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The structure and mechanics of many connective tissues are
dictated by a collagen-rich extracellular matrix (ECM), where col-
lagen fibers provide topological cues that direct cell migration.
However, comparatively little is known about how cells navigate
the hyaluronic acid (HA)-rich, nanoporous ECM of the brain, a
problem with fundamental implications for development, inflam-
mation, and tumor invasion. Here, we demonstrate that glioblastoma
cells adhere to and invade HA-rich matrix using microtentacles (McTNs),
which extend tens of micrometers from the cell body and are distinct
from filopodia. We observe these structures in continuous culture mod-
els and primary patient-derived tumor cells, as well as in synthetic HA
matrix and organotypic brain slices. High-magnification and superreso-
lution imaging reveals McTNs are dynamic, CD44-coated tubular pro-
trusions containing microtubules and actin filaments, which respectively
drive McTN extension and retraction. Molecular mechanistic studies re-
veal that McTNs are stabilized by an interplay between microtubule-
driven protrusion, actomyosin-driven retraction, and CD44-mediated
adhesion, where adhesive and cytoskeletal components are mecha-
nistically coupled by an IQGAP1-CLIP170 complex. McTNs represent a
previously unappreciated mechanism through which cells engage
nanoporous HA matrix and may represent an important molecular
target in physiology and disease.

glioblastoma | hyaluronic acid | extracellular matrix | mechanobiology |
motility

Tumor cell invasion is critically dependent on interactions with
extracellular matrix (ECM) (1). Glioblastoma (GBM) is the
most common and aggressive form of primary brain cancer, with
outcomes improving only marginally over the last several de-
cades (2, 3). GBMs are characterized by diffuse infiltration of
tumor cells into surrounding healthy tissue, allowing cells to es-
cape surgical resection and engage prosurvival microenviron-
mental cues that foster resistance to therapy (4). Targeting
cell-ECM interactions in combination with conventional therapies
therefore has potential to improve therapeutic outcome (5). The
spatially heterogeneous composition and structure of brain ECM
modulates invasion patterns (6). While the brain is generally richer
in hyaluronic acid (HA) than other tissues, the intraparenchymal
region is particularly HA-rich and generally lacking in fibrillar
contact guidance cues associated with collagen, fibronectin, and
laminin normally found in connective tissue (7). GBMs are more
enriched in HA than lower-grade astrocytomas (8), and HA is a
potent effector of aggressive invasion in GBM (9-11). Despite the
clear functional significance of HA to GBM progression, the
mechanisms by which cells invade HA-rich, nonfibrillar three-
dimensional (3D) matrix are poorly understood.

CD44 is a transmembrane receptor for extracellular HA that
plays a critical role in tumor progression and specifically GBM
invasion (12). CD44 is highly overexpressed in GBM compared
to healthy tissue and lower grade astrocytomas (13), and CD44
antibody blockade significantly reduces tumor size in rats with
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grafted C6 gliomas (14). Furthermore, knockdown (KD) of
CD44 in human GBM tumors slows tumor growth and sensitizes
tumors to cytotoxic agents (15). CD44 is also a marker of glioma
stem cells (GSCs) (also known as tumor-initiating cells) and
contributes to maintaining stemness (16). Our laboratory has
shown that CD44 is necessary for adhesion and migration on
engineered HA hydrogel-based matrix (17). The intracellular do-
main of CD44 interacts with the cytoskeleton through direct me-
chanical linkages or more indirectly through Src family kinase-
based activation of Rho GTPase or focal adhesion kinase signal-
ing (16, 18). Specifically, CD44 binds the actin cytoskeleton via
ERM family proteins and the spectrin cytoskeleton via ankyrin
proteins (18-20). IQGAP1 has also been reported to bind to
CD44, which may provide an alternative mechanical linkage to the
actin cytoskeleton (21). The relative roles of these binding inter-
actions remain opaque and may be dependent on the cell type and
microenvironment (22). Although CD44 is a recognized effector
of cell invasion and several downstream binding partners have
been identified, it remains unclear how the cytoskeleton coordi-
nates to facilitate CD44-mediated invasion. Specifically, much
remains to be discovered about the role of CD44 in protrusion
formation and tension generation.

Here, we describe a mechanism through which GBM cells
engage and invade HA-rich matrix through microtentacles
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(MCcTNs). McTNs engage HA via CD44 and are observed in both
engineered HA scaffolds and tissue. Actin and microtubules
often align in McTNs, undergo retrograde flow, and support
tension generation against the ECM. Knockout (KO) of IQGAP]1,
a known cross-linker of actin and microtubules and regulator of
microtubule growth, prevents cell adhesion and McTN formation
and reduces migration speed on HA and HA-Arg-Gly-Asp
(RGD). This work demonstrates that CD44-HA binding supports
adhesion and migration through the formation of McTNs, which
mediate adhesion and motility in HA-rich, nonfibrillar matrix.

Results

GBM Cell Adhesion and Migration on HA Are Associated with
Extension of McTNs. We had shown that CD44 is necessary for
adhesion to HA in previous work, with CD44 KD or antibody
blockade abrogating adhesion to HA-based hydrogels (17).
However, the contributions of CD44 to force generation through
the cytoskeleton remained unclear. To gain additional mecha-
nistic insight into this result, we seeded both continuous GBM
cells and GSCs on HA and performed phase and differential in-
terference contrast (DIC) imaging. Cells exhibited partially
rounded cell bodies surrounded by long, thin protrusions closely
associated with the HA matrix visible at high magnification
(Fig. 14 and SI Appendix, Fig. S1). The protrusions were positive
for CD44 (Fig. 1B), with 65 + 18% staining positive for both
F-actin and tubulin in U-87 malignant glioma (MG) cells and 56 +
17% in U-251 MG cells (Fig. 1B and SI Appendix, Fig. S2).
Structured illumination microscopy (SIM) imaging revealed a fan
of actin filaments supported by several microtubules interspersed
throughout the protrusions in both continuous U-87 MG cells
(Fig. 1C) and GSC-11 primary tumor-initiating cells (Fig. 1D).
Acetylated microtubules were located in the center of the cell
body and not in protrusions, suggesting that microtubules in
protrusions are relatively dynamic (SI Appendix, Fig. S34) (23).
Tyrosinated microtubules, which regulate neuronal growth cone
organization and are required for interaction with certain micro-
tubule binding proteins, such as CLIP170, extended extensively
into protrusions (SI Appendix, Fig. S3B) (24, 25). Detyrosinated
tubulin, a marker of long-lived microtubules, was found in-
terspersed along microtubules in protrusions, consistent with
previous studies (SI Appendix, Fig. S3C) (26).

Although the distribution of microtubules within protrusions
and overall length varied by cell type, all cells expressed F-actin
and microtubule-positive protrusions on HA. Furthermore, cells
on HA generally lacked thick actin bundles and large lamellipodia
typically observed on two-dimensional (2D), integrin-engaging
substrates (27-29). The morphology of these protrusions, partic-
ularly their microtubule and actin architecture, seemed reminis-
cent of microtubule-positive McTNs that have been described in
circulating breast cancer cells and implicated in endothelial
docking and extravasation (30-33). Thus, we refer to these pro-
trusions as McTNs. However, a key difference is that GBM cells
associate with a solid-state ECM and rarely enter the circulatory
system (34), suggesting drastically different functions for McTNs
in each case.

To determine how McTNs might be affected by the presence
of integrin ligands normally expected to promote lamellipodia,
focal adhesions, and stress fibers, we investigated the effects of
varying RGD concentration on cell morphology. With increasing
RGD concentration, lamellipodia and large actin bundles in-
creasingly dominated the phenotype in cells with both short
hairpin RNA (shRNA) KD of CD44 and a nontargeting control
(Fig. 1E). In contrast, only the control cells were able to spread
and form McTNs on HA. Fibrin both contains integrin-adhesive
sites and binds CD44, although the CD44-fibrin(ogen) interaction
is weaker than CD44-HA (35, 36). Cells seeded on 2D fibrin gels
also exhibited lamellipodia and large actin bundles, consistent with
cells on HA-RGD (SI Appendix, Fig. S4). Integrin engagement is
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thus necessary for actin bundling and lamellipodia formation,
and CD44-substrate binding alone is not sufficient to generate
these morphologies.

When cells were encapsulated in HA matrix with a 3D to-
pology characteristic of brain parenchyma, cells not only retained
MCcTNs but lost the intervening fan-like regions of actin (Fig. 1F).
Cells in both the 3D HA and 3D HA-RGD matrices formed
protrusions similar in size, length, and frequency and over similar
timescales (Fig. 1F). McTNs in 3D (~1 wk) formed much more
slowly than in 2D (~minutes), consistent with a need for extensive
matrix remodeling for McTN formation. Furthermore, the simi-
larity in morphology between cells in 3D HA and 3D HA-RGD
matrices suggests that McTNs may be more prominent in 3D even
when integrin ligands are available. The protrusions exhibited by
U-251 MG cells expressing GFP-tubulin and RFP-LifeAct in 3D
HA were also actin- and tubulin-positive, with microtubules oc-
cupying the core of the protrusions and extending into the pro-
trusion ends (Fig. 1G). We have previously demonstrated that U-
87 MG cells invade HA-RGD by tunneling into the bulk matrix
over the course of several weeks and that invasion is preceded by
elaboration of long protrusions (37). We observe here that U-251
MG tumorspheres cultured in HA for 10 d exhibit protrusions into
the matrix and initial tunneling (SI Appendix, Fig. S54). These
protrusions may be involved in matrix degradation as larger
protrusions, and tunneling cells are only observed in regions
where the HA matrix is degraded (SI Appendix, Fig. S5B). These
observations also suggest a mechanism by which cells move
through nanoporous HA matrix, which requires degradation to
form a sufficiently large defect in the gel before cell migration
can occur.

While 2D and 3D HA gels recapitulate some features of the
brain ECM, such as dimensionality, bulk elastic modulus, and
HA richness, this matrix does not fully capture the complexity of
brain tissue. Ex vivo slice models have proven a valuable paradigm
that retains the complexity of tissue while remaining amenable to
high-resolution imaging (38, 39). We therefore seeded U-251 MG
cells on ex vivo tissue culture slices, placed the slices on Boyden
chamber (transwell) filters, and allowed the cells to invade for 24 h
(Fig. 1H). SIM imaging of invaded cells revealed actin- and
microtubule-positive McTNs of similar cytoskeletal composition
to those observed in 2D and 3D culture (Fig. 17). The consistency
in cytoskeletal morphology between the HA platform and brain
tissue culture supports the physiological significance of McTNs in
driving adhesion and migration in brain tissue.

McTN Structure and Function Depend on CD44. Given the abundance
of the HA receptor CD44 on the McTN surface, we next in-
vestigated functional contributions of CD44 to McTN morphology
and function. When we applied stochastic optical reconstruction
microscopy (STORM) to image cells on HA, we observed that
CD44 randomly distributed across the entire cell membrane,
completely covering the periphery of McTNs (Fig. 24). This is in
contrast to previous reports of CD44 clustering into microdomains
in other non-GBM cell types, which has been hypothesized to
increase interactions between CD44 and certain membrane pro-
teins (40). The broad distribution of CD44 even on membrane
surfaces not in contact with the HA matrix is consistent with our
earlier finding that CD44-mediated adhesion to HA is rapid
(minutes) and driven by many weak contacts. This is in contrast to
integrin/focal adhesion-based attachment, which requires much
longer maturation times and is associated with fewer, stronger,
and more discrete adhesive structures (17).

We assessed the role of CD44 in McTN formation by counting
the number of observable McTNs per cell from a population of
randomly selected naive, nontargeting, and shRNA CD44 KD
cells seeded on 2D HA. Using the same dataset, we measured
the length of the longest McTN for each cell. CD44 KD cells

PNAS | May 26,2020 | vol. 117 | no.21 | 11433

BIOPHYSICS AND

ENGINEERING

COMPUTATIONAL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914294117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914294117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914294117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914294117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914294117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914294117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914294117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914294117/-/DCSupplemental

Actin Tubulin

CD44 Actin Tubulin —

r '.'
cD44 o Actin £ Tubulin
E omgmLRGD
o 7 ik
£ y
3 . 4 A
9 L “
L Q .
T S
c
o ’
4 e
Tubulin Actin —

e -
i
;“'E!;-?L g

Tubulin Actin

CD44 Knockdown

T

Transwell

Medium

Cells
P

Brain Slice

Fig. 1. Cells interacting with HA matrix express actin- and microtubule-positive McTNs. (A) DIC imaging of live cells demonstrates that both continuous GBM
cells and GSCs exhibit long, thin protrusions on HA. (Scale bar: 10 pm.) (B) SIM imaging of U-251 MG cells on HA demonstrates that protrusions are CD44-
positive and frequently actin- and microtubule-positive. Dashed line box represents Inset area. Inset shows protrusions at cell periphery. (Scale bar: 10 pm.) (C)
SIM imaging shows parallel actin filaments and microtubules in the core of protrusions of U-87 MG cells on HA. (Scale bar: 5 um.) (D) GSC-11 cells express actin-
and tubulin-positive protrusions. (Scale bar: 5 pm.) () CD44 shRNA KD U-251 MG cells seeded on HA or HA-RGD can form lamellipodia and large actin bundles at high
RGD concentrations similar to the nontargeting control but are unable to spread or form protrusions on HA without RGD. (Scale bar: 20 pm.) (F) U-251 MG cells
cultured for 6 d in 3D HA and 7 d in HA-RGD matrix. (Scale bar: 10 pm.) (G) GFP-tubulin and RFP-LifeAct—expressing U-251 MG cell embedded in 3D HA matrix and
imaged by confocal microscopy. Dashed line box represents Inset area. Inset shows protrusions at cell periphery. (Scale bar: 10 pm.) (H) Schematic of ex vivo tissue
culture slice model showing cells seeded onto brain tissue slices immersed in medium within a transmembrane insert. (/) GFP-tubulin and RFP-LifeAct-expressing U-251
MG cell after 1 d of culture in ex vivo tissue culture slice model as a Z-stack projection (12 slices, 1-um spacing). (Scale bar: 10 pm.)

expressed significantly fewer protrusions per cell (Fig. 2B). Similarly,  cells remained rounded and extended only short protrusions,
CD44 KD cells generally did not form long protrusions. In par-  consistent with poor adhesion to the matrix (Fig. 2C).

ticular, the population of cells expressing the most and longest As noted earlier, McTN formation is much slower in 3D than
MCcTNs was almost completely absent in CD44 KD cells. The KD in 2D HA matrix (days vs. hours), which strongly implies McTN
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Fig. 2. MCcTNs are CD44-dependent. (A) STORM imaging of CD44-covered McTNs at periphery of U-251 MG cell on HA matrix, with Inset showing transverse
axis. Colors indicate z position. (Scale bar: A, 2 um; Inset, 100 nm.) (B) shRNA KD of CD44 in U-251 MG cells on HA leads to a reduction of McTN number and
length. n = 130 total cells from three independent experiments. ****P < 0.0001 by Kruskal-Wallis test followed by Dunn’s multiple comparisons test. Blue
lines represent median with interquartile range. (C) DIC imaging of spread naive and nontargeting U-251 MG cells compared to rounded and poorly adhered
shRNA CD44 KD cells. (Scale bars: 10 pm.) (D) Schematic of McTN formation assay in which cells are suspended in 3D HA, cultured for 7 d, and then imaged. ()
Number of McTNs formed per naive and nontargeting U-87 MG cells compared to CD44 KO controls. n = 60 total cells analyzed from three independent
experiments. **P < 0.01 by Kruskal-Wallis test followed by Dunn’s multiple comparisons test. (F) Example phase images of cells from the high McTN

expressing population in naive and nontargeting cells and the population expressing no McTNs in the CD44 KO cells. (Scale bar: 10 pm.)

formation within 3D nanoporous HA matrix requires cells to
degrade or otherwise remodel the surrounding matrix. To ex-
plore the functional importance of CD44 while accounting for
these radically different kinetics, we designed a McTN formation
assay in which cells were cultured in 3D HA for a week and then
imaged within a single plane, and any visible McTNs were counted
(Fig. 2D). During this extended period, we were concerned that the
intrinsic heterogeneities associated with siIRNA-mediated KD could
allow selective pressures to artifactually enrich the population in
cells with high CD44 expression. To avoid this confounding issue, we
applied CRISPR-based gene editing to generate CD44 KO U-87
MG cells, for which we validated the lack of CD44 function through
an inability to adhere to the bare HA matrix (SI Appendix, Fig. S6).
In CD44 KO cells, we observed between 0 and ~15 McTNs per cell,
with most cells having fewer than five McTNs within the imaging
plane (Fig. 2E). While this does not account for protrusions
extending in the z-direction, the results are overall consistent with
2D data (Fig. 2B). Again, we observed a subpopulation of cells with
more numerous McTNs in controls that was not present in CD44
KO cells (Fig. 2E). Furthermore, a larger proportion of CD44 KO
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cells expressed no McTNs. Cells expressing no McTNs were com-
pletely rounded and did not appear to productively engage the
surrounding matrix (Fig. 2F). The finding that some CD44 KO cells
are able to express McTNs in the 3D matrix may result from several
alternative mechanisms that emerge in the absence of CD44-HA
binding. First, other hyaladherins, such as RHAMM, not strongly
bound in 2D may engage more tightly in the 3D matrix and com-
pensate for CD44. Another possibility is that cells cultured in 3D
HA over the course of a week secrete matrix components that
engage adhesive receptors. Collectively, these data strongly indicate
that McTN formation is CD44-dependent.

McTNs Uniquely Depend on Microtubules over Actin, Cdc42, and
Myosin X. We next examined the extent to which McTNs depend
on actin and microtubules. Cytochalasin D-mediated inhibition of
actin polymerization increased both the number and length of
MCcTNs, whereas nocodazole-based inhibition of microtubule po-
lymerization reduced both the number of McTNs and the maxi-
mum protrusion length (Fig. 34). Addition of cytochalasin D to
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CD44 knockout cells, however, did not generate significant growth
of McTNs, indicating the necessity of CD44-HA adhesion to re-
inforce McTN formation and extension (SI Appendix, Fig. S7).
The few, short McTNs that formed were likely microtubules that
began to protrude but could not stabilize and grow. Notably,
MCcTN number and length were insensitive to the Cdc42 inhibitor
ML141 (Fig. 34), implying that these structures are not filopodia
(41). DIC imaging of cells during inhibitor treatment revealed that
previously existing McTNs not only persisted but continued to
grow after cytochalasin D treatment and were accompanied by
induction of new McTNs (Fig. 3B). In contrast, colchicine treat-
ment produced an initial collapse of most McTNs, followed by
slow collapse of the remaining McTNs (Fig. 3B). Addition of cy-
tochalasin D and nocodazole did not reduce localization of CD44
to the cell membrane (SI Appendix, Fig. S8). Thus, McTNs are
functionally distinct from filopodia, with McTN formation and
protrusion along the matrix promoted by microtubule polymeri-
zation and restricted by actin polymerization.

To explore these regulatory concepts in 3D, we modified our
MCcTN formation assay (Fig. 2D) to quantify McTN retention.
Specifically, cells were cultured for 1 wk to allow for McTNs to
grow and then imaged for 45 min prior to inhibitor treatment and
45 min after treatment (Fig. 3C). We hypothesized that if micro-
tubules were truly critical to McTN retention, inhibition of mi-
crotubules would result in McTN collapse, but inhibition of actin
would not. Comparing the lengths of individual McTNs 45 min
prior to inhibitor treatment and 45 min after inhibitor treatment
showed that dimethyl sulfoxide (DMSO) and cytochalasin D
treatment did not significantly affect protrusion length, but
nocodazole treatment resulted in decreased McTN length (Fig.
3D). Observation of individual protrusions suggested that while
MCcTNs collapsed gradually after nocodazole treatment, McTNs
were largely unaffected by cytochalasin D treatment (Fig. 3 £ and
F). The lack of McTN growth in response to microtubule dis-
ruption is consistent with a model in which McTN extension re-
quires degradation and remodeling of the HA matrix, which would
be expected to occur over days. Together, these results suggest a
similar microtubule dependence of McTNs in 3D matrix as ob-
served on 2D matrix.

To gain additional insight into McTN ultrastructure, we
revisited STORM to investigate cytoskeletal organization in
these structures (Fig. 44). In DMSO-treated controls, cell pro-
trusions were composed of linear actin filaments that extended
to the tips of some protrusions with interspersed and coaligned
microtubules. Notably, cells on HA matrix lacked large actin
bundles or lamellipodia. After cytochalasin D treatment, fila-
mentous actin organization was not discernible, and microtubules
dominated the core of long protrusions. Nocodazole treatment
disrupted nearly all microtubule structures, with some short mi-
crotubule fragments present at the periphery. Nocodazole-treated
cells expressed short actin filaments around the periphery. As a
whole, nocodazole-treated cells were rounded and did not appear
to interact with the HA matrix, consistent with our previous re-
sults. We also used SIM to examine the localization of myosin X, a
recognized filopodial tip marker thought to contribute to actin
polymerization and traction force generation (42). While these
cells did not strongly express myosin X at the tips of filopodia even
when seeded on HA-RGD, some myosin X was present in the
lamellipodia of cells on HA-RGD (Fig. 4B). In contrast, cells on
HA matrix expressed almost no myosin X in protrusions. To-
gether, these results underscore mechanistic differences between
filopodia and McTNs.

McTNs Are Dynamic and Participate in Cell Adhesion and Motility. To
gain deeper mechanistic insight into the dynamic interplay of
microtubules and actin in McTNs, we applied live-cell SIM im-
aging to cells on HA matrix expressing GFP-tubulin and RFP-
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LifeAct. While control cells on glass exhibited more traditional
migratory structures in which microtubules and actin were not
strongly colocalized and short filopodial structures decorated the
leading edge, cells on HA displayed a different morphology
(Fig. 5 A and B). Cells on bare HA matrix exhibited strong
colocalization of actin filaments and microtubules in linear
protrusions. Furthermore, colocalized actin filaments and mi-
crotubules underwent retrograde flow at the leading edge of the
cell at qualitatively similar rates (Fig. 5B and Movie S1). Cells on
HA-RGD rarely showed colocalization of actin and microtubules,
with actin filaments again outlining the cell periphery (Fig. 5C and
Movie S2). Retrograde flow on HA-RGD also appeared to be
much slower than on bare HA matrix (Movie S2).

To investigate the role of McTNs in cell adhesion, mechanics,
and motility, we pharmacologically manipulated McTN dynamics
while probing these processes in several different in vitro para-
digms. Using a centrifugal adhesion assay, we found that disrup-
tion of microtubules reduced adhesion while disruption of actin
polymerization increased adhesion in both U-87 MG and U-251
MG cells (Fig. 64 and SI Appendix, Fig. S94). These results were
consistent with our previous observations that nocodazole-treated
cells are rounded on HA matrix while cytochalasin D-treated cells
express more and longer McTNs. In contrast, disruption of mi-
crotubule polymerization did not affect adhesion to HA-RGD
matrix (Fig. 6B). Disruption of either microtubules or actin de-
creased 2D random migration on HA, with actin disruption
resulting in a more extreme reduction of motility (Fig. 6C and SI
Appendix, Fig. S9B). However, disruption of microtubules did not
affect 2D migration on HA-RGD, despite affecting cell mor-
phology and spreading (Fig. 6D and SI Appendix, Fig. S104). This
implies that cells on HA as opposed to HA-RGD treated with
microtubule polymerization inhibitors do not adhere strongly
enough to generate traction forces necessary for migration. The
loss of microtubule-mediated signaling may also or alternatively
reduce F-actin assembly, thereby reducing the area of adhesion
and number of adhesive bonds engaged with the surface. Con-
versely, cells treated with actin polymerization inhibitors can adhere
strongly but cannot generate sufficient actomyosin-based traction to
support motility. Moderate inhibition of myosin II-mediated con-
tractility by blebbistatin resulted in an increase in HA adhesion and
decrease of migration speed on 2D HA substrates (Fig. 6 4 and C).
These results mirrored trends observed with actin polymerization
inhibitors although to a lesser extreme. To characterize migration
in environments characteristic of confined geometries found in
tissue, we seeded cells onto HA or HA-RGD microchannels. We
saw a similar relative effect of inhibitors on migration of cells in
HA microchannels as on 2D matrix (Fig. 6E). Microtubule dis-
ruption slowed migration of cells on HA-RGD microchannels
(Fig. 6F) but did not prevent cells from attaching and spreading to
some degree in HA-RGD channels (SI Appendix, Fig. S10B). SIM
imaging revealed that blebbistatin treatment resulted in longer,
thinner McTNs with more prominent microtubule-based structures
than with DMSO alone (Fig. 6G). Microtubule-driven protrusion
or microtubule-based signaling and CD44-mediated adhesion thus
seem to balance actomyosin-driven contractility in McTN-based
motility (Fig. 6H). In contrast, integrin-RGD binding strengthens
adhesion and reinforces actin bundles, which reduces the need for
mechanical balance by microtubule polymerization or signaling.

Based on this model, we hypothesized that McTNs must bear
tension. Laser ablation of an McTN extending from a U-251 MG
cell on HA directly verified this hypothesis (Fig. 6/ and Movie
S3) After ablation, the microtubule component was no longer visi-
ble, presumably due to rapid microtubule depolymerization
induced by the ablation (43). The cell body shifted away from the
site of laser ablation, implying that the ablated McTN had been
maintaining a tensile force between the cell body and the
HA matrix.
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multiple comparisons test. Blue lines represent median with interquartile range. (B) DIC imaging of U-251 MG cells shows McTNs increase in length and
number with cytochalasin D treatment while McTNs collapse with colchicine treatment. (Scale bars: 10 um.) (C) Schematic showing McTN formation assay.
Cells are seeded in 3D HA and cultured for 7 d. Cells are imaged for at least 45 min, an inhibitor is added, and then cells are again imaged for 45 min while
MCcTN lengths are tracked. (D) Length of tracked McTNs at 45 min before inhibitor addition compared to 45 min after inhibitor addition in U-87 MG cells. n =
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McTN Formation Requires IQGAP1. The coupling of cytoskeletal
forces to cell traction and motility in integrin-based adhesion has
traditionally been framed in terms of a motor-clutch model (44,
45). In this paradigm, actin polymerization advances the leading
edge and establishes matrix adhesions, which act as clutches that
transmit myosin-based centripetal forces to the matrix to allow
forward translocation of the cell. Based on our SIM imaging
revealing close coupling between actin and microtubule dynamics,
we hypothesized that an analogous motor-clutch mechanism may
be at play in McTNs, with McTNs acting as the protrusive element.
Such a model would require specific proteins to couple microtu-
bules, actin, and CD44. The IQGAP1/CLIP170 complex is a nat-
ural candidate in this regard. IQGAP1 has previously been shown
to complex with the microtubule-binding protein CLIP170 where it
can participate in microtubule capture to membrane-localized
Racl and Cdc42 in the leading edge of fibroblasts (46). Cross-
linking of actin and microtubules via IQGAP1 and CLIP170 has
also been implicated in neuronal dendrite and axonal growth cone
extension (47). IQGAP1-positive protrusions have been identified
in brain tissue culture (48), and IQGAP1 has previously been
suggested as a biomarker for aggressive GBM (49). Given that
IQGAP1 can also bind to CD44 and is important for HA binding
by CD44 (21), we asked whether IQGAP1, CLIP170, and CD44
collectively contribute to McTN formation, cell adhesion, and
cell motility.

SIM imaging of cells on HA revealed colocalization of
IQGAP1, CLIP170, actin, and microtubules in McTNs (Fig. 74).
IQGAP1 strongly colocalized to actin both in cells on HA and
HA-RGD matrices where it is available for complexation with
CLIP170 (SI Appendix, Fig. S11 A and B). Protrusions positive for
actin and microtubules were also positive for IQGAP1 and
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Fig. 4. Organization of microtubules and actin
within McTNs. (A) STORM imaging of U-251 MG cells
treated with DMSO as a control shows actin fila-
ments extending around the cell periphery with mi-
crotubules interspersed and extending to the ends of
MCcTN tips. After cytochalasin D treatment, most
protrusions contain microtubules at the core. Cells
treated with nocodazole adhere poorly to HA, re-
main rounded, and express only short, actin-positive
protrusions at the periphery. Dashed line boxes
represent Inset area. Insets show protrusions at cell
periphery. (Scale bars: 2 um.) (B) U-251 MG cells on
bare HA do not express myosin X at the cell periph-
ery. Cells on HA-RGD have some myosin X at the
leading edge compared to cells on HA. (Scale bars:

Tubulin 5 um.)

CLIP170, with 71 + 18% of protrusions positive for all four
components (SI Appendix, Fig. S11C). To test functional contri-
butions of IQGAP1 to McTN formation, we used CRISPR/Cas9
gene editing to knock out IQGAP1 in U-87 MG cells (SI Ap-
pendix, Fig. S11D). Fewer IQGAP1 KO cells formed long McTNs
(>10 pm) than controls (Fig. 7B and SI Appendix, Fig. S11E).
IQGAP1 KO cells also exhibited more blebbing than controls,
perhaps indicating a more contractile state (SI Appendix, Fig.
S11 F and G) (50). IQGAP1 KO cells still spread on HA-RGD,
albeit with a more circular, less polarized morphology (SI Ap-
pendix, Fig. S12), possibly reflecting IQGAP1’s association with
actin and Rho GTPases (51). Consistent with these morphological
observations, IQGAP1 KO had no effect on cell adhesion to the
HA-RGD matrix but dramatically reduced adhesion to the HA
matrix (Fig. 7C). The random 2D migration speed of IQGAP1
KO cells was moderately reduced both on HA and HA-RGD
(Fig. 7D). Thus, RGD-integrin binding is largely preserved in the
absence of IQGAP1, but CD44-mediated binding to the HA-rich
matrix is largely abrogated.

To more deeply explore the disease relevance of these find-
ings, we analyzed The Cancer Genome Atlas (TCGA) to explore
associations between IQGAPI, CLIPI (CLIP170), and CD44
gene expression and GBM. CD44 and IQGAPI gene expression
was strongly correlated (Pearson’s product-moment coefficient
of 0.61). Both CD44 and IQGAPI are highly overexpressed in
GBM (Fig. 7E). Furthermore, IQGAPI1, CLIP1 (CLIP170), and
CD44 show GBM subtype-specific expression patterns, with the
highest expression levels in the most aggressive mesenchymal
subtype and the lowest expression levels in the least aggressive
proneural subtype. We also probed the CD44 and IQGAP1 status
in a panel of GSCs which have been previously characterized by
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Actin

Fig. 5. Microtubules and actin align and undergo coordinated retrograde flow in McTNs. (A) On glass, U-251 MG cells express short actin filaments. (Scale
bar: 5 um.) (B) Microtubules and actin grow in parallel and undergo retrograde flow in U-251 MG cells on HA. Arrow shows an example microtubule and actin
microfilament in parallel. (Scale bar: 5 pm.) (C) Microtubule and actin are less strongly colocalized in U-251 MG cells on HA-RGD compared to HA. The arrow
shows an example where a microtubule is growing in parallel with actin. (Scale bar: 5 pm.)

subtype (52) (Fig. 7F). Consistent with results from TCGA, we
observed a dramatic up-regulation in CD44 as well as an up-
regulation of IQGAP1 in the mesenchymal subtype compared to
the proneural and classical subtypes. All of the cell lines expressed
levels of the standard isoform of CD44 (CD44s) detectable by
Western blotting, except GSC 268 and GSC 6-27, and isoform
expression of CD44 was not observed (Fig. 7F and SI Appendix,
Figs. S64 and S13). While low IQGAP1 expression in histological
samples has been associated with longer patient survival relative to
samples with high expression (49), no correlation was observed
between gene expression and survival using median expression as
a cutoff for survival analysis (Fig. 7G). CD44 and CLIPI
(CLIP170) gene expression correlated with patient survival
(Fig. 7G). The modest survival difference correlated with high
compared to low CD44 expression is consistent with previous
findings that an intermediate level of CD44 exhibits the strongest
correlation with poor patient survival (39).

Discussion

Here, we investigated molecular and biophysical mechanisms
through which GBM cells adhere to HA matrix. We find that
GBM cells interact with HA via McTNs, which are long, thin
protrusions rich in the HA receptor CD44, which we show is
necessary for cell adhesion and McTN stability. Motility assays
and laser ablation indicate that McTNs are stabilized by a bal-
ance of actomyosin-driven contraction, microtubule-driven pro-
trusion, and CD44-mediated adhesion. Mechanical coupling of
actin and microtubules with McTNs appears to be reinforced by
a complex of IQGAP1 and CLIP170, and loss of IQGAP1 spe-
cifically disrupts adhesion and motility on HA.

MCcTNs, which can be functionally defined as microtubule-positive
protrusions that elongate following actin depolymerization, have
been observed in circulating tumor cells (CTCs), where they are
believed to facilitate endothelial adhesion prior to extravasation
(30-32). However, to our knowledge, these structures have not

Wolf et al.

been previously appreciated in the context of 2D or 3D migra-
tion in or on a solid-state matrix. It is therefore informative to
compare McTNs to canonically described migratory processes.
MCcTNs share some morphological similarities with filopodia,
such as the high aspect ratio and presence of actin filaments (53).
However, the lack of Cdc42 dependence and myosin X positivity,
together with the dependence on CD44 and microtubules for
formation and elongation, suggests that McTNs are structurally
and functionally distinct from filopodia. McTNs in 3D show some
similarities with pseudopodia, although pseudopodia are usually
observed in a context of integrin adhesion in a fibrillar matrix
rather than a nanoporous matrix lacking integrin ligands (54, 55).
Nonetheless, additional characterization and comparison of mo-
lecular composition and dynamics are necessary to establish the
degree of similarity between these protrusions and develop a more
rigorous operational definition. Our findings may also offer mech-
anistic insight into GBM progression in vivo. Micronemes, micro-
tubes, and other long, protrusive structures have been described in
GBMs yet their molecular characteristics and mechanisms of for-
mation remain incompletely elucidated. In particular, McTNs bear
several key similarities to recently reported membrane micro-
tubes, which are postulated to connect cells into a multicellular
network that facilitates exchange of resistance factors (56). Key
similarities are the inclusion of actin and microtubules, lack of
myosin X, and similar morphology. While it is not clear that
MCcTNs are functionally related to microtubes, our results and
model may offer mechanistic insights into how microtubes and
related processes arise in GBM.

These data also provide insights into how CD44 supports cell
motility. Our HA platform enables us to isolate and investigate
the role of CD44-HA binding in driving invasion. Importantly, CD44
is sufficient to drive the formation of tension-bearing protrusions
that enable motility in the complete absence of integrin ligands.
We have previously demonstrated that CD44-HA-based ad-
hesion occurs more rapidly than integrin-based adhesion (17), and
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control DMSO. (Scale bars: 10 pm.) (H) Schematic of cell morphology on HA compared to HA-RGD. Cells on HA exhibit McTNs. (/) Laser ablation of McTN in U-
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reduces retrograde actin flow or up-regulates F-actin assembly,
which balances actomyosin-based contractility (57, 58). With the
lack of reinforced, localized cell-matrix interactions in the con-
text of CD44-HA binding and low integrin binding found in cells
in HA-rich matrix, more internal protrusive forces or signaling

imaging in this study suggests CD44 covers the membrane
rather than localizing to specific binding regions analogous to
integrins in focal adhesions. Furthermore, CD44-mediated
adhesion alone does not support strong actin bundling or the
formation of large lamellipodia. These findings suggest that

CD44 binding is characterized by many rapid, weak interactions
with the ECM, whereas integrin binding is characterized by fewer,
more slowly mechanically reinforced interactions. These two
systems give rise to fundamentally different cytoskeletal archi-
tectures. Microtubule polymerization, through mechanical re-
inforcement and/or modulation of tubulin-mediated signaling,
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cues from microtubules may be needed to balance actomyosin
contractility (59). Consistent with this idea, microtubule-based
motility is increasingly recognized as key to migration through
tightly confined channels or soft 3D matrix in which focal adhesion
formation may be restricted (59, 60). Furthermore, GBM cells have
been reported to migrate despite treatment with pharmacological
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the high expression group, and n = 263 patients in the low expression group. P values determined by log-rank Mantel-Cox comparison.
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inhibitors of actin polymerization (61). This may also explain why we
observed McTNs in both 3D HA and HA-RGD but not in 2D HA
and HA-RGD, with much greater prominence in 3D than in 2D.

Several studies have identified IQGAP1 as an important
marker of GBM invasion, but the mechanisms underlying the
expression of this biomarker remain poorly understood (48, 49,
51). In particular, IQGAP1-positive processes protruding from
GBM cells have been identified in brain tissue culture slices (48).
Our work suggests that IQGAP1 may be contributing directly to
invasive McTN machinery through the coupling of actin and mi-
crotubules in complex with CLIP170 and possibly CD44. None-
theless, it is important to acknowledge that CD44, IQGAP1, and
microtubules can all trigger other types of intracellular signals
which likely contribute to migratory phenotypes. Microtubule
disruption releases monomeric tubulin potentially along with actin
regulatory factors, which could in turn promote actin polymeri-
zation and contractility (57, 62, 63). CD44, IQGAP1, and micro-
tubules all up-regulate and depend to some degree on Racl
signaling (55, 64). It is possible that disrupting one of these
components also reduces Racl signaling, which in turn impedes
MCcTN growth. While the nature of the relationship between
IQGAP1, CLIP170, CD44, actin, and microtubules remains to be
further elucidated, our study suggests strong interplay that is
particularly important in the context of low-integrin, high-CD44
engagement compared to high-integrin engagement.

While targeting CD44 is effective in reducing tumor invasion in
animal models (14, 15), initial clinical studies of antibodies tar-
geting one isoform of CD44 in breast or squamous cell carcinoma
failed due to high toxicity from nonspecific interactions with CD44
in other organs, such as skin (65, 66). Our findings highlight the
need to understand the role of CD44—cytoskeletal interactions to
elucidate more specific targets. These findings also underscore
compositional and mechanistic differences in protrusions forming
in microenvironments lacking nonfibrillar guidance cues and rich
in HA. McTN function should be further studied to better un-
derstand the relevance of these structures in disease progression,
such as how McTNs participate in matrix remodeling or whether
they facilitate cell-cell communication. Given the morphological
similarities between McTNs and protrusions involved in invasion
and cell—cell communication in vivo (38, 56), establishment of
functional similarities could generate new mechanistic insight and
therapeutic targets difficult to elucidate in animal models. Finally,
understanding how McTN expression relates to molecular subtype
and tumor recurrence would focus efforts to target McTN-based
motility in patients who would most benefit.

Methods

Cell Lines. U-251 MG and U-87 MG human GBM cells were obtained from the
University of California, Berkeley Tissue Culture Facility, which sources its
cultures directly from the ATCC. GSC-11, GSC-268, GSC6-27, GSC-28, GSC-267,
GSC-240, GSC-262, GSC-20, and GSC-295 cells were kindly provided from
Joseph McCarty and Erik Sulman, MD Anderson Cancer Center, Houston, TX.
LO cells were originally obtained from Brent Reynolds, University of Florida,
Gainesville, FL, and maintained as described in previous publications (67-69).

Ex Vivo Mouse Brain Model. Samples were derived from mice that were cared
for by the University of California, Berkeley Office for Animal Care and Use,
and all experiments were approved by Berkeley’s Institutional Animal Care
and Use Committee. Brain slice culture was performed following institu-
tional and national regulations in accordance with the American Association
for Accreditation of Laboratory Animal Care using a previously established
method (70). Mouse brain tissue (female, 18 mo old) was cut into 1-mm-thick

1. M. J. Bissell, D. Radisky, Putting tumours in context. Nat. Rev. Cancer 1, 46-54 (2001).

2. Q. T. Ostrom et al., CBTRUS statistical report: Primary brain and central nervous sys-
tem tumors diagnosed in the United States in 2008-2012. Neuro Oncol. 17 (suppl. 4),
iv1-iv62 (2015).

3. R. Stupp et al.; European Organisation for Research and Treatment of Cancer Brain
Tumour and Radiation Oncology Groups; National Cancer Institute of Canada
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slices immediately after transcardial saline perfusion and extraction. Brain
slices were cultured in 10% (vol/vol) serum medium in the upper chamber of
a Boyden (transwell) chamber on top of a 5-um pore size polyester mem-
brane (Corning) with 10% (vol/vol) serum medium in the lower chamber. To
each slice, ~1,500 U-251 MG cells expressing GFP-tubulin and RFP-LifeAct in
50 uL of medium were seeded onto the center of the slice, and invasion was
tracked using confocal microscopy. After culture, the whole slice was fixed
using 4% (wt/vol) paraformaldehyde in PBS for 1 h, placed on a glass-
bottom dish, and immediately imaged by SIM.

Laser Ablation. For laser ablation studies, an upright Olympus BX51WI mi-
croscope (Olympus Corporation) equipped with swept field confocal technol-
ogy (Bruker) and a Ti:Sapphire 2-photon Chameleon Ultra Il laser (Coherent)
was used. The two-photon laser was set to 770 nm, and ablation was per-
formed using three 20-ms pulses. Live-cell imaging was performed using an
Olympus LUMPIanFL N 60x/1.0 water dipping objective. Cells were kept at
37 °C using a stage-top sample heater (Warner Instruments). Images were
captured using an electron multiplying charge-coupled device (EM-CCD)
camera (Photometrics). The following emission filters were used: Quad FF-01-
446/523/600/677-25 (Semrock) and 525/50 ET525/50 (Chroma). PrairieView
Software (v. 5.3 U3, Bruker) was used to acquire images.

STORM Imaging. The 3D-STORM imaging (71, 72) was carried out on a home-
built setup using a Nikon CFI Plan Apo A 100x oil immersion objective (nu-
merical aperture 1.45), as described previously (33, 73). Briefly, the sample
was mounted with an imaging buffer consisting of 5% (wt/vol) glucose,
100 mM cysteamine, 0.8 mg/mL glucose oxidase, and 40 pg/mL catalase in
1 M Tris-HCI (pH 7.5). Dye molecules were photoswitched to the dark state
and imaged using either 647- or 560-nm lasers; these lasers were passed
through an acousto-optic tunable filter and introduced through an optical
fiber into the back focal plane of the microscope and onto the sample at
~2 kW-cm™2. A translation stage shifted the laser beams toward the edge of
the objective so that light reached the sample at incident angles slightly
smaller than the critical angle of the glass—water interface. Single-molecule
emission was recorded with an Andor iXon Ultra 897 EM-CCD camera at a
frame rate of 110 Hz, for a total of ~80,000 frames per image. For 3D-STORM,
a cylindrical lens of focal length 1 m was inserted into the imaging path to
introduce astigmatism (72). The raw STORM data were analyzed according to
previously described methods (71, 72). Two-color imaging was performed via
sequential imaging of targets labeled by Alexa Fluor 647 and CF568.
Additional methods and details can be found in S/ Appendix.

Data Availability. All data discussed in the paper are included in this published
article and S/ Appendix.
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