these 

data imply an important role of the environment in regulating pro-inflammatory processes.

The interdependence between hypoxia and dimensionality was particularly striking in the 

regulation of IL-8. In the microarray analysis, IL-8 was one of 214 genes affected by all four 

combinations of oxygen status and dimensionality, and also one of 351 genes that exhibited 

an inverted hypoxia response depending on culture dimension. IL-8 was strongly up-

regulated in 3D culture compared to 2D culture in both 1% and 17% O2. On the other hand, 

IL-8 levels were increased in 2D hypoxia but reduced in 3D hypoxia, compared to the 

respective ambient expression. This observation supports previous reports of 

microenvironmental regulation of IL-8 [15]. Furthermore, we confirmed the 3D-mediated 

up-regulation of this cytokine in a panel of three additional tumor cell lines derived from 

lung, breast, and gastric epithelial tissue, suggesting relevance of microenvironmentally-

regulated IL-8 signaling in multiple disease types. Nevertheless, cell lines are crude models 

of cancer [38, 39], and in vivo studies are typically used to confirm pathological relevance. 

Indeed, we have previously shown that in vitro changes of IL-8 secretion in response to 

culture dimensionality and integrin engagement are physiologically relevant as similar 

differences were detected in vivo [21]. Additionally, clinical gene expression data sets 

obtained from Oncomine® database confirm that solid tumors exhibit elevated IL-8 

signaling relative to normal tissue in 54 of 370 patient studies, including breast, gastric, 

lung, and oral carcinoma. These clinical findings are consistent with the elevated IL-8 

protein content in non-small cell lung carcinoma, uterine endometrial carcinoma, gastric 

carcinomas, and astrocytomas [40–43]. Collectively, these results suggest that IL-8 may 

play a critical role in coordinating the interactions between hypoxia and dimensionality in 

the tumor microenvironment.

Given that culture dimensionality regulated tumor cell hypoxia response, which, in turn, 

impacts tumor angiogenesis [4], we next explored the functional consequences of these 

changes on endothelial cell behavior. Results from both the mono-culture and co-culture 

inhibition studies suggest that IL-8 alone is not sufficient to induce angiogenic sprouting, 

but that IL-8 synergistically enhances VEGF-mediated sprouting angiogenesis. In the past, 

IL-8 has been described as a direct modulator of endothelial cell behavior, but these studies 

were performed with VEGF-containing culture media [25]. Moreover, increased IL-8 

signaling has been clinically correlated with elevated angiogenesis for nonsmall cell lung 

carcinoma patients [32], gastric cancer [41], and uterine endometrial cancers [42], although 
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this observation was not found for hepatocellular carcinoma patients [44, 45]. Furthermore, 

resistance to VEGF-based anti-angiogenic therapies can activate compensatory IL-8 

signaling [27, 46]. Collectively, these connections suggest that 3D context promotes 

angiogenic signaling by enhancing synergistic VEGF and IL-8 signaling, and that these 

findings are clinically relevant. Further studies will be needed to evaluate the specific 

interactions between pro-inflammatory and hypoxia response pathways that may provide 

novel avenues for therapeutic intervention.

The study and treatment of cancer requires the development of controlled experimental 

platforms that faithfully explore tissue phenomena in vitro. These systems, such as the 

alginate-based disc assay described here, recreate critical features of the physiological 

environment. Furthermore, such platforms help delineate the individual and combined 

effects of various tissue-level conditions, including dimensionality, hypoxia, or 

inflammation. However, despite the advantages of simple and realistic tumor models, these 

systems remain only approximations of the true disease. As with any in vitro assay, these 

models neglect numerous features of in vivo tissue and provide an over-simplified 

representation of cancer pathology. Despite these limitations, tissue engineering approaches 

provide an opportunity for “designed complexity”, thus allowing the examination of 

independent and co-dependent effects for select microenvironmental characteristics. In this 

case, exploring the interactions between hypoxia and dimensionality helped distinguish their 

relative contributions to tumor angiogenesis. Further investigations on the differential effects 

of the 3D context and resulting biochemical changes on other cancer hallmarks, such as cell 

growth and invasion, remain critical for understanding and treating the disease. Another 

limiting factor common to in vitro studies of angiogenesis is the use of HUVECs. While 

HUVECs are a widely accepted model for endothelial cells, endothelial cell phenotype 

varies at different sites in the body and tumor-associated endothelial cells differ from normal 

endothelial cells [47–49]. Yet we and others have shown that IL-8 modulates tumor 

angiogenesis in vivo [21, 40, 50–53] and is correlated with increased vascular density in 

patient tumors [32, 41, 42, 54], suggesting that the results collected with HUVECs are 

relevant.

Taken together, these results suggest that tumor cell hypoxia response is significantly 

influenced by culture/tissue dimensionality and thus, may not be appropriately studied in 

conventional 2D monolayer cultures. Furthermore, investigation of therapeutic agents that 

target hypoxia, matrix, or pro-inflammatory signaling should consider the potential 

confounding interactions between low-oxygen and 3D that may interfere with or potentially 

facilitate the desired intervention. The rational design of therapeutic strategies that address 

this interdependence may enhance the efficacy of existing pharmaceutical regimens.

Conclusion

Using biomaterials-based models of tumor hypoxia response and tumor angiogenesis with 

isolated control of oxygen distribution and culture dimensionality, we have demonstrated a 

differential response to hypoxic stress in 2D versus 3D culture, with direct consequences for 

endothelial cell behavior. Specifically, we found that the pro-inflammatory response 

pathway, notably through IL-8 signaling, represents a critical link between oxygen status 
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and dimensionality. This observation proved functionally relevant through the synergistic 

enhancement of VEGF-dependent endothelial sprouting in a 3D microwell invasion assay. 

Because tumor hypoxia response and angiogenic capability are products of complex 

microenvironmental interactions, therapeutic strategies that target matrix structure, hypoxia, 

angiogenesis, or inflammation may benefit from an improved understanding of the 

interdependence between of these processes.
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Figure 1. Experimental design to compare 2D versus 3D hypoxic response
A) Schematic illustrating the fabrication of microscale alginate scaffolds. Cells were 

suspended within alginate and cast onto an array of 200 μm-deep × 4 mm-diameter wells. 

CaCl2 solution was applied through a filtration membrane to crosslink the gels. Scaffolds 

were removed from the mold and cultured in suspension.

B) Experimental design comprised culturing OSCC-3 cells on conventional tissue culture 

polystyrene (2D) or embedded within microfabricated alginate discs (3D) inside ambient 

(17% O2) or hypoxic (1% O2) incubators for 6 days. Subsequently, total RNA was isolated 

and transcriptional changes analyzed by Affymetrix GeneChip microarray.
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Figure 2. Global changes in gene expression induced by hypoxia or dimensionality
A) Principle component analysis of the microarray data was performed using GeneSpring 

GX 12.6.1 software. Clustering of each substrate and oxygen level indicated the reliability 

of each treatment to generate independent and self-consistent gene expression profiles.

B) The Venn diagram displays genes that were associated with changes in dimensionality 

and/or oxygen status. Intersections between various groups indicate populations of genes 

that are significantly altered (fold-change > 2, corrected p-value < 0.05) in multiple 

comparisons of oxygen treatment or substrate dimension. Most of the changes in expression 

were linked with both dimensionality and oxygen status (sum of regions denoted “a”), 

indicating an intimate interdependence in gene regulation associated with these conditions.

C) The scatterplot of the 3D hypoxia vs normoxia (y-axis) and 2D hypoxia vs normoxia (x-

axis) shows the magnitude (FC: fold change) and direction (↑ and ↓: up- and down-

regulation, respectively) of gene expression changes. This plot depicts a large cluster of 

genes (2563 genes, blue) for which the hypoxic response is differentially regulated (greater 

than 2-fold change) depending on substrate dimension.
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Figure 3. Inflammatory signaling may underlie the differential hypoxic response in 3D
A) Ingenuity’s Global Functional Analysis was used to evaluate functional networks from 

the gene expression data. Top ranked networks were identified based on the connectivity of 

focus genes in the Global Molecular Network in the Ingenuity Pathways Knowledge Base, 

and the score, calculated as the -log10(p-value) of the network emerging by chance, indicates 

the statistical improbability of a false positive result.

B) Ingenuity’s Global Canonical Pathways tool was used to associate changes in gene 

expression with known signaling processes. The p-value was calculated based on the 

number of focus genes compared to a reference set for each pathway, and the ratio 

represents the fraction of focus genes identified in each pathway. Top ranked canonical 

pathways were largely linked to inflammatory processes, suggesting that these pathways are 

differentially regulated by the culture environment.

C) When ranked by fold change in expression, five of the top ten genes were associated with 

inflammatory signaling (outlined in red). The fold-change value represents the difference in 

the hypoxia-induced expression in 3D versus 2D.
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Figure 4. Microenvironmental control of IL-8 signaling confirmed by qPCR and ELISA
A–B) Fold-change in mRNA transcription and protein secretion of IL-8 by qPCR (A) and 

ELISA (B) between normoxia (17% O2) and hypoxia (1% O2) for 2D and 3D cultures. 

Interaction between hypoxia- and dimensionality-associated changes in IL-8 gene 

expression were validated at the mRNA transcription and protein secretion levels by qPCR 

(A) and ELISA (B), respectively. IL-8 expression was constitutively increased in 3D 

environments compared to 2D monolayers, but hypoxia produced an inverted effect on IL-8 

activity depending on substrate dimension.
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Figure 5. Relevance of 3D up-regulation of IL-8 across additional epithelial tumor cell lines
A–B) Fold-change in mRNA transcription and protein secretion levels of IL-8 was measured 

by qPCR (A) and ELISA (B), respectively, for 2D and 3D cultures of three cell lines (A549 

lung carcinoma, KATO-III gastric carcioma, and MDA-MB231 mammary gland/breast 

adenocarcinoma). 3D up-regulation of IL-8 was consistent across 3 additional tumor cell 

lines under normoxic conditions.
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Figure 6. Synergistic IL-8 and VEGF interactions promoted endothelial cell sprouting
A) A custom, 3D microwell invasion assay used to evaluate endothelial cell invasion into 

collagen gels in mono- or co-culture with tumor cells. Schematic illustrates the microwell 

design, in which HUVECs were seeded on the gel surface and tumor cells were embedded 

within the matrix. A PDMS mold confined the gel to prevent contraction.

B) Representative micrographs of a co-culture invasion assay showing a series of z-slices 

and the xz cross-section. Cells were labeled with DAPI (nuclear, blue), phalloidin (actin, 

red), and CD31 (endothelial-specific marker, green). Scale bar = 50 μm.

C–D) Endothelial cell sprouting was evaluated by counting the number of CD31+ invasions 

extending beyond 12 μm from the gel surface. Results from the monoculture invasion assay 

show no induction of sprouting with the addition of exogenous IL-8 or VEGF alone, but the 

combination of both factors exhibited synergistically enhanced number of invasions (C). 

Likewise, co-culture invasion assays containing OSCC-3 cells within the collagen bulk 

demonstrated sprout inhibition through function-blocking antibodies for either IL-8 (anti-

IL-8) or VEGF (anti-VEGF), possibly by preventing this interaction (D).
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