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Abstract

Glioblastoma (GBM) is the most common, aggressive, and deadly form of adult brain cancer, and 

is associated with a short survival rate (median 12–15 months, 5+ year less than 5%). The complex 

tumor microenvironment includes matrix transitions at the tumor margin, such as gradations in 

hyaluronic acid (HA). In addition, metabolic stress induced by decreased oxygen content across 

the tumor may contribute to tumor progression. However, cross-talk between matrix composition 

and metabolic stress remains unclear. In this study, we fabricated an in vitro brain memetic HA-

decorated gelatin hydrogel platform incorporating variable oxygen concentrations to mimic intra-

tumoral hypoxia. We observed that EGFR status (wildtype vs. a constitutively active EGFRvIII 

mutant) of U87 GBM cells affected proliferation and metabolic activity in response to hypoxia and 

matrix-bound HA. The use of an invasion assay revealed that invasion was significantly enhanced 

in both cell types under hypoxia. Moreover, we observed compensatory secretion of soluble HA in 

cases of enhanced GBM cell invasion, consistent with our previous findings using other GBM cell 

lines. Interestingly, U87 GBM cells adapted to hypoxia by shifting toward a more anaerobic 

metabolic state, a mechanism that may contribute to GBM cell invasion. Collectively, these data 

demonstrate that the use of a three-dimensional hydrogel provides a robust method to study the 

impact of matrix composition and metabolic challenges on GBM cell invasion, a key factor 

contributing to the most common, aggressive, and deadly form of adult brain cancer.
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1. Introduction

Glioblastoma (GBM, WHO grade IV astrocytoma) is the most common and deadly form of 

primary brain cancer. GBM is associated with rapid, diffuse infiltration throughout the brain 

and with short median survival rate (≈ 15 months) and long term (5 years or more) survival 

rate less than 5%.1–4 Unlike some solid tumors,5, 6 GBM rarely metastasizes outside the 

brain.7 Rather, GBM cells invade diffusively throughout the brain via existing structural 

paths such as white matter tracts and blood vessels.8–10 Moreover, unlike surgical removal of 

many tumors where wide margins or total resection of the surrounding tissue is possible, 

GBM resection (‘debulking’) requires conservative, sharply defined surgical margins. Not 

surprisingly, GBM tumors rapidly recur (median: 6.9 mo post debulking) at a site typically 

in close proximity (>90% within 2 cm) of the original resection cavity.11 Current treatment 

modalities, i.e. surgery followed by radiation with concomitant and adjuvant temozolomide 

(TMZ), have extended patient survival, though minimally (≈ 2.5 mo).1, 12, 13 Therefore, it is 

essential to improve our understanding of the invasive spreading of GBM cells at the tumor 

margins to identify novel approaches to minimize cell invasion and combat tumor 

recurrence.

The highly heterogeneous tumor microenvironment (TME) of GBM substantially 

complicates mechanistic studies of GBM cell invasion. Specifically, the brain is comprised 

largely of vasculature and cellular components, including neurons, glial cells, and microglia.
14–16 The quantity of extracellular matrix is relatively low, with hyaluronic acid (HA) being 

the main glycosaminoglycan component.14 In mammals, HA is naturally and constantly 

produced and degraded by the two families: hyaluronan synthase and hyaluronidase, which 

provide a varied molecular weight distribution (High MW:>500kDa, Medium MW: 50–350 

kDa, Low MW: <30 kDa) present in the brain and TME.17–20 Relative to brain tissue, GBM 

tumors contain high concentration of HA over a range of molecular weights as well as 

fibrous molecules such as collagen, fibronectin, laminins and vitronectins.14–16 The use of 

tissue engineering-based in vitro platforms is emerging as an approach to study processes 

associated with invasive spreading in GBM. Building on more conventional Boyden 

chamber and two-dimensional scratch/exclusion assay,21 efforts have recently turned 

towards three-dimensional hydrogel systems such as collagen, Matrigel, polyethylene glycol 

Chen et al. Page 2

Biomater Sci. Author manuscript; available in PMC 2019 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(PEG), and HA hydrogels. Kumar et al., using 2D polyacrylamide substrates and 3D HA 

hydrogels, showed that matrix stiffness and HA both alter GBM proliferation as well as the 

mode and speed of invasion.22–24 Similarly, Sirianni et al. showed invasion and proliferation 

patterns were significantly altered as a result of the biophysical properties of a HA-decorated 

gelatin hydrogel, finding increased matrix stiffness significantly decreased GBM invasion.25 

Our efforts using methacrylamide-functionalized gelatin (GelMA) hydrogels, where the 

amount of photoimmobilized HA (0 – 15% w/w) could be adjusted independent of hydrogel 

modulus, showed that while increasing the amount of matrix-immobilized HA reduced 

invasion by U251 GBM cells, invasion was strongly linked to endogenous production of 

soluble HA.26

While matrix biophysical cues (e.g. composition, stiffness) alter invasion, the GBM TME is 

also marked by significant transitions in its metabolic environment, such as oxygen gradients 

across the tumor. Tumor margins contain hypoxic foci surrounded by hypercellular zones 

(pseudopalisades) flanked by regions of vascularized stroma (perivascular niches) believed 

to promote invasion27 and contribute to the poor prognosis of GBM.28 While physiological 

levels of oxygen in the brain (~5–7% O2; physioxia)29 are reduced compared to most tissues 

and conventional in vitro culture environments, levels of hypoxia often observed in primary 

brain tumors like GBM are < 2% O2.30 Glucose metabolism, a primary means of energy 

conservation in the brain, is strongly affected in GBM cells by oxygen levels.31 When 

cultured under hypoxia in 2D culture or Boyden chambers, GBM cells became more 

invasive.29, 32–34 However, these 2D approaches preclude study of the convergence of matrix 

biophysical and metabolic signals in the context of GBM invasion. Hence, it is critical to 

develop an engineered system to examine how metabolic cues together with matrix 

biophysical properties jointly influence the invasive phenotype of GBM.

The aim of this study was to evaluate the combined effects of metabolic constraint and 

matrix-bound HA on the invasive spreading of GBM cells over a period of up to 7 days 

within a GelMA hydrogel. A series of proteomic and genomic screens was used to 

investigate how the convergence of matrix and metabolic signals altered invasive phenotype 

of GBM cells with disparate epidermal growth factor receptor (EGFR) phenotypes. EGFR 

expression is overexpressed in greater than 50% of GBM patients,35, 36 with about half of 

those overexpressed cases bearing the constitutively activated type III mutant (EGFRvIII), 

which exhibits ligand-independent constitutive activation associated with enhanced 

proliferation, invasion, and therapeutic resistance.37–40 Here, we examined the activity of 

EGFR wt vs. vIII mutant GBM cells under normoxic (20% O2) or hypoxic (1% O2) 

conditions using a series of HA modified GelMA hydrogels previously shown to alter the 

malignant phenotype of U87 GBM cells.41, 42

2. Materials and Methods

2.1. Hydrogel fabrication and characterization

Methacrylated gelatin (GelMA) and methacrylated hyaluronic acid (HAMA) precursors and 

hydrogels were fabricated and mechanically tested as previously described.26, 43 Briefly, 

gelatin (Type A, 300 bloom from porcine skin, Sigma Aldrich, St. Louis, MA) was dissolved 

in phosphate buffered saline (PBS; Lonza, Basel, Switzerland) at 60°C and methacrylic 
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anhydride (MA; Sigma Aldrich) was then slowly added into the gelatin-PBS solution. 

Reaction was allowed for one hour, then dialyzed (12–14 kDa, Fisher, Pittsburgh, PA) for 

one week in 40°C deionized water (DI water), followed by isolation via lyophilization. 

Similarly, HAMA was synthesized by addition of 10 mL MA dropwise into a 4°C HA 

sodium salt solution (1 g in 100 mL DI; 60 kDa; Lifecore Biomedical, Chaska, MN). The 

pH was adjusted to 8 via 5 N sodium hydroxide (NaOH; Sigma Aldrich), and the reaction 

was proceeded at 4°C overnight. The product was then purified via similar dialysis and 

lyophilization steps as GelMA. The degree of MA functionalization of both GelMA and 

HAMA was determined by 1H NMR (≈ 50% degree of functionalization, data not shown).43

Hydrogels (GelMA +/− HAMA) were prepared from lyophilized mixtures of GelMA and 

HAMA in PBS at a total concentration of 4 wt%. The mixture was then photopolymerized 

under UV light (AccuCure LED 365 nm, Intensity 7.1 mW/cm2 for 30 s) in the presence of a 

lithium acylphosphinate (LAP) photoinitiator (PI) as previously described (PI adjusted to 

maintain same elastic modulus).44 Cell containing hydrogels were made similarly but with 

addition of cell (4*106 cells/mL hydrogel solution) to the pre-polymer solution prior to 

being placed into Teflon molds (0.2 mm thick, 5 mm radius) and photopolmerized. The 

compressive modulus of each hydrogel variant was measured using an Instron 5943 

mechanical tester (Instron, Norwood, MA). Briefly, hydrogels were tested under unconfined 

compression with a pre-load 0.005 N at the rate of 0.1 mm/min, with the Young’s modulus 

obtained from the linear region of the stress-strain curve (0–10 % strain) as previously 

described.43 Details regarding the elastic moduli of hydrogels as a function of hydrogel 

compositions are listed in Supplemental Table 1.

2.2. Culture of U87 and U87vIII cells in hydrogels in the presence or absence of hypoxia

U87 and U87 EGFRvIII mutant cells (U87vIII) were provided by Dr. Nathan Price (Institute 

for Systems Biology, Seattle, WA). Cells were cultured in Dulbecco’s modified eagle 

medium (DMEM; Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Atlanta 

Biologicals, Flowery Branch, GA) and 1% penicillin/streptomycin (Lonza) at 37°C in a 5% 

CO2 environment and passaged upon confluence. At the start of each experiment, cells were 

homogeneously mixed with the pre-polymerized hydrogel solution at a density of 1 × 105 

cells/25 μl hydrogel then photopolymerized as described above. Cell-seeded hydrogels were 

incubated in cell culture medium at 37°C, 5% CO2 in low adhesion well-plates containing 

standard culture media with ~20% O2 (normoxia) or 1% O2 (hypoxia) in a dedicated, 

computer controlled hypoxia chamber (C-Chamber Hypoxia Chamber, Biospherix™, Parish, 

NY) within the cell culture incubator. Media were changed at days 3 and 5 for cultures 

extending to 7 days. Media exchange for samples in the hypoxia chamber was performed 

using culture media pre-conditioned in the hypoxia chamber for at least 12 hours.

2.3 Measuring cell invasion within hydrogels via a bead-based assay

Invasion of GBM cells within the hydrogel was performed using a bead assay as previously 

described.26 Briefly, collagen-coated dextran beads (≈200 μm in diameter; GE Life 

Sciences, Pittsburgh, PA) were incubated with a suspension of GBM cells (5000 beads 

+ 2*106 cells in 5 ml media). The cell-seeded beads were then encapsulated within the 

hydrogel, with cell migration distance measured from the bead surface via ImageJ from 
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time-lapse images acquired via bright field microscopy. Cell invasion was calculated as both 

the mean invasion distance of all cells from the surface of the bead and as the mean invasion 

distance of the most invasive 10% of all cells.26

2.4. Evaluating cell number and metabolic activity

The total number and metabolic activity of cells encapsulated (1*105 cells per hydrogel) 

within hydrogel variants and in response to hypoxic challenge was traced over the 7-day 

culture period. The total metabolic activity of cell-seeded hydrogels was determined using a 

commercial dimethylthiazol-diphenyltetrazolium bromide (MTT) assay (Molecular Probes, 

Waltham MA) following the manufacturer’s protocol.45 Metabolic activity was measured 

immediately following hydrogel encapsulation (day 0) and then subsequently at days 3, 5 

and 7, with metabolic activity measured by absorbance using a microplate reader at 540 nm 

(Synergy HT, Biotek, Vermont, VT). Results are reported as fold change relative to day 0 

(~1 hr following encapsulation). Total cell number were determined via DNA 

quantification46, 47 via a Hoechst 33528 dye (Invitrogen Waltham, MA) on cell containing 

hydrogels digested via Papain (Sigma–Aldrich). Cell number were determined via a F200 

spectrophotometer (Tecan; 36 0/46 5 nm excitation/emission), with results again reported as 

fold change relative to day 0 (immediately following encapsulation).

2.5. RNA isolation and gene expression

Expression of targeted genes by cells encapsulated within hydrogels was determined by real-

time polymerase chain reaction (RT-PCR) via methods previously validated for this hydrogel 

system.41, 45, 48 RNA was extracted from cell containing hydrogels via the RNeasy Plant 

Mini kit (Qiagen, Valencia, CA) and then reverse transcribed to cDNA in a Bio-Rad 

(Hercules, CA) S1000 thermal cycler with QuantiTect Reverse Transcription kit (Qiagen). 

RT-PCR was then performed in triplicates using QuantiTect SYBR Green PCR kit (Qiagen) 

with an Applied Biosystems 7900HT Fast Real-Time PCR System (Carlsbad). Primers were 

synthesized by Integrated DNA Technologies (Supplemental Table 2) using sequences 

derived from the literature. Results were described as fold change to day 0 samples (GBM 

cells immediately after encapsulation).

2.6. Protein isolation and Western blotting

Protein isolation and Western blotting procedures followed previously published methods.49 

Briefly, proteins were extracted from cell containing hydrogels by immersing the samples in 

0°C RIPA buffer for 30 minutes. Total protein concentration in the lysates was determined 

by BCA assay (Bio-Rad). Lysates were then mixed with 4x Laemmli Sample Buffer (Bio-

Rad) and loaded (5 μg protein in 15 μl per lane for day 7 samples; 3 μg protein in 15 μl per 

lane for 6, 12, 24 hr samples) onto polyacrylamide gels (4%–20%; Bio-Rad). Gel 

electrophoresis was performed at 150 V, with proteins then transferred onto nitro-cellulose 

membranes using Trans-Blot SD (Bio-Rad). Membranes were blocked in 5% bovine serum 

albumin (BSA; Sigma) in Tris-buffered saline (TBS) or 5% non-fat dry milk (NFDM; Saco, 

Middleton, WI) in TBS with gentle shaking, then incubated with primary antibodies 

(Supplemental Table 3) at 4°C overnight. Membranes were subsequently washed by TBS, 

then incubated with a secondary antibody for 2 hours at room temperature. Signals were 

visualized using an Image Quant LAS 4010 (GE Healthcare), with band intensities 
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quantified using ImageJ and normalized to β-actin expression and fold change relative to 

GelMA hydrogels (−HAMA) under normoxia.

2.7. Quantifying secretion of soluble hyaluronic acid

Total soluble hyaluronic acid (HA) produced by cell-seeded hydrogels over 7 days in culture 

was quantified from media samples via enzyme-linked immunosorbent assay (ELISA; R&D 

systems, Minneapolis, MN) following the manufacturer’s instructions. HA production was 

quantified over short term (6, 12, and 24 hours) and long term (days 3, 5, and 7) culture. 

Samples were analyzed via a microplate reader (Synergy HT, Biotek) with 450/540 nm 

wavelength absorbance.

2.8. Statistics

Statistical analysis was performed using one-way analysis of variance (ANOVA) followed 

by Tukey-HSD post-hoc tests. A minimum of n = 3 (MTT, Hoechst assay, ELISA, PCR, 

Western) samples were used for all assays. Statistical significance was set at p < 0.05. Error 

is reported as the standard error of the mean unless otherwise stated.

3. Results and Discussion

Biophysical and biochemical aspects of the GBM tumor microenvironment, such as matrix 

composition and oxygen gradients, provide important signals that may strongly influence 

GBM cell activity. Here, we examined the combined effects of matrix-immobilized HA and 

hypoxia on the behavior of GBM cells encapsulated within a three-dimensional hydrogel. 

Specifically, we investigated how U87 and U87vIII GBM cells responded to biophysical cues 

and metabolic constraints by using a previously described GelMA-based and selectively-

immobilized HAMA hydrogel (+/− 15 w/w% HAMA) platform under controlled oxygen 

conditions representative of normoxia (20% O2) or hypoxia (1% O2).26, 43

3.1. Hypoxia reduces the number and metabolic activity of GBM cells in an EGFR status-
dependent manner

We first examined cell proliferation and overall metabolic activity of GBM cultures under 

different culture conditions. In general, the number of GBM cells and their total metabolic 

activity per hydrogel increased with culture time. The expansion of U87 and U87vIII cells 

was influenced by hypoxia and matrix HA content, with cell expansion generally greater in 

HA-decorated hydrogels. Intriguingly, hypoxia led to a significant reduction in the number 

of U87 cells by day 3, while U87vIII cell numbers continued to rise through day 5 before 

significant reductions were observed as a result in hypoxia (Figure 1A, 1C). Shifts in cell 

metabolic activity were largely similar. Overall, the metabolic activity of U87 cells was 

greater (p < 0.05) under normoxia and when cells were within HA-decorated hydrogels. 

Under hypoxia, the metabolic activity of U87 cells remained largely unchanged over the 7-

day culture and was not affected by the presence or absence of matrix-bound HA. U87vIII 

GBM cells exhibited very different trends. While, in general, U87vIII also showed reduced 

metabolic activity under hypoxia vs. normoxia, the effects were diminished relative to U87 

cells (Figure 1B, 1D). The metabolic activity of U87 and U87vIII cells also showed different 

responses as a result of matrix-bound HA. U87 cells showed increased or similar metabolic 
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activity in the presence of matrix-bound HA at all times, while U87vIII cells showed 

significantly decreased metabolic activity in the presence of matrix-bound HA. These results 

indicate that EGFR status significantly impacts cell proliferation and metabolic activity in 

response to hypoxia and matrix-bound HA, consistent with the recent demonstration that 

EGFR is a crucial element in mechanosensing,23, 50 which could directly impact cell 

proliferation.

Hypoxia represents a firmly established characteristic of the tumor microenvironment 

capable of reprogramming GBM cell metabolism and driving tumor malignancy and 

aggressiveness.51 Intriguingly, proliferation decreased for both U87 and U87vIII cells under 

hypoxia compared to normoxia (Figure 1) in our culture platform. Thus, these data 

collectively demonstrate the converged effects of matrix-composition and metabolic 

constraint on U87 and U87vIII GBM cells.

3.2. Rapid HIF-1α stabilization in response to hypoxia

We subsequently confirmed that U87 and U87VIII respond to hypoxia via changes in 

expression of hypoxia-inducible factor (HIF), a transcription factor triggered under hypoxia 

and known to activate numerous pathways involved in proliferation, invasion and 

angiogenesis.33, 34, 37, 51, 52 HIF-1α expression was determined via Western blot for GBM 

specimens at short-term normoxic or hypoxic timepoints (6, 12 and 24 hr). HIF-1α levels 

increased rapidly, with significantly enhanced expression after 12 and 24 hours for U87 and 

U87vIII cells in both HA-decorated and HA-free GelMA hydrogels (Figure 2, Figure S1). 

However, upregulation of HIF-1α under hypoxia was transient, with increased expression no 

longer observed after 72 hr (data not shown). The rapid stabilization of HIF-1α as short as 6 

hr (−HAMA samples) and 12 hr for all groups and subsequent decreased expression are 

consistent with the canonical paradigm of HIF-regulated response to hypoxia.53

3.3. Hypoxia promotes shifts in ERK activation and PI3K expression

We subsequently examined two related downstream targets regulated by HIF. The mitogen-

activated protein kinase (MAPK)/extracellular regulated kinase (ERK) pathway promotes 

GBM malignancy and invasive behavior,52, 54, 55 while phosphoinositide 3-kinase (PI3K) is 

associated more generally with cell proliferation and growth.56 We examined protein 

expression of phosphorylated to total ERK (p-/t-ERK) and PI3K after 7 days in the 

hydrogels via Western blot analysis, with results normalized to β-actin expression as well as 

to the normoxia condition in GelMA only (−HAMA) hydrogel. While ERK phosphorylation 

was significantly increased in response to hypoxia (Figure 3, Figure S2), PI3K expression 

was down regulated under hypoxia.

PI3K is involved in signal transduction pathways regulating cell proliferation and glycolytic 

metabolism. The downregulation of PI3K in hypoxia likely underlies the decrease in 

proliferation and metabolic activity under hypoxia observed herein and by others.56, 57 

Furthermore, downregulation of PI3K in longer term culture likely reflects the transient 

expression of HIF-1α as also demonstrated by others.56, 57 Cells under hypoxia also exhibit 

more phosphorylated ERK,52, 58 a crucial step in signal transduction.59 The observation of 

hypoxia-dependent, but not matrix-bound HA, activation of p/t-ERK in the longer culture (7 
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days) is consistent with the HIF family being the main regulators of the p-/t-ERK pathway. 

Decreased cell proliferation under hypoxia in conjunction with an increase in p/t-ERK, but 

downregulation of PI3K indicates a potential switch away from a proliferative towards a 

more invasive phenotype in order to escape microenvironmental stress associated with 

hypoxia.

3.4. Hypoxia increases GBM invasion in gelatin hydrogels independent of HA content

With the observed activation of ERK and deactivation of PI3K in response to hypoxia, we 

then examined whether the dual signals of hypoxia and matrix-immobilized HA altered 

GBM invasion patterns. GBM invasion was measured via a bead assay our lab previously 

described.26 Invasion of both U87 and U87vIII cells decreased in the presence of matrix-

bound HA, consistent with previous findings using our GelMA hydrogel system but a 

different GBM cell line (U251 cells).26 Strikingly, both U87 and U87vIII GBM cells showed 

significantly increased average invasion distance under hypoxia compared to normoxia 

(Figure 4, Figure S4, Figure S5). These finding are consistent with previous studies showing 

hypoxia contributes to cell invasion as well as metastasis in numerous cancer types both in 

vivo and in vitro.33, 60, 61 Additionally, the increased cell invasion agrees with the increase in 

activated ERK, an upstream regulator of cell migration and invasion.52, 58 Potentially more 

interesting is how the observed decrease in proliferation may relate to the activation of ERK 

and the upregulation of invasion. The dichotomy of invasive or proliferative phenotype of 

cells was observed in 1996 by Berens et al.56 and explained in detail by Hatzikirou et al.57 in 

a proposed Go-or-Grow hypothesis. This hypothesis posits that cells under high nutrient 

conditions exhibit highly proliferative phenotypes, in contrast to more invasive phenotypes 

when exposed to hostile, metabolically challenging environments. Our results suggest this 

Go-or-Grow theory is applicable in U87 and U87vIII models and may explain the increased 

invasive potential of GBM in hypoxia.

3.5. Upregulation of matrix remodeling-associated genes under hypoxia

We also examined expression of a panel of invasion and malignancy-associated genes via 

RT-PCR, with data from day 7 samples in hydrogels normalized to cells prior to seeding 

within the hydrogel (day 0) (Figure 5, Figure S3). Specifically, matrix metalloproteinase 2 

(MMP-2) gene expression increased significantly in U87, but not U87vIII cells in response to 

hypoxia, which is associated with GBM tumor progression and contributes to regulation of 

angiogenesis. Whether the differential response according to EGFR status reflects 

differential expression of other MMPs requires further investigation. Vascular endothelial 

growth factor (VEGF) gene expression was upregulated in U87 and U87vIII cells in hypoxia 

compared to normoxia, independent of presence of matrix-bound HA. This outcome is 

consistent with prior reports of VEGF expression contributing to upregulation of GBM 

invasive potential by invoking various signaling pathways as well as via vasularization.
42,46, 55, 62 EGFR expression in U87 and U87vIII cells was upregulated significantly in 

GelMA (−HAMA) but not matrix-bound HA (+HAMA). Similarly, hypoxia also only 

upregulated EGFR expression in U87 and U87vIII cells in GelMA samples (−HAMA).

Hypoxia activated EGFR, MMP-2 and VEGF expression to a greater extent in hydrogels 

without matrix-bound HA (−HAMA), which correlates with the trend of invasion. Hypoxia-
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induced MMP expression (which contributes to matrix remodeling) and VEGF-activated 

angiogenesis (which promotes in vivo vascularization) is consistent with their known 

contributions to GBM invasion,63–65 thus validating the three-dimensional hydrogels for the 

study of such. Collectively, these results indicate that, compared with matrix-bound HA, 

hypoxia may be a stronger extracellular cue to induce GBM cell invasion and matrix 

remodeling. However, opportunities exist to more fully explore a range of molecular weight 

HA incorporated into the GelMA hydrogel platform as a means to address complexity 

associated with HA degradation and synthesis in the tumor microenvironment.66

3.6. Activated soluble HA secretion under hypoxia

We reported previously that the matrix environment significantly influences compensatory 

HA biosynthesis by U251 GBM cells.26 Specifically, GBM cells produce significantly 

higher levels of soluble HA when cultured in GelMA hydrogels lacking matrix-bound HA 

(−HAMA) compared to those with matrix-bound HA (+HAMA), which might contribute to 

elevated invasion in -HAMA hydrogels. Therefore, we examined soluble HA concentrations 

to determine whether matrix-bound HA and microenvironmental hypoxic cues may 

contribute to different levels of soluble HA production by U87 and U87vIII GBM cells. 

Notably, both U87 and U87vIII GBM cells showed a similar trend of compensatory HA 

production in GelMA hydrogels lacking matrix-bound HA as rapidly as within 6 hours of 

culture, with the effect extending through the 7-day timepoint (data not shown). Overall, 

soluble HA production levels for U87 and U87vIII were largely similar. We observed a 

significant upregulation of soluble HA production for GBM cells cultured under hypoxia for 

both cell types (U87 & U87vIII) independent of matrix conditions (+/− HAMA) (Figure 6, 

Figure S6). Consistent with our previous observations,26 conditions with heightened GBM 

cell invasion within the hydrogel environment were associated with increased soluble HA 

production. While few studies have examined the role of hypoxia on HA production, Stern et 

al.67 observed a similar effect in vivo, in which tissues under low oxygen tensions are forced 

to undergo anaerobic metabolism, resulting in increased lactate levels and stimulation of HA 

production. This may explain the hypoxia-stimulated production of soluble HA in our 

platform; however, lactate is unlikely to be a mediator since media were changed at days 3 

and 5 for the 7-day cultures and significant lactate accumulation was not observed (not 

shown).

5. Conclusions

The GBM tumor microenvironment is highly heterogeneous and is marked by transitions in 

extracellular matrix properties and regions of metabolic constraint (hypoxia). Cross talk 

between these biophysical and metabolic signals may play a significant role in GBM 

invasion, therapeutic resistance, and overall poor prognosis of GBM. Yet, cross talk among 

these signaling axes is difficult to assess in vivo due to the complexity of the brain 

environment. Here, we report the use of a tissue engineering approach to create hydrogel 

microenvironments with controllable presentation of brain-mimetic matrix-immobilized HA 

and hypoxia. We observed that GBM cells under hypoxia show heightened invasive behavior 

regardless of the presence of matrix-bound HA. Further, the lack of matrix-bound HA 

affected GBM response by inducing compensatory HA secretion of this essential cell 
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adhesive biomolecule, which was associated with increased GBM invasion. EGFR status 

(EGFR wt vs. EGFRvIII mutant) of U87 GBM cells also affected proliferation and metabolic 

activity in response to hypoxia and matrix-bound HA. Finally, this study demonstrates the 

value of a bioengineering approach for future studies that aim to define molecular 

mechanisms regulating the apparent shift from a proliferative to a migratory phenotype in 

response to hypoxia in GBM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Cell number fold change and (B) metabolic activity fold change of U87 relative to day 0 

(immediately measured after seeded in hydrogels). (C) Cell number fold change and (D) 
metabolic activity fold change of U87vIII relative to day 0. ^ significant (p < 0.05) between 

+/− hypoxia; * significant (p < 0.05) between +/− HAMA.
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Figure 2. 
Quantified protein expression of HIF-1α of 12 hr samples for (A) U87 and (B) U87vIII GBM 

cells. Immunofluorescence staining of U87 cells cultured in GelMA hydrogel for 24 hours. ^ 

significant (p < 0.05) between +/− hypoxia; * significant (p < 0.05) between +/− HAMA.
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Figure 3. 
Protein expression via (A) representative Western blots and (B) quantified results relative to 

−HAMA -hypoxia samples for U87 (left) and U87vIII (right). Overall, ERK showed no 

specific trend but phosphorylated ERK (p-ERK) expression was upregulated under hypoxia. 

^ significant (p < 0.05) for +/− hypoxia.
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Figure 4. 
Average invasion distance for (A) U87 and (B) U87vIII cells. Invasion distance significantly 

upregulated under hypoxia culture for all conditions. Cells also invade more in hydrogels 

without HAMA (mostly, not all significant). ^ significant (p < 0.05) for +/− hypoxia; * 

significant (p < 0.05) for +/− HAMA.
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Figure 5. 
Gene expression profiles of (A) (B) (C) U87 and (D) (E) (F) U87vIII for (A) (D) MMP-2, 

(B) (E) VEGF, and (C) (F) EGFR. ^ significant (p < 0.05) for +/− hypoxia; * significant (p < 

0.05) for +/− HAMA.
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Figure 6. 
Soluble HA concentration measured via ELISA for (A) U87 and (B) U87vIII cells. A 

compensatory production of soluble HA was observed between +/− HAMA as early as 6 

hours in culture. Soluble HA concentrations were elevated under hypoxia independent of the 

matrix composition. ^ significant (p < 0.05) for +/− hypoxia; * significant (p < 0.05) for +/− 

HAMA.
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Figure 7. 
Schematic of the use of a GelMA hydrogel to examine the combined effects of matrix-

composition and extracellular hypoxia on the activation of metabolic and 

mechanotransduction pathways associated with invasion and malignancy in glioblastoma.
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