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The recent discovery of distinct, ultra-long, and highly functional membrane protrusions in gliomas, particularly in astrocytomas,
extends our understanding of how these tumors progress in the brain and how they resist therapies. In this article, we will focus on
ideas on how to target these membrane protrusions, for which we have suggested the term “tumor microtubes” (TMs), and the
malignant multicellular network they form. First, we discuss TM-specific features and their differential biological functions known
so far. Second, the connection between 1p/19q codeletion and the inability to form functional TMs via certain neurodevelopmen-
tal pathways is presented; this could provide an explanation for the distinct clinical features of oligodendrogliomas. Third, the role
of TMs for primary and potentially also adaptive resistance to cytotoxic therapies is highlighted. Fourth, avenues for therapeutic
approaches to inhibit TM formation and/or function are discussed, with a focus on disruption (or exploitation) of network func-
tionality. Finally, we propose ideas on how to use TMs as a biomarker in glioma patients. An increasing understanding of TMs in
clinical and preclinical settings will show us whether they really are a long-sought-after Achilles’ heel of treatment-resistant

gliomas.
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It has been known for more than a hundred years that the
tumor cells of particularly aggressive and treatment-resistant
primary brain tumors have a phenotype that is indicative of
multiple cellular extensions. Precisely described by R. Virchow
as “glioma durum” (1863-1865), and by T. Simon as “spider-
cell glioma” (1874), it soon became clear that tumor cells
have an “astrocytic” (i.e., star-shaped) morphology, leading to
the term “astrocytomas.”® These starlike processes in reactive
glial and astrocytic tumor cells appeared broader and shorter in
thin sections than the extensions of, for instance, neurons in
the normal brain. However, “fibrillary” features in astrocytic tu-
mors were reported from early on, first by Bailey and Cushing in
1926." The biological basis for these morphological phenome-
na of astrocytomas, however, had not gained much attention
until recently.

By using in vivo 2-photon microscopy through a chronic cra-
nial window in mice and following the growth of brain-implanted
primary glioma cell lines that were derived from patients and
strictly kept under nondifferentiating (stemlike) growth condi-
tions, it was possible to increase our understanding of these

tumors by 2 more dimensions.? Seeing all 3 dimensions in
space was instrumental to discover that a plethora of extremely
long (up to >500 wm) and very thin (1-2 um thick) membrane
protrusions were formed by glioblastoma (astrocytoma grade
IV) cells, partly invading the normal brain at the invasive edge,
partly interconnecting single tumor cells to a multicellular net-
work. The fourth dimension, time, was instrumental to further
characterize these membrane protrusions. By following individu-
al tumor cells in distinct tumor regions over minutes to months
(up to one year), it became evident that these membrane protru-
sions were used to constantly scan the brain, to colonize it by
travel of nuclei in these tubes to distant places, and to finally
form a communicating multicellular network that helps glioma
cells to resist the adverse effects of radiotherapy.?>

In this review article, we will highlight our current concepts
with respect to these membrane tubes and discuss clinical impli-
cations: how this knowledge helps us to understand some known
differences in the clinical course of gliomas, how it might be used
to develop novel therapies in the future, and how it could poten-
tially help to stratify patients for established ones.
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Features of Tumor Microtubes: Their
Biological Roles and Their Relation to Known
Cellular Extensions

Two fundamental biological roles have been discovered for
tumor microtubes (TMs) so far: (i) as leading structures for gli-
oma cell invasion and proliferation, allowing effective brain col-
onization, and (ii) as a means of interconnection of single
glioma cells to one large syncytium, resulting in a functional
and resistant network.> At this moment in time, it is not clear
whether only one “type” of TM exists or at least 2 different types
of TMs are responsible for both fundamental biological roles.
The neuronal growth-associated protein 43 (GAP-43) appeared
to be important for all of those known functions of TMs. In con-
trast, the gap junction protein connexin 43 (Cx43; not to be
confused with GAP-43), regularly located at TMs and their fre-
quent crossing sites and thus connecting tumor cells to one
functional syncytium, did not clearly influence the occurence
and function of invasive TMs.? This might also explain why dif-
ferent groups found divergent roles with respect to glioma pro-
gression for Cx43.“ We will learn in the future what molecular
players drive the different biological functions of TMs in
gliomas.

In principle, the discovery of TMs in gliomas supports the in-
creasing perception of tumors as organism-like entities that hi-
jack normal developmental programs to successfully grow,
interact with the host, and withstand adverse events.”~’ In
line with this, GAP-43 is highly expressed both in axonal growth
cones®? and in the growth cone-like tips of growing TMs. Fur-
thermore, it drives both neuronal progenitor cell'® and
TM-dependent astrocytoma cell migrations. In the end,
GAP-43 seems to be a master regulator of basic cellular pro-
grams leading to long membrane extensions: GAP-43 overex-
pression has been described before as being sufficient for the
outgrowth of membrane tubes in neuronal** and even in non-
neuronal®? cells.

In development, invasive cell migration has been shown to
depend on long cellular extensions that act as “pathfinders” in
response to guidance cues.® This seems to apply for neuronal
migration during brain development, too.'* Remarkably, these
findings are very similar to what we have seen for TMs during
progression of astrocytomas in the mouse brain.? Moreover,
very long cellular extensions and their role in cell-to-cell com-
munication processes have caught the attention of researchers
before.’® In development, intercellular membrane tubes were
first described in Drosophila,'® where they seem to be involved
in stem cell signaling.”’ Likewise, in adult cell types, they can
play a role in functional cell-cell coupling,'®~?° which includes
tumor cells.?* These membrane tubes have received many
names, including membrane nanotubes (MNs), tunneling
nanotubes, and cytonemes. However, the definitive function(s)
of membrane tube connections for mammalian tissues and in
tumor biology remains an open question.??

Although TMs share many features with these previously de-
scribed MNs, differences do exist (Table 1). These unique fea-
tures led us to propose the new term “tumor microtubes” for
the membrane extensions of glioma cells. This does not ex-
clude that tumor cell MNs in vitro could be a model for TMs in
vivo, where much longer time intervals are available for growth

Table 1. Characteristics of TMs in comparison with known features of
membrane nanotubes (MNs; also known as tunneling nanotubes)

Feature TMs MNs
Width Mean, 1.7 um <1 pum
Maximum length >500 wm ~100 pm
Lifetime Days, up to Minutes, up to
>200 60
Connection between cells GJ separated  Open/GJ
separated
Content (frequent)
Actin + +
Mitochondria + +
Endoplasmic reticulum + +
Microvesicles + +
Myosin Ila + ?
Myosin X - +
Microtubules + (+; only
subsets)
Functions
Directed travel of nuclei + -
Directed travel of mitochondria ~ + +
Propagation of ICWs + + (if GJ
separated)
Active scanning of environment  + (+)
Cell invasion + ?
Mediation of resistance to + ?
cytotoxic therapy
Repair of damage in/to + +
connected cells
Stem cell signaling ? +
Pathogen spread ? +

Abbreviation: GJ, gap junctions.

of size, extent of intercellular connectivity, and increase in func-
tionality. More than that, future research will reveal whether
these membrane microtubes can also be found in other
tumor entities inside and outside the CNS, and enhance our
knowledge about their distinct cytological characteristics,
which will support the determination of the best terminology.
For now, we regard “TM” as a working term.

A Possible Explanation of Why 1p/19q
Codeleted Gliomas Respond Better to
Treatment

It has been a long-standing question in neuro-oncology about
why patients with 1p/19q codeleted gliomas, that is, oligoden-
drogliomas (according to the upcoming revision of the World
Health Organization [WHO] classification), show such a differ-
ent course of disease compared with patients with 1p/19q non-
codeleted tumors, that is, astrocytomas. It was clear that not a
single gene but most probably a combination of factors located
on the 2 chromosomal parts have to be involved, since deletion
of only 1p or 19q was not found to be associated with improved
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survival.?® This issue becomes even more interesting in light of

the recent discovery that 1p/19q codeleted and non-codeleted
gliomas share frequent molecular alterations, like mutations in
the isocitrate dehydrogenase (IDH) 1 and 2 genes. However,
the 1p/19q codeletion defines an own, clear molecular sub-
group®“~2® and is associated with a high responsiveness to
combined radio- and chemotherapy?’?® and increased apopto-
sis of tumor cells.?® Of note, diffuse astrocytomas remain incur-
able neoplasms for the vast majority of patients, which
includes those suffering from IDH-mutated tumors. This is in-
deed in contrast to 1p/19q codeleted, regularly IDH-mutated
oligodendrogliomas, where long-term, secondary analyses of
2 phase I1I studies (with median follow-up times of 135-140
mo) showed a remarkably high number of long-term survivors,
reaching 40%-50% when these patients received combined
radiochemotherapy in the primary setting.?’+?® Importantly,
another analysis revealed that the 1p/19q codeletion still pro-
longed survival compared with the subgroup of IDH-mutated,
non-codeleted gliomas (14.7 vs 5.5 y overall survival when
treated with combined radiochemotherapy in the primary set-
ting®®). These data support the prognostic importance of the
1p/19q codeletion, independent of the also favorable IDH
mutation.

In our recent work, we demonstrate that (i) 1p/19q non-
codeleted patients’ gliomas are rich in long and intercellular
TMs, while 1p/19q codeleted ones are not; (ii) TM length in-
creases with WHO grade; and (iii) the RNA-Seq gene expression
data of 250 human gliomas of the database of The Cancer Ge-
nome Atlas can be used to detect crucial molecular pathways
that are relatively higher expressed in 1p/19q non-codeleted
gliomas, which includes the gap junction protein Cx43
(among the top 100 higher expressed genes in non-codeleted
tumors), but also core pathways that drive neurite formation
and the extension of neurite-like membrane protrusion.? Core
neurotrophic factors that drive GAP-43 expression are located
on both chromosomal parts 1p and 19q.2

These data—together with the role of TMs in treatment re-
sistance (see the next section)—provide a novel explanation for
the differences associated with 1p/19q status in gliomas. It
does not explain, however, why a relevant number of gliomas
acquire the 1p/19q codeletion at all; one might consider un-
known advantages in early tumorigenesis and/or a promotive
role of the IDH mutation for the unbalanced translocation
that leads to this codeletion. It is also not clear whether the
strong connection of TM and 1p/19q status in patient tissue is
restricted to untreated gliomas; only those have been analyzed
so far. Finally, it remains to be seen whether TMs can be found
in other glioma types without 1p/19q codeletion (eg, ependy-
moma, ganglioglioma, pilocytic astrocytoma).

Tumor Microtube Connectivity as a Cellular
Factor of Primary and Adaptive Resistance

In the previous paragraphs, we have argued that TMs are charac-
teristic for 1p/19q non-codeleted gliomas, where they connect
single tumor cells with each other, but are strongly reduced in
1p/19q codeleted tumors, at least in the primary setting. This
was a first indication that TMs might be involved in treatment re-
sistance. To better understand the role of TMs for tumor integrity

and resistance, we took advantage of the fact that individual as-
trocytoma cells showed a striking heterogeneity: While the pro-
portion of TM-connected cells slightly increased with tumor
progression, a substantial part of astrocytoma cells (40%-60%)
remained unconnected, in both mouse and human. Indeed,
while TM-connected astrocytoma cells were protected from cell
death that followed radiotherapy in mice, neighboring unconnect-
ed tumor cells died in relevant numbers. Moreover, when forma-
tion of functional TMs was inhibited via GAP-43 knockdown,
radioresistance of astrocytomas greatly decreased; this might,
however, be also attributable to GAP-43 functions unrelated to
TM formation. Finally, TM connectivity and function increased
after radiotherapy in experimental astrocytomas in vivo. Remark-
ably, TM-connected individual tumor cells of the astrocytoma net-
work were regularly replaced by a TM-dependent repair response
after being depleted by a micro laser beam; this was only infre-
quently (25%) observed when tumor cells were not TM connected
to others. Similar mechanisms can be observed when a larger
brain region is photodamaged (Fig. 1). Together this speaks for
an important role of TM-mediated network connectivity for
tumor cell resistance and for maintaining the integrity of the en-
tire tumor cell network. Future research should address the ques-
tion of whether these “protect-and-repair” functions of TMs are
also involved when other standard glioma therapies are applied.

4
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i’

Before photodamage

Fig. 1. TMs in damage repair. Photodamage via high-intensity laser
scanning of a mouse brain subregion of 100 x 100 pm (dashed box).
The brain region is diffusely invaded by single glioblastoma cells, and
long, very thin TMs are visible. After photodamage of the subregion
that harbored TMs of neighboring glioblastoma cells, those extend
new, long, actin-rich processes into the damaged area (arrows), and
the area is rapidly colonized by densely packed tumor cells. Note also
the overall increase in TMs over time. Yellow, LifeAct-YFP (an in vivo
marker for actin), expressing primary glioblastoma cells. Blue, brain
parenchyma microvessels labeled by i.v. injection of a fluorescent
dextran. Images were acquired by in vivo 2-photon microscopy
through a chronic cranial window.
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To explore potential mechanisms of TM-mediated protection
from cytotoxicity, we measured basal intracellular calcium levels
in astrocytoma cells before and during radiotherapy, using a
ratiometric calcium indicator. Basal calcium levels were very
homogeneous in nonirradiated cells, as well as in TM-connected
cells during radiotherapy, while unconnected cells developed a
high variability of their intracellular calcium levels during irradia-
tion.? Increases of intracellular calcium levels are required for
radiotherapy-induced cytotoxicity,! and even small calcium in-
creases are involved in intrinsic apoptotic cell death in glioma
cells.>? Thus, one can speculate that intercellular TMs can serve
as a means for an individual cell to distribute small molecules like
calcium within the larger network, achieving nonlethal levels.

Of note, the gap junction protein Cx43 is also highly expressed
in nonmalignant astrocytes, connecting them to one functional
multicellular network. Remarkably, their connectivity by Cx43
gap junctions makes them resistant to oxidative stress,*?
which resembles our astrocytoma data. Normal brain astrocytes
can also develop MNs, which depends on p53 activation.* Astro-
cytes are particularly resistant to chemotherapy,®® and it has
been described before that they can even connect to melanoma
cells and protect them from chemotherapy via gap junction

A

connections, allowing for better cellular homeostasis when cyto-
toxic stress occurs,36just as we have suggested for astrocytomas.
Finally, a recent study found another potential mechanism of
how astrocytes can protect brain metastatic tumor cells: by a
phosphatase and tensin homolog (PTEN) loss conferred by
PTEN downregulating miRNAs that are present in astrocytic exo-
somes.>” Together with the known role of PTEN loss in chemore-
sistance in glioma,*® and the fact that miRNAs can also use gap
junctions to travel between glioma cells,*® the question emerges
whether glioma cells themselves can use their TM-associated
gap junctions to protect themselves by exchanging not only
small inorganic molecules like calcium, but also miRNAs, thus
orchestrating gene expression in connected cells.?

Potential Avenues for the Development
of Therapies Targeting Tumor Microtubes

When considering the described morphology and functions of
TMs, multiple avenues emerge that might be used to exploit
these features for novel antitumor therapies in the future.
Figure 2 gives an overview of 6 different options that we feel

Intercellular Calcium Waves via TMs

Cell-Cell Communication

F

Exploitation of Multicellular Interconnectivity

Opportunity for Introduction of Toxic Molecules

Locally Applied, GJ-Permeable Therapeutics

E

Dissemination of Nucleus + Organelles

Brain Colonization, TM Functionality

Inh. of TM Motility Machinery?

GJ, IP3, ATP-R (+ Ca?*?) Inhibitors

B

Exchange of Molecules via TMs

Cellular Homeostasis; ,,Buffering”

GJ Inhibitors (Cx43; other Cx?)

C

TM Growth / Extension

Invasion, Proliferation, Interconnection

Inh. of GAP-43; other Neurotrophins?

Stable TM

Anatomical Cell-Cell Connection

Inh. of GAP-43; Actin; Fusion Proteins?

Fig. 2. Schematic of TM function in glioma cells and potential avenues of how to target them. For details, see text. Bold print, approaches where
supportive experimental data regarding significant inhibition exist.? Upper boxes: Features of TMs; middle boxes: biological functions mediated by
TMs; lower boxes: therapeutics suggested to target or exploit TMs. GJ, gap junction(s); ATP-R, ATP receptors.
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are promising strategies to target TM integrity and function.
These include approaches with existing experimental data
supporting principal effectiveness (Fig. 2A-C), but also more
theoretical considerations that appear promising for future
explorations (Fig. 2D-F).

(1) We have demonstrated that astrocytoma cells use their

—

-

TMs to communicate with each other over long distances,
which includes cells in denser tumor areas, as well as cells
invading deep into the normal brain parenchyma, thus con-
necting the more solid and diffuse areas of one glioma to a
large functional syncytium. The tumor cells employ inter-
cellular calcium waves (ICWs) that frequently run over
large tumor areas to communicate with each other. ICWs
can coordinate the activity of individual cells in a multicel-
lular tissue, thus creating a communicating functional net-
work.*? This includes astrocytes of the normal brain,***?
neurons,“® and radial glial cells during CNS development.*?
While astrocytoma cells used all of the main known strat-
egies for TM-mediated ICW communication (inositol tri-
phosphate [IP3] traveling through gap junctions, and
extracellular ATP*%), co-recorded normal brain astrocytes
in these brain areas used primarily ATP; thus, an opportuni-
ty for specific tumor targeting might arise. However, the
multiple physiological functions of gap junctions*® need
to be considered. Next to gap junction-inhibiting drugs
(including carbenoxolone, which is approved for gastric
ulcer treatment in some countries and showed strong
inhibitory effects on astrocytoma ICWs in our model), in-
hibitors of other ICW propagating molecules (IP3, ATP
receptors) and of other classes of calcium antagonists
might be interesting candidates. Nevertheless, a particular-
ly effective inhibition of Cx43 will most likely result in side
effects, given the important physiological role of this gap
junction protein.? Other connexins with a potentially higher
relevance for the more hypoxic core of astrocytomas, such
as Cx46,** should also be considered—if specific inhibitors
can be developed.

Inhibition of gap junctions might also prevent cellular ho-
meostasis between the TM-connected cells of the tumor
network, thereby making glioma cells more vulnerable.
We have validated that different gap junction-permeable
molecules can be exchanged between astrocytoma cells
via their TMs, but large molecules that do not pass through
gap junctions (such as green or red fluorescent jellyfish
proteins) are not exchanged.? Table 2 gives an overview
of molecules and ions that can in principle pass through
gap junctions. As outlined above, exchange of the gap
junction-permeable calcium ion likely contributes to the
radioresistant phenotype of TM-connected tumor cells.
In accordance with this, inhibition of functional TMs by
GAP-43 deficiency leads not only to a strong downregula-
tion of the Cx43 gap junction protein, but also to a dra-
matic increase in radioresponse in our astrocytoma
animal model.? Thus, gap junction inhibition is an interest-
ing option that should be particularly explored as a radio-
sensitizer, perhaps concomitant with other cytotoxic
agents.*”

Inhibition of the formation of functional TMs by GAP-43 defi-
ciency decreased invasion, proliferation, interconnection,

Table 2. Molecules that have been found to be gap junction-
permeable and thus can in principle be exchanged between
TM-connected glioma cells

Gap junction-permeable molecules potentially beneficial for glioma
cells

o SiRNAs/miRNAs (up to 23 mers) with growth- and

resistance-promoting effects

Calcium (prevention of peak levels, homeostasis)

IP3 (propagation of ICWs)

ATP, AMP, cyclic AMP

e Amino acids

e Glutathione (antioxidant)

Gap junction-permeable molecules potentially detrimental for glioma
cells

o SiIRNAs/miRNAs (up to 23 mers) with growth inhibitory and
antiresistant effects

e (x43-channel permeable cytotoxic drugs (in principle, up to
>760 MW/ > 80 A for Cx43°% most chemotherapeutics are smaller)

° ?

and markedly tumor radioresistance in our astrocytoma
mouse model. As outlined above, 1p/19q non-codeleted as-
trocytomas show a distinct activation pattern of pathways
that are involved in early neuronal development. In normal
development, these pathways drive the outgrowth of neu-
rites, which leads to neuronal axons and dendrites; they
should be less important for the adult brain. This is true for

GAP-43 (which, however, might still be involved in

experience-dependent plasticity until adulthood*®) and po-

tentially also for other neurogenesis pathways, making
them interesting principle targets for drug development.

Next to screening approaches for small molecule inhibitors,

gene therapy might be considered.

TMs have a distinct morphology, but many of their structural

features are shared with normal cells in the body, such as

high actin levels, and a potent cellular motility machinery.

Thus, instead of attacking these structures directly, it appears

more promising to study whether interference with GAP-43

(and potentially other proteins of neurite outgrowth) will

inhibit not only the formation of TMs, but also their stability.

This is unknown so far. Moreover, cell adhesion molecules

that are crucial for TMs and support their stability and con-

nectivity should be investigated; their extracellular position
would make them feasible drug targets.

(5) The high content of mitochondria and other cell organelles
in TMs and the efficient and fast travel of nuclei after mitosis
in TMs make one wonder whether the TM motility machinery
has specific features, and thus can be targeted without com-
promising normal cellular functions. This is unknown so far.

(6) Maybe a completely different approach should be consid-
ered: not attacking TMs, but exploiting them, thus “hijacking”
the network connectivity to distribute local or CSF-injected
toxic molecules to distant tumor cells. These molecules,
however, need to be gap junction permeable. A list of theo-
retical options of gap junction-permeable agents is provid-
ed in Table 2.

=
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Tumor Microtube Status as a Predictive
Biomarker?

While 0°-methylguanine-DNA methyltransferase promoter
methylation status has emerged as a good biomarker to predict
the likelihood of response to temozolomide chemotherapy in gli-
omas,*”*® a clinically useful predictive biomarker for radiothera-
py is lacking. Using the IDH1-R132H mutation specific antibody*’
available in (neuro)pathology departments throughout the
world, we could show that glioma cell-derived membrane ex-
tensions indicative of TMs can be readily detected in standard
paraffin sections of resected glioma tissue from patients. Techni-
cally, the more invasive tumor parts allowed best measurement
of the maximum length of TMs, and this value correlated clearly
with 1p/19q status and tumor grade. However, there was a sub-
stantial overlap between 1p/19q codeleted and non-codeleted
gliomas, particularly in the mid-range of 50-100 wm maximum
TM length in standard thin sections.” This makes it very interest-
ing to explore whether maximum TM length in resected gliomas
correlates with response to the subsequent radiotherapy and
thus should be prospectively tested in clinical trials as a predic-
tive biomarker.

Importantly, the ability to unequivocally detect tumor cell-
derived filamentous structures in the brain parenchyma that is
filament rich by itself has proved instrumental to reliably mea-
sure TM length in standard sections. Besides the antibody specif-
ic for IDH1-R132H, not many other established options exist
to achieve this; the antibody specific for BRAF V600E mutation
appears to be a feasible method,? but this mutation is rare in dif-
fuse gliomas. Therefore, new methods that allow unambiguous
staining and measurement of tumor cell-derived TMs are war-
ranted to extend these analyses to primary glioblastomas.

Conclusions

The recent discovery of brain-colonizing and interconnecting
TMs in astrocytomas, including glioblastomas, has the potential
to modify our understanding of the nature of these diseases.
More than that, it inspires our imagination of how particularly re-
sistant gliomas might be approached with classes of therapeutics
that are different from those established today or currently under
investigation. The future will show whether these hopes will ma-
terialize into a feasible, brain-penetrable, well-tolerated therapy
that is effective in glioma patients. At this moment in time, a
TM-targeting therapy given concomitantly with established treat-
ment modalities such as irradiation appears most promising. To
target TMs, inhibition of the neurodevelopmental pathways in-
strumental for TM formation but probably less important for
the adult brain should be preferentially considered.

Conflict of interest statement. MO, WW, FW: Patent pending re-
garding the Cx43 and GAP-43 inhibition to inhibit TM functions
and formation.
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