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ABSTRACT

Glioma stem cells (GSCs) contribute to rapid cellular invasion in glioblastoma (GBM). Transforming growth factor-b (TGF-b) has been strongly
implicated in supporting key GSC functions, including stemness, immunosuppression, and resistance. Although TGF-b is well-known as a driver
of cancer invasion, how TGF-b supports the invasion of GSCs is not well understood. Progress in understanding mechanisms of TGF-b-driven
invasion in GSC-derived tumors has been limited by an absence of three-dimensional (3D) culture systems that support TGF-b-stimulated inva-
sion. Here, we show that 3D hyaluronic acid (HA) matrices can address this need. We perform bioinformatic analysis of human glioma datasets,
which reveals progressive enrichment of TGF-b-related gene expression with increasingly aggressive glioma grade and GBM subtype. We then
experimentally screen the invasion of a panel of human GSC spheroids through a set of 3D matrix systems, including collagen I, Matrigel, and
HA, and find that only HA recapitulates TGF-b-induced invasion. We then show that GSCs differ in their ability to invade HA in a way that can
be predicted from TGF-b receptor 2 expression and SMAD2 phosphorylation. GSC spheroid invasion depends strongly on the presence of RGD
peptides on the HA backbone but is surprisingly independent of matrix metalloprotease degradability. Finally, we demonstrate that TGF-b stimu-
lates invasion through SMAD-dependent signaling, consistent with recent observations that TGF-b/SMAD signals drive tumor microtube forma-
tion and invasion. Our work supports further development of HA as a matrix platform for dissecting contributions of TGF-b and other cytokines
to GBM invasion and screening of cytokine-dependent invasion in human tumors.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0203213

INTRODUCTION

Glioblastoma (GBM) is an incurable primary brain tumor
marked by rapid cellular invasion into the surrounding brain tissue,
which is in turn promoted by a combination of biochemical and bio-
physical factors within the tumor microenvironment (TME).1,2

Biochemical factors found in the TME include secretory cytokines,
such as transforming growth factor-b (TGF-b), tumor necrosis factor-
a (TNF-a), and interleukins, many of which can prime tumor cells for
invasion through receptor-mediated signaling.3–5 Successful invasion
also typically involves engagement with the extracellular matrix
(ECM) through integrins, CD44, and other adhesion receptors, as well
as remodeling of the ECM through protease degradation and nascent
ECM deposition.6–9

Over the past two decades, glioma stem cells (GSCs) have been
increasingly implicated in driving GBM initiation, growth, recurrence,
and resistance.10,11 Although the importance of GSCs in invasion is
less well appreciated, GSCs are found at the invasive peritumoral
region of GBMs and can directly contribute to the evasion of therapeu-
tic agents and seeding of secondary tumors.12 The cytokine TGF-b
appears to play a particularly potent role in the maintenance of GSC
stem-like characteristics and tumor-initiating capacity, with TGF-b-
dependent signaling contributing to local immunosuppression and
resistance to ionizing radiation and chemotherapies.13–17 While TGF-
b signaling regulates GSC properties, how TGF-b stimulates GSC
invasion specifically has been minimally explored,18–20 which is in part
due to a lack of in vitro culture platforms that can enable systematic
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dissection of intracellular and extracellular regulators of TGF-b-medi-
ated invasion. The development and application of such platforms
could offer new mechanistic insight into how TGF-b (and, by exten-
sion, other cytokines) drives GBM pathology, uncover new prognostic
markers and therapeutic targets, and establish a foundation for person-
alized screening.

Traditional in vitro culture platforms to study invasion include
two-dimensional (2D) tissue culture dishes and Boyden chamber assays.
While these simplified paradigms have enabled novel insight into GBM
pathology, they lack the full three-dimensional (3D) ECM microenvi-
ronment characteristic of tissue. To address this limitation, there has
been a growing effort to model invasion using 3D in vitro culture mod-
els, including embedding tumor spheroids within 3D hydrogels, which
are typically composed of tissue ECM preparations or purified ECM
proteins such as collagen I.21,22 While native ECM-based hydrogels
incorporate important structural and bioactive features of tissue ECMs,
they are often heterogeneous, incompletely defined, and not amenable
to precise modulation of biophysical properties. These needs have paved
the way for engineered ECMs that enable tight control of viscoelastic
properties and presentation of bioactive peptides for adhesion, capture
of growth factors, and protease digestion. 3D invasion platforms may be
built from ECM-derived biopolymers, such as alginate or hyaluronic
acid (HA), or fully synthetic polymers, such as polyethylene glycol
(PEG).23–25

HA is an especially attractive platform for modeling GBM inva-
sion. HA is the most abundant matrix component in normal brain
and plays a critical role in defining brain structure and mechanics.
Moreover, HA is highly enriched in GBM relative to healthy brain
tissue, with the most aggressive forms of gliomas exhibiting greater
levels of HA and altered HA molecular weight.2,26 HA-based adhe-
sive signaling through CD44 and other receptors can drive GBM
progression and infiltration into brain tissue.2,8,27 HA also retains
the chemical versatility of synthetic polymers as it contains multiple
orthogonal functional groups (e.g., hydroxyl, carboxyl) that can be
exploited for conjugation of cross-linking agents and bioactive pepti-
des.27 To this end, we and others have productively used HA-based
scaffolds to model, deconstruct, and conduct molecular screens in
GBM.28–33 Additionally, HA-CD44 signaling can also directly and
indirectly modulate TGF-b signaling. For example, CD44 has been
shown to directly bind and stimulate signaling through TGF-b
receptor I, with TGF-b receptor I reciprocally phosphorylating and
activating CD44 to promote HA-based adhesion and migration.34–37

Thus, HA is not only an ideal material for modeling GBM invasion,
but is particularly suitable for investigating contributions of TGF-b
to the process.

Here, we combine engineered HA hydrogels, bioinformatic anal-
ysis, GSC culture, and mechanistic perturbations to investigate the
interplay between TGF-b signaling and HA scaffold properties in driv-
ing invasion. We classify GSCs according to their ability to invade HA
in spheroid culture and correlate that invasive potential to the expres-
sion of elements within the TGF-b signaling pathway. We also identify
matrix conditions necessary for invasion, with invasion being strongly
reliant on the presence of integrin-ligating peptides but surprisingly
independent of proteolytic degradability. Finally, we show that TGF-
b-induced GSC invasion in HA is mediated by SMAD2 phosphoryla-
tion, which is amplified when RGD peptides are conjugated to the HA
backbone.

RESULTS
Expression of TGF-b-related transcripts correlates with
disease aggression in human gliomas

Although much direct and indirect evidence supports a role for
TGF-b in GBM invasion, many of these studies are preclinical in
nature. Thus, we began by querying The Cancer Genome Atlas
(TCGA) and the Repository for Molecular Brain Neoplasia Data
(Rembrandt) to confirm if tumor aggressiveness is correlated with
enhanced expression of TGF-b-associated transcripts in a broad cohort
of human GBMs. Using the GlioVis (http://gliovis.bioinfo.cnio.es/) to
access the Rembrandt patient dataset, we first assessed the relative
expression of TGF-b ligands (TGFB1, TGFB2) and associated receptors
(TGFBR1, TGFBR2) in different glioma grades (oligodendroglioma,
astrocytoma, and GBM) relative to normal brain. The highest grade gli-
oma, GBM, exhibited the highest expression of both TGF-b ligands and
receptors [Fig. 1(a)].

We then focused our analysis on GBM. GBM tumors have been
transcriptionally classified into subtypes (proneural, classical, and mes-
enchymal), with mesenchymal-subtype tumors typically associated
with more aggressive phenotypes and poorer patient survival time.38

We first compared the expression of TGF-b ligands (TGFB1 and
TGFB2) and associated receptors (TGFBR1 and TGFBR2) in
mesenchymal-subtype tumors to the proneural subtype, which is asso-
ciated with a more favorable patient survival time but often recurs as
the mesenchymal subtype.38 Mesenchymal tumors expressed higher
levels of both TGF-b ligands and receptors relative to proneural
tumors [Fig. 1(b)]. Next, we assembled a panel of TGF-b-responsive
genes in glioma tissue from the literature and compared the expression
of these genes in mesenchymal and proneural GBMs.20,39

Mesenchymal GBMs expressed most of these TGF-b targets at higher
levels than proneural GBMs [Fig. 1(c)]. We also broadened our search
to TGF-b-related genes reported in the KEGG Pathway Database and
Molecular Signatures Database (MSigDB) and found a few genes upre-
gulated in the mesenchymal GBM tissue compared to the proneural
GBM tissue (Fig. S6). Thus, the expression of TGF-b pathway compo-
nents and transcriptional targets correlates with increasing glioma
grade and is further enhanced in GBM subtypes considered most
aggressive.

HA matrix supports TGF-b-responsive invasion in a GSC
subtype-specific fashion

Given that HA is highly abundant in glioma tissue and can influ-
ence TGF-b signaling, we next investigated the use of HA as a platform
for studying TGF-b-induced GSC invasion. We first selected an HA
hydrogel in which RGD-based peptides were conjugated to the HA
backbone and where hydrogel assembly was mediated by a protease-
degradable crosslinker to achieve a stiffness of�450Pa. Our parameter
selections were guided by our past HA formulations for studying GBM
invasion.8,29,32 We then selected a panel of patient GSCs derived from
mesenchymal (GSC20 and GSC28) and proneural (GSC262 and
GSC295) tumors and subjected spheroids of each GSC type to 3D
invasion assays in engineered HA matrices. In the absence of TGF-b
stimulation, all GSC spheroids remained circumscribed and did not
invade, as qualitatively defined by the absence of protrusions, multicel-
lular fingers, or escaped cells from the spheroid [Figs. 2(b) and 2(c)].
This noninvasive phenotype persisted over 14 days of culture in HA
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(Fig. S1). Despite the absence of invasion, the spheroids continued to
grow in volume indicating ongoing proliferation (Fig. S1). Interestingly,
we observed that the noninvasive phenotype of the GSC20 and GSC28
in HA was independent of stiffness over a range of 100Pa–1.2 kPa,
which nominally brackets the stiffness range of brain and glioma tissue
(Fig. S8).40–42 The addition of the TGF-b1 ligand stimulated GSC inva-
sion through extended and branched protrusion into the matrix
[Fig. 2(b)], although only for a subset of GSCs tested. Notably, the
responsive GSCs (GSC20 and GSC28) were both derived from mesen-
chymal tumors [Fig. 2(b)], while the non-responsive GSCs (GSC295
and GSC262) were both derived from proneural tumors [Fig. 2(c)].
Thus, in this limited subset of GSCs, HA recapitulates the expected hier-
archy of subtype-specific invasive behaviors.

To determine whether other commonly used 3D ECM platforms
can similarly support subtype-specific TGF-b invasion, we repeated
GSC spheroid invasion studies in two naturally derived matrices: colla-
gen I and Matrigel. We chose these matrices because of their common
use in tumor invasion studies rather than their mimicry of brain tissue;
the brain is typically understood to be collagen I-poor relative to other
tissues and Matrigel is derived from mouse sarcoma basement mem-
brane.43,44 In contrast to HA matrix, all the GSCs rapidly invaded col-
lagen I and Matrigel matrices within 24h of seeding, with or without
TGF-b1 stimulation [Figs. 2(e) and 2(f) and 2(h) and 2(i)]. In collagen,
GSC migratory protrusions were linear and directional, whereas in
Matrigel, protrusions displayed a diversity of invasion morphologies,
including directional, branched, and single cell modalities that varied
across GSC lines. Again, these morphologies were present with and

without TGF-b1 stimulation. Nonetheless, collagen did preserve some
differences across GSC lines previously identified as TGF-b-respon-
sive/non-responsive in HA (GSC20, GSC28), including longer protru-
sions for these GSCs under TGF-b stimulation, contributing to a
modest TGF-b-dependent increase in the spheroid invasion index.

TGF-b-induced invasion of GSCs in HA is mediated by
SMAD phosphorylation

To gain additional insight into the mechanistic origins of the dif-
ferential HA invasion response across GSCs, we measured the expres-
sion of the TGF-b receptors TGFBR1 and TGFBR2 with qPCR. The
expression of TGFBR2, but not TGFBR1, was higher in responsive
GSCs (GSC20 and GSC28) relative to nonresponsive GSCs (GSC295
and GSC262) [Figs. 3(a) and 3(b)]. Interestingly, when assessing the
levels of TGFBR1 and TGFBR2 expression in each of the GSC lines,
we found that the relative expression of TGFBR2 was two to threefold
higher than the expression of TGFBR1 in the responsive GSCs
(GSC20 and GSC8). This contrasted with the non-responsive GSCs
(GSC295 and GSC262), where TGFBR2 expression was two to nine
fold lower than TGFBR1 expression [Fig. 3(c)].

Having correlated TGF-b responsiveness with TGFBR2 expres-
sion, we next investigated whether this correlation extended to TGF-b
pathway effectors by measuring SMAD2 phosphorylation. Responsive
GSCs exhibited SMAD2 phosphorylation [Fig. 3(d)] when treated with
the TGF-b1 ligand, whereas the nonresponsive GSCs lacked SMAD2
phosphorylation [Fig. 3(e)]. To test the functional contributions of

FIG. 1. Expression of TGF-b-related transcripts correlates with disease aggression in human gliomas. (a) Correlation of TGF-b receptors and ligand expression with glioma
grade. Oligodendroglioma (OG), astrocytoma (AA), and glioblastoma (GBM) expression of TGF-b ligands and receptors normalized to non-tumor tissue. (b) Expression of
TGF-b ligands and receptors in GBM mesenchymal tumors (Mes). (c) Expression of TGF-b target genes (curated from literature) in mesenchymal GBM tumors. In (b) and (c),
the expression of each gene was normalized to values for proneural tumors. In (a)–(c), expression data were acquired from TCGA using Gliovis.
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SMAD phosphorylation to invasion, we repeated our 3D HA tumor
spheroid invasion studies in the presence of a SMAD2 inhibitor
(Galunisertib) that has been explored clinically to treat GBM.45

Galunisertib treatment suppressed TGF-b-stimulated invasion by sixfold
for GSC20 and threefold for GSC28, confirming that TGF-b-induced
SMAD2 phosphorylation drives invasion [Figs. 3(f) and 3(g)]. This find-
ing corroborates recent evidence pointing to SMAD activation as a
mediator of TGF-b-induced formation of tumor microtubes, which sup-
port GBM invasion in vivo.20

TGF-b-induced GSC invasion in HA matrices requires
conjugation of RGD peptides

Finally, we sought to deconstruct matrix-based contributions to
TGF-b-stimulated 3D cell motility in HA. 3D invasion is supported by
a combination of cell-matrix adhesion and ECM remodeling, includ-
ing matrix digestion. In our engineered HA platform, we have previ-
ously established that at least two adhesive systems contribute to
adhesion: binding of CD44 to the HA backbone and binding of

integrins to HA-conjugated RGD peptides.7,8 Additionally, our HA
matrix is crosslinked with a peptide crosslinker that may be cleaved by
matrix metalloproteinases (MMP) [Fig. 4(a)]. To understand how
these three modalities contribute to TGF-b-stimulated invasion, we
first measured transcriptional changes of responsive GSCs (GSC20
and GSC28) cultured in our HA platform with and without TGF-b
stimulation via qPCR. We selected a set of genes related to ECM adhe-
sion and remodeling including hyaluronidases, HA synthase, MMPs,
and integrin subunits expected to be relevant in our HA matrix. We
observed an overall increase in expression of all the genes with the
highest fold change captured in MMP2 and ITGB3 for both GSC20
and GSC28 cultured in HA under TGF-b stimulation [Figs. S3(c) and
S4(c)]. Interestingly, we noticed that genes relating to matrix degrada-
tion (MMP2 and HYAL1) were upregulated in both GSCs, while some
genes relating to matrix synthesis (HAS2) and adhesion (ITGAV and
ITGB1) were only upregulated in GSC28 but not GSC20. CD44
expression was not altered with TGF-b treatment in either cell line
[Figs. S3(c) and S4(c)]. We further compared these findings to patient
transcriptomic data based on GBM subtype and found an upregulation

FIG. 2. HA matrix supports TGF-b-responsive invasion in a GSC subtype-specific fashion. (a) Schematic of HA GSC spheroid invasion assay. (b) and (c) GSC spheroid inva-
sion in HA. GSCs were cultured in HA with or without TGF-b stimulation. Data represent n¼ 44 and 50 spheroids (GSC20), 31 and 28 spheroids (GSC28), 27 and 32 sphe-
roids (GSC295), and 32 and 33 spheroids (GSC262) for control and TGF-b stimulation conditions, respectively. Values display mean 6 standard error of the mean (SEM). (d)
Schematic of GSC spheroid invasion assay in Matrigel. (e) and (f) GSC spheroid invasion in Matrigel. GSCs were in Matrigel cultured with or without TGF-b stimulation. Data
represent n¼ 37 and 33 spheroids (GSC20), 35 and 39 spheroids (GSC28), 29 and 30 spheroids (GSC295), and 28 and 30 spheroids (GSC262) for control and TGF-b stimu-
lation conditions, respectively. Values display mean 6 SEM. (g) Schematic of GSC spheroid invasion assay in collagen. (h) and (i) GSC spheroid invasion in collagen. GSCs
were in collagen cultured with or without TGF-b stimulation. Data represent n¼ 25 and 29 spheroids (GSC20), 28 and 32 spheroids (GSC28), 29 and 30 spheroids (GSC295),
29 and 23 spheroids (GSC262) for control and TGF-b stimulation conditions, respectively. Values display mean 6 SEM �p< 0.033, ��p< 0.002, ���p< 0.0002, and
����p< 0.000 01 (Mann–Whitney test). Scale bar: 100 lm.
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of these genes in mesenchymal tumors compared to proneural tumors
(Fig. S7). Only HYAL1 was upregulated in proneural tumors (Fig. S7).
Furthermore, we selected another gene set that is commonly reported
to be associated with the GBMmesenchymal signature, is targetable by
TGF-b, and includes multiple regulators of ECM remodeling.46–51 We
found that all genes in this set were upregulated in both GSCs when

treated with TGF-b in HA, except for CHI3L (YLK-40), which exhib-
ited reduced expression in GSC20 [Fig. S3(a) and S4(a)].

Next, we subjected GSC20 and GSC28 to HA tumor spheroid
invasion assays in which we either included or excluded RGD peptides
from the HA backbone and used either protease-degradable or non-
degradable peptide crosslinkers. When MMP degradability was

FIG. 3. TGF-b-induced invasion of GSCs in HA is mediated by SMAD phosphorylation. (a) Relative TGFBR1 mRNA expression in GSC20, GSC28, GSC295, and GSC262.
Expression from all GSCs was normalized to GSC20. n¼ 4 biological replicates. (b) Relative TGFBR2 mRNA expression in GSC20, GSC28, GSC295, and GSC262. n¼ 4
biological replicates. Expression from all GSCs was normalized to GSC20. (c) TGBR2 mRNA expression relative to TGFBR1 expression. The expression of TGFBR1 was
used to normalize TGFBR2 expression within each of the GSCs used (GSC20, GSC28, GSC295, and GSC262). n¼ 4 biological replicates. (d) and (e) Comparison of SMAD2
activity from GSCs with and without TGF-b treatment. Western blot probing pSMAD, SMAD2, and b-actin expression in representative TGF-b-responsive (d) and non-
responsive (e) GSCs. Western blots are representative example from n¼ 3 biological replicates for both responsive and non-responsive GSCs. (f) and (g) SMAD2 inhibition of
TGF-b stimulated invasion. Spheroid invasion of GSC20(F) andGSC28 (g) in HA under TGF-b stimulation, with or without SMAD2 inhibitor (galunisertib). Data represent
n¼ 28 (control), 38 (TGF-b), and 34 (TGF-b þ galunisertib) spheroids for GSC20 and 24 (control), 22 (TGF-b), and 27 (TGF-b þ galunisertib) spheroids for GSC28.
�p< 0.033, ��p< 0.002, ���p< 0.0002, and ����p< 0.000 01 by (a) and (b) one way ANOVA with Tukey multiple comparison test; (c) Unpaired t-test; and (e) Kruskal–Wallis
test with Dunn’s multiple comparison test. Values display mean 6 SEM. Scale bar: 100 lm.

FIG. 4. TGF-b-induced GSC invasion in HA matrices requires conjugation of RGD peptides. (a) Schematic of engineered HA matrix showing RGD peptides and protease-
degradable crosslinkers. (b) and (c) TGF-b-stimulated HA spheroid invasion in the absence of MMP degradability and RGD for (b) GSC20 and (c) GSC28. Data represent
n¼ 44 [control, RGD (þ), and degradable XL (þ)], n¼ 50 [TGF-b, RGD (þ), and degradable XL (þ)], n¼ 33 [TGF-b, RGD (þ), and degradable XL (�)], n¼ 32 [TGF-b,
RGD (�), and degradable XL (þ)] spheroids for GSC20, and n¼ 31 [control, RGD (þ) and degradable XL (þ)], n¼ 28 [TGF-b, RGD (þ), and degradable XL (þ)], n¼ 24
[TGF-b, RGD (þ), and degradable XL (�)], n¼ 30 [TGF-b, RGD (�), and degradable XL (þ)] spheroids for GSC28. Values display mean 6 SEM. �p< 0.033, ��p< 0.002,
���p< 0.0002, and ����p< 0.000 01 by Kruskal–Wallis test with Dunn’s multiple comparison test. Scale bar: 100 lm.
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removed, we observed slower TGF-b stimulated invasion in both
GSC20 and GSC28. In the absence of MMP degradabiity, TGF-
b-induced invasion decreased by 0.5fold for GSC20 [Fig. 4(b)] and
3.5fold for GSC28 [Fig. 4(c)] compared to when MMP degradability
ws present. Surprisingly, TGF-b-induced invasion of GSC20 and
GSC28 was nearly completely suppressed when RGD was removed
from the HA backbone [Fig. 4(b) and Fig. 4(c)]. Because integrin sig-
naling can strongly affect TGF-b signaling, we asked whether the lack
of invasion in RGD-free matrices was directly due to loss of integrin-
adhesive function or some broader RGD-dependent dysfunction in
TGF-b signaling or matrix invasion capacity. First, we did not detect a
difference in TGFBR2 expression between responsive GSCs cultured in
HA-RGD (þ) and HA-RGD (�) matrices (Fig. S2), implying that loss
of RGD did not compromise the ability to bind TGF-b. We then probed
expression of genes from our panel of ECM remodeling and GBMmes-
enchymal genes in GSCs cultured in HA-RGD (�) with and without
TGF-b stimulation. We found that transcript expression within the
panel mirrored the HA-RGD (þ) conditions, in that genes upregulated
by TGF-b treatment in the HA-RGD (þ) matrix were also upregulated
in the HA-RGD (�) matrix [Figs. S3(b), S3(d), S4(b), and S4(d)].
Additionally, we performed qPCR measurements of the same gene set
to directly compare TGF-b-treated GSCs cultured in HA-RGD (þ)
and HA-RGD (�) matrices, which revealed no significant differ-
ences (Fig. S5). The results of our qPCR measurements were simi-
lar in both TGF-b-responsive GSCs (GSC20 and GSC28). These
findings suggest that RGD presentation supports the conversion of
transcriptional changes induced by TGF-b treatment into func-
tional invasion of GSCs in the HA matrix.

DISCUSSION

While TGF-b-mediated signaling has been demonstrated to sup-
port resistance, stem-like qualities, and tumor-initiating capacity of
GSCs, the field’s understanding of how TGF-b promotes 3D invasion
of GSC-derived tumors remains somewhat limited. This knowledge
gap is partially due to a lack of modular 3D culture platforms that
enable systematic dissection of cell- and matrix-based regulation of
TGF-b during invasion. We show that engineered HA-based matrices
can address this unmet need. Using HA-based materials, we success-
fully classify GSCs into TGF-b-responsive and non-responsive catego-
ries and show that TGF-b induces GSC spheroid invasion through
SMAD2 phosphorylation. We also show that invasion requires the
presentation of integrin ligands (RGD peptides) but surprisingly not
MMP-degradable crosslinks.

One important advantage of HA as a platform for studying
TGF-b-mediated invasion is that invasion is limited in the absence
of TGF-b stimulation, providing a clean “baseline” to assess stimu-
lated invasion in GSCs. This contrasts with collagen I and Matrigel,
which support robust invasion even in the absence of exogenous
cytokine treatment (Fig. 2). The strong matrix dependence of inva-
sion may be due to the very different architectures of the three
matrix systems. Collagen I and Matrigel matrices have been
reported to have pore sizes on the order of micrometers, whereas
we have reported the pore size of our HA system to be on the nano-
meter scale.29,52 Additionally, collagen I hydrogels contain fibers
that can be used as contact-guidance cues for rapid invasion.
Moreover, Matrigel frequently contains—and collagen I contains
binding sites for—pro-migratory cytokines, which could poten-
tially blunt effects of exogenous TGF-b.29,33,52

An important advantage of our biomaterial platform is the ability
to systematically tune matrix factors to test their influence on invasion,
which enabled us to show that the conjugation of RGD peptides to the
HA backbone was needed for TGF-b-stimulated invasion (Fig. 4).
While the strong integrin dependence of invasion was not perhaps in
itself surprising, it was notable that the presence or absence of RGD
did strongly influence the expression of nominally pro-invasive genes
[Figs. S3 and S4]. This raises the possibility that invasion-competent
GSCs are transcriptionally “primed” to invade but cannot execute an
invasion program without the appropriate ECM context. This priming
hypothesis is supported by two observations in RGD-free matrices:
first, integrin expression increases upon stimulation in TGF-b-respon-
sive GSCs; and second, that tumor spheres exhibit jagged edges sugges-
ting increased membrane ruffling (Fig. 4). The strong RGD
dependence of invasion raises the question of the role played by HA–
CD44 interactions in this system. CD44 expression did not change fol-
lowing TGF-b stimulation [Figs. S3(c) and S4(c)]; however, the inter-
pretation of this finding is complicated by the fact that GSC20 and
GSC28 have been reported to have high basal expression of CD44,
leaving little dynamic range for a stimulated increase.8,38 We have also
previously reported that CD44-HA is an early and short lived (0.5 h)
matrix adhesion system, whereas integrin-based adhesions take longer
to mature.7 Therefore, it is plausible that CD44-HA adhesion alone in
RGD-free matrices can initiate but not sustainably support adhesion
and adhesion-dependent processes necessary for TGF-b-stimulated
invasion over the timescale of invasion (10–14days).

Finally, our findings add to a growing body of work illustrating
the heterogeneity of GSCs with respect to TGF-b sensitivity in other
contexts.18,53,54 GSCs tumors that are responsive to TGF-b in vivo, as
identified by TGFBR2 expression and phospho-SMAD2, exhibit
increased infiltration of immune cells.53,54 Implications of differential
TGF-b sensitivity for invasion have been difficult to dissect in vivo due
to the complexity of the microenvironment.18 Our study offers a road-
map to tease apart this heterogeneity and further suggests that TGF-
b-sensitivity may be cross-correlated with the traditional hierarchy of
GBM subtypes (proneural, classical, and mesenchymal). Our study
also suggests that changes in SMAD2 phosphorylation status strongly
predict TGF-b sensitivity, with SMAD2 phosphorylation not increas-
ing with TGF-b stimulation in non-responsive GSCs. This heterogene-
ity is consistent both with past studies on the role of TGF-b in
inducing mesenchymal transitions and the emerging finding that cells
between and within GBM tumors may show characteristics of multiple
distinct subtypes, potentially supported by state-switching of
GSCs.18,38,55 It would be valuable to explore these sources of heteroge-
neity more fully in the future and ask how TGF-b sensitivity maps to
other GBM classification categories such as IDHmutation and methyl-
ation status. We expect that our HA hydrogel platform and other syn-
thetic invasion platforms can play an important role in reaching these
goals.

METHODS
Cell culture

GSC20, GSC28, GSC262, and GSC295 cells were obtained from
MD Anderson Cancer Center and propagated as neurospheres in
DMEM/F12 basal medium (Corning, Catalog No. 10–090-CV) supple-
mented with 2% (vol/vol) B-27 supplement (Gibco, 17504-044), 20ng/
ml EGF (R&D Systems, 236-EG-01M), and 20ng/ml FGF (R&D
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Systems, 233-FB-025/CF). For 3D HA gel experiments, the medium
was supplemented with 0.1% penicillin/streptomycin (Thermo Fisher
Scientific, Catalog No. 15140-122). Cells were screened for myco-
plasma and validated by short tandem repeat (STR) analysis every six
months.

HA synthesis and RGD conjugation

HA hydrogels were synthesized as previously described.29 Briefly,
methacrylic anhydride (Sigma-Aldrich, 94%, Catalog No. 276685) was
used to functionalize sodium hyaluronate (Lifecore Biomedical,
Research Grade, 66–99 kDa, HA60K) with methacrylate groups. The
extent of methacrylation per disaccharide was quantified by 1H NMR
as detailed previously and found to be �85% for materials used in this
study. For studies involving RGD peptides, methacrylated HA was
conjugated via Michael addition with the cysteine-containing RGD
peptide Ac-GCGYGRGDSPG-NH2 (Anaspec, Catalog No. AS-62349)
at a concentration of 0.5mmol/l. Peptide crosslinker details are
described in the Spheroid Encapsulation sections below.

Generation of spheroids

Glioma stem cell (GSC) spheroids were generated using
AggreWell microwell plates (STEMCELL Technologies, Catalog No.
34415). Briefly, the wells of the microwells were treated with a non-
adherent rinsing solution (STEMCELL Technologies, Catalog No.
07010). GSCs were then seeded as single cells at �200k per well for
2–3days to allow the cells to aggregate and form uniform tumor sphe-
roids. The spheroids were then encapsulated in hydrogels to perform
the 3D spheroid invasion assay. For Matrigel and collagen experi-
ments, cells were seeded�300k per well and cultured for 2–3days.

Spheroid encapsulation in HA

Spheroids were harvested from AggreWell plates, resuspended in
non-phenol red DMEM (Thermo Fisher Scientific, Catalog No.
31053028), and mixed with HA hydrogel precursor solution consisting
of HA-RGD (þ) or HA-RGD (�) polymer, 10wt. % stock of protease-
degradable (KKCGGPQGIWGQGCKK, Genscript) or 10wt. % stock of
non-degradable (KKCGGDQGIAGFGCKK, Genscript) crosslinker
containing a bifunctional cysteine peptide. Methacrylated HA was
dissolved to a concentration of 1.5 (wt. %/vol. %), and the ratio of
thiol: HA monomer was varied to achieve a shear modulus of
�450 Pa unless mentioned otherwise. Approximately 0.3 thiol:HA
monomer ratio was enough to reach the desired shear modulus for
both protease-degradable and non-degradable crosslinker. The mix-
ture was then plated as 10 ll droplets in a non-adherent well plate
and incubated for 1 h at 37 �C, 5% CO2 before introducing cell cul-
ture medium. TGF-b1 ligand (10 ng/ml, R&D Systems, Catalog No.
7754-BH) and Galunisertib 10 lM, Selleckchem, catalog no. S2230)
were added to the cell culture medium as needed for each experi-
ment. The medium was changed every 2–4 days.

Spheroid encapsulation in Matrigel

Spheroids were harvested from an AggreWell plate and resus-
pended in Matrigel (Fisher Scientific, Catalog No. CB40230) at�9mg/
ml. The mixture was then plated as droplets in a non-adherent cell cul-
ture plate and incubated for 50min at 37 �C, 5% CO2 before

introducing cell culture medium. TGF-b1 (10ng/ml, R&D Systems,
Catalog No. 7754-BH) was added to the cell culture medium as needed
for each experiment.

Spheroid encapsulation in collagen

Spheroids were harvested from an AggreWell plate resuspended
in non-phenol red DMEM (Thermo Fisher Scientific) and mixed with
bovine collagen type I (Advanced Biomatrix, Catalog No. 5010-50ML),
1N NaOH (Fisher Scientific, LC245004), and 1N HEPES (Life
Technologies, Catalog No. 15630-080) to yield a 2mg/ml final collagen
concentration. The mixture was then plated as droplets in a non-
adherent cell culture plate and incubated for 50min at 37 �C with 5%
CO2 before introducing the cell culture medium. TGF-b1 (10 ng/ml,
R&D Systems, Catalog No. 7754-BH) was added to the cell culture
media as needed for each experiment.

Imaging and spheroid index invasion quantification

Spheroids were tracked for up to 14 days in HA, 24–48 h in
Matrigel, and 24h in collagen using an Eclipse TE2000 Nikon micro-
scope with a Plan Fluor Ph1� 10 objective. Images were acquired
using NIS-Elements Software. Invasion was quantified using ImageJ by
outlining the invasion front of the tumor spheroids to acquire a circu-
larity value using the ImageJ function “shape descriptors.” The inverse
of the circularity was calculated and reported as the spheroid invasion
index. A condition where TGF-b was not added was used to normalize
the plotted data.

Quantitative real time polymerase chain reaction

Quantitative polymerase chain reaction (qPCR) experiments
were set up using paired sample experimental setup and comple-
mentary analysis.56 Cells were dissociated using accutase and
encapsulated in the hydrogel at a concentration of 10k cells/10ll of
hydrogel for 7 days of culture at 37 �C, 5% CO2. At the end of the
culture period, cells encapsulated in the hydrogel were collected
from the hydrogel by adding 10k U/ml hyaluronidase (Sigma-
Aldrich, Catalog No. H3884) to dissociate the HA hydrogel. Total
mRNA was then isolated using TRIzol Reagent (Invitrogen,
Catalog No. 15596018) according to manufacturer’s recommended
protocol. cDNA was synthesized from the isolated mRNA using
the IscriptTM cDNA Synthesis Kit (Bio-Rad, Catalog No.
1708891). qPCR was performed using PowerUp Sybr Green
Master Mix (Fisher Scientific, Catalog No. A25777) for 40 cycles in
a CFX real-time PCR detection system (Bio-Rad). To quantify a
relative fold change in the level of genes, qPCR data were analyzed
by calculating DDCt with respect to RSP9 as the housekeeping
gene. The primer sequences used in this study are listed in supple-
mentary material Table 1.

TCGA and Rembrandt transcriptomic analysis

Human glioma transcriptomic data were obtained from the
Rembrandt and The Cancer Genome Atlas (TCGA) patient databases
via the GlioVis data portal (http://gliovis.bioinfo.cnio.es/). Using the
Rembrandt database, the mRNA expression of TGFBR1, TGFBR2,
TGFB1, and TGFB2 from non-tumor, oligodendroglioma, astrocy-
toma, and glioblastoma tissue was analyzed. mRNA expression levels
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in each type of glioma tissue was normalized to non-tumor tissue, and
the data were presented as log2(fold change). TCGA was used to
extract mRNA expression of TGFBR1, TGFBR2, TGFB1, and TGFB2
from mesenchymal and proneural GBM subtypes. mRNA expression
of TGF-b target genes for mesenchymal and proneural subtypes were
also extracted from TCGA. mRNA expression of proneural tissues
were used to normalize data when comparing mRNA expression of
mesenchymal and proneural tumors, and the data were presented as
log2(fold change).

Western blot analysis

Cells were cultured for 48h with or without TGF-b in the 24-well
Stem Cell Technology microwell culture plate (Catalog # 34811). Six
were used, where three wells were treated with TGF-b and three wells
were left untreated. After 48h, cells in each well were harvested and
lysed in RIPA buffer (Sigma-Aldrich, Catalog No. R0278) supple-
mented with Halt protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific, Catalog No. 78442) for protein. Equal
masses of protein (�20lg) were loaded into each well of a 4%–12%
gradient bis-tris gel (Thermo Fisher Scientific), and then blotted onto a
nitrocellulose membrane (Licor, Catalog No. 926-31092). Membranes
were probed with rabbit anti-SMAD2 antibody (Cell Signaling
Technology, Catalog No. 5339) or rabbit anti-pSMAD2 (Cell Signaling
Technology, catalog no. 18338T), and mouse anti-b-actin (Sigma-
Aldrich, Catalog No. A2228). Blots were then probed with Alexa Fluor
488 goat anti-mouse (Thermo Fisher Scientific, Catalog No. A-11001)
or Alexa Fluor 647 goat anti-rabbit (Thermo Fisher Scientific, Catalog
No. A-21245a) secondary antibodies. Primary antibodies were diluted
at 1:1000, except mouse anti-b-actin (1:15000). Secondary antibodies
were diluted at 1:10000. Membranes were imaged using iBright imag-
ing system (Invitrogen).

Statistical analysis

Graphical representation and statistical analyses of the data from
this study were generated using GraphPad Prism 9. Details of repli-
cates and statistical tests are described in the appropriate figure
legends.

SUPPLEMENTARY MATERIAL

See the supplementary material for all supplemental figures refer-
enced in the manuscript and sequences of the qPCR primer used.
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