ARTICL!

LL]

doi:10.1038/nature1l6071

Brain tumour cells interconnect to a
functional and resistant network
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Astrocytic brain tumours, including glioblastomas, are incurable neoplasms characterized by diffusely infiltrative growth.
Here we show that many tumour cells in astrocytomas extend ultra-long membrane protrusions, and use these distinct
tumour microtubes as routes for brain invasion, proliferation, and to interconnect over long distances. The resulting
network allows multicellular communication through microtube-associated gap junctions. When damage to the network
occurred, tumour microtubes were used for repair. Moreover, the microtube-connected astrocytoma cells, but not those
remaining unconnected throughout tumour progression, were protected from cell death inflicted by radiotherapy. The
neuronal growth-associated protein 43 was important for microtube formation and function, and drove microtube-
dependent tumour cell invasion, proliferation, interconnection, and radioresistance. Oligodendroglial brain tumours
were deficient in this mechanism. In summary, astrocytomas can develop functional multicellular network structures.
Disconnection of astrocytoma cells by targeting their tumour microtubes emerges as a new principle to reduce the

treatment resistance of this disease.

Astrocytomas (World Health Organisation grades II, IIT and IV; grade
IV are called glioblastomas) are prototypical examples for highly inva-
sive tumours that diffusely colonize their host organ’, which ultimately
leads to neurological dysfunction and death despite intensive radio-
and chemotherapy. Oligodendroglioma is another glioma type that
shares many molecular features like frequent isocitrate dehydrogenase
(IDHI and IDH2) mutations>>, but is less invasive and far more vul-
nerable to therapeutic intervention than astrocytomas. A codeletion
of the chromosomal parts 1p and 19q is characteristic for oligoden-
drogliomas, but absent in astrocytomas®*. This codeletion allows for
molecular subgrouping®~, and is associated with a high responsiveness
of oligodendrogliomas to radiochemotherapy, leading to marked long-
term survival benefits>®. The reason for that remained unclear, just as
the specific mechanism(s) of resistance in 1p/19q intact astrocytomas.

Here we describe the discovery of a direct anatomical connection
between astrocytoma cells, with relevance for tumour functionality and
resistance. Similar cell-cell connections by membrane tubes have been

first described in Drosophila development”. They can play a role in the
transport of organelles and proteins®?, spread of infectious particles!®,
stem cell signalling'!, and functional cell-cell coupling!?>-!%. Studied
mostly in vitro so far, these tubes have received many names, including
membrane nanotubes, tunnelling nanotubes, or cytonemes. However,
the exact function(s) of membrane tube connections in mammalian
tissues and in tumour biology remained unresolved®.

Membrane tubes in glioma progression

To study the occurrence and dynamics of membrane tube protru-
sions in mammalian tumours, we followed gliomas growing in the
mouse brain by in vivo multiphoton laser-scanning microscopy
(MPLSM) down to a depth of 750 um (ref. 16), for up to one year.
After transplantation of patient-derived glioblastoma cell lines (n = 6)
that were kept under serum-free, stem-like conditions'” (GBMSCs;
non-codeleted for 1p/19q, and IDH wild-type; Extended Data
Fig. la-k), many tumour cells formed ultra-long cellular protrusions.
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Figure 1 | Distinct membrane microtubes of brain tumour cells.

a, In vivo MPLSM maximum intensity projections (MIPs) of $24

GBMSCs growing in the mouse brain over 60 days (D). Arrows, thin
cellular protrusions extending into the normal brain; arrowheads, long
intratumoral protrusions. b, Travel of nuclei (arrows, arrowheads)

after nuclear division (at 23 and 103 h) in cellular protrusions of 24
GBMSCs. 3D images. ¢, Protrusions are actin-rich, and interconnect
single tumour cells (arrowheads, $24 Lifeact-YFP, MIP). d, Scanning
electron microscopy (SEM) image of a $24 GBMSC membrane microtube
(arrow, identified by GFP photo-oxidation) in the mouse brain. Asterisks,
axons. e, 3D rendering (z dimension 90 um) of membrane microtubes
interconnecting single S24 GBMSCs. Intercellular (connecting) and
non-connecting tubes, and connected and unconnected tumour cells are
shown colour-coded. f, Number of membrane microtubes per $24 tumour
cell that connect this cell to another tumour cell (n=141-437 cells in
n=13 mice). g, h, Representative confocal IDHIR132H mutation-specific
immunofluorescence images of a human astrocytoma grade II (All, g) and
oligodendroglioma grade ITI (OITI, h). i, Maximum length of IDHR13?H -
positive microtubular structures in human oligodendrogliomas (O, 1p/19q
codeleted) grade II, III; and astrocytomas (A, 1p/19q non-codeleted) grade
II, Il and IV (glioblastoma, GBM); n = 20-24 patients per tumour entity,
n=105 total. a-c and e-f, in vivo MPLSM. Error bars show s.d.

These protrusions infiltrated the normal brain at the invasive front
(Fig. 1a), where astrocytoma cells extended and retracted them in a
scanning mode (Supplementary Video 1). Protrusion tips were highly
dynamic (Extended Data Fig. 11), similar to neuronal growth cones
during development'8. When tumours progressed, the number of cel-
lular protrusions increased further, some exceeding 500 um in length
(Extended Data Fig. 2a). The resulting membrane tubes where used as
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tracks for travel of cell nuclei, for example, after mitosis (Fig. 1b; speed
of travelling nuclei: 66.42 £ 36.25 um per day, n=16 nuclei in n =6
mice.). These data suggest that membrane tube formation is a novel
means of tumour dissemination, adding to the known strategies'®.

All membrane tubes were actin-rich (Fig. 1c), which is also typical
for most membrane nanotubes®. Moreover, live imaging and immuno-
histochemistry revealed that they were indeed enclosed by a contin-
uous cell membrane, and positive for myosin Ila, microtubules, and
protein disulphide isomerase; partly positive for B-catenin, B-parvin,
and the astrocytic marker GFAP; but largely negative for N-cadherin,
myosin X, and the neuronal marker -tubulin IIT (Extended Data
Fig. 2b, c). Together, these data indicate that these membrane tubes
have a unique composition and a potent motility machinery. Dendritic
arborization was frequent, with more dynamic thin membrane tubes
originating from more stable, thicker ones (Fig. 1c, Extended Data
Fig. 3a, b). To allow ultrastructural analysis of these thin tumour
cell-derived tubes in the mouse brain by electron microscopy, pho-
to-oxidation of brain sections was performed. This resulted in dark
precipitates within the green fluorescent protein (GFP)-expressing
astrocytoma cell tubes (Extended Data Fig. 3c). Serial-section scan-
ning electron microscopy (3D SEM) revealed that the cell membrane-
enclosed tubes had a mean cross-sectional area of 1.57 + 0.33 um?
(n=6, Extended Data Fig. 3d), and contained mitochondria and
microvesicles (Fig. 1d), suggesting that there is local ATP production
and vesicle trafficking in the tubes. Interestingly, mitochondria travelled
quickly in these tubes (Extended Data Fig. 3e). Furthermore, a relevant
number of membrane microtubes were following axons in the brain
(19.6% of n=51; Fig. 1d, Extended Data Fig. 3f), which are known
leading structures for tumour cell dissemination in astrocytomas?.

In vivo imaging of membrane tube development over time revealed
that an increasing number started at one and ended at another astro-
cytoma cell, creating a multicellular anatomical network (Fig. 1e, f;
Supplementary Video 2a, b). Abundant intercellular membrane tubes
were also found in a genetic astrocytoma model?! (Extended Data
Fig. 3g, Supplementary Video 2c). Intercellular membrane tubes were
in part a result of cell division, with enduring stable contact of daughter
cells over long distances (Fig. 1b), but also of mating of non-related
astrocytoma cells (Extended Data Fig. 4a-g). A small proportion of
membrane tube-bearing astrocytoma cells maintained quiescent for
months, often in a perivascular niche that has been associated with
glioma cell stemness®? (Extended Data Fig. 4h, i).

The intercellular position of many astrocytoma membrane tubes,
together with their high content of F-actin, is reminiscent of mem-
brane nanotubes'®; however, the membrane nanotubes reported so
far had a width of below 1 um; a length of usually tens, rarely a few
hundreds of pm; and documented life time of less than 60 min. These
differences led us to propose the new term “tumour microtubes’, or
TMs, for the discovered ultra-long, long-lived, and thicker membrane
extensions of astrocytoma cells.

TMs characterize human astrocytomas

To investigate whether TMs are also characteristic for human brain
tumours, we stained resected WHO grade II-IV gliomas with
IDHIR32H mutations using a mutation-specific antibody?®. This
allowed us to unambiguously detect tumour-cell-derived membrane
tubes in the filament-rich brain parenchyma. Like in the astrocytoma
mouse models, TMs were abundant in patient tissue (Fig. 1g): 63% of
astrocytoma cells had intercellular TMs (n =196 cells in 100 um thick
sections of n=_8 WHO grade II-III tumours without 1p/19q codele-
tion; Supplementary Video 3). In contrast, only 0.7% of oligodendro-
glioma cells in human tumour samples had intercellular TMs (Fig. 1h;
n=150 cells from n = 3 oligodendrogliomas with 1p/19q codeletion),
and TMs were also rare in patient-derived oligodendroglioma cells that
formed tumours in mice (Extended Data Fig. 5a, b). Further analysis of
105 human gliomas revealed that TM formation was highly influenced
by tumour type and grade, with a marked positive correlation of TM
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Figure 2 | TM-connections allow communication in multicellular
networks. a, Time-lapse image of calcium waves (Rhod2-AM) travelling
along TMs of GBMSCs (bidirectional; arrows). Red arrow, crossing of

two TMs, with simultaneous calcium peak. b, Calcium transients (AF/Fj,
Rhod-2AM) of non-connected GMBSCs (grey) versus TM-connected cells
(blue); broken lines mark synchronous calcium transients. ¢, Synchronicity
(see Methods section) of calcium peaks in GBMSCs, shown for
TM-connected versus non-TM-connected tumour cells (n =40 versus

43 cells in n =3 mice per condition; ¢-tests). d, Representative heat map of
calcium transients between GBMSCs. e, Synchronicity of calcium peaks
during brain superfusion with extracellular saline (ES, control) versus

100 uM carbenoxolone (CBX) in GBMSCs (blue box) and normal brain
astrocytes (red box); n =3 mice per group; t-tests. f, SR101 uptake in a
non-TM-connected GBMSC (upper image) and a TM-connected one
(lower image). Right, corresponding quantification (AU, arbitrary units);
n =155 cells in n =3 mice per condition; Mann-Whitney test. All images
and analyses, in vivo MPLSM. GBMSCs, $24 line. Error bars show s.d.
*P<0.05, #*¥*P < 0.001.

length and unfavourable prognosis. For example, bona fide TMs of
a minimum of 50 pm length in standard thin sections were detect-
able in only 19% of WHO grade II oligodendrogliomas, but 93% of
WHO grade IV astrocytomas (= glioblastomas) (Fig. 1i). In astrocy-
tomas, TMs were even detected in the contralateral brain hemisphere
(Extended Data Fig. 5¢), and also in IDH wild-type tumours (Extended
Data Fig. 5d). The 1p/19q status better predicted TM occurrence than
morphological glioma classification (Extended Data Fig. 5e-g).

A communicating network

Intercellular calcium waves (ICWs) can coordinate the activity of
individual cells in multicellular networks, which includes astrocytes
of the normal brain?*?*, neurons®®, and radial glia cells during cen-
tral nervous system development?’. We observed extensive and long-
range ICWs, involving many astrocytoma cells in various tumour
regions (Supplementary Video 4). ICWs were propagated along TMs
in both directions (Fig. 2a, Extended Data Fig. 6a). Further analysis
confirmed that ICWs, measured by synchronicity of calcium fluc-
tuations, were largely restricted to astrocytoma cells with detectable
TM connections (Fig. 2b, c; Extended Data Fig. 6b), allowing com-
munication of individual cells in a reproducible pattern (Fig. 2b, d;
Extended Data Fig. 6¢, d).
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Figure 3 | Connexin 43 gap junctions connect TMs. a, Quantification

of Cx43 protein expression detected by immunohistochemistry in 1p/19
non-codeleted (IDH wild-type and IDH mutated) versus codeleted human
gliomas (n = 8 each, ANOVA, Tukey’s post-hoc test). b, Nestin and Cx43
double-immunofluorescence in $24 and T1 GBMSC tumours (arrows:
Cx43-positive TM-interconnections). ¢, SEM image of a direct membrane
contact of 2 TMs in the mouse brain. d, Synchronicity of calcium peaks in
§24 shControl versus shCx43 cells (n = 3 mice/condition; Mann-Whitney
test). e, T2 MRI images of shControl versus shCx43 tumours, 72 days after
implantation. Quantifications of n =6 animals per group (t-test). d, In vivo
MPLSM. Error bars show s.d. *P < 0.05; ***P < 0.001.

For membrane nanotubes, intercellular connections have been
reported in vitro to either be open ended?, or separated by gap junc-
tions'?, the latter as a prerequisite for ICW propagation'®. Indeed, phar-
macological gap junction blockade reduced the frequency (Extended
Data Fig. 6e) and synchronicity (Fig. 2e) of TM-mediated ICWs in
astrocytoma cells in vivo, but not in co-registered brain astrocytes
of that tumour region. Inhibition of inositol triphosphate, which is
gap-junction-permeable and the effector of gap-junction-mediated
ICW propagation?® also reduced ICW's between astrocytoma cells
(Extended Data Fig. 6f).

The functional connection of single astrocytoma cells via
TM-associated gap junctions was verified by rapid distribution of
the gap junction-permeable dye sulforhodamine 101 (ref. 28) in the
TM-connected cellular tumour cell network in vivo after local injec-
tion (Fig. 2f), which was inhibited by gap junction blockade (Extended
Data Fig. 5g). Further experiments confirmed that another gap
junction-permeable molecule was transferred between TM-connected
cells (Extended Data Fig. 6h-j), while gap junction-impermeable large
molecules were not (Extended Data Fig. 4c).

Connexin 43 connects TMs

To identify which of the known gap-junction-forming human connexins
is involved in TM-mediated cell-to-cell communication in astrocyto-
mas, we hypothesized that the deficiency of 1p/19q codeleted gliomas
for intercellular TMs might also result in lower expression of the rele-
vant TM-associated connexin(s). Analysis of 250 glioma samples of the
TCGA data set revealed a list of differentially expressed genes between
1p/19q codeleted versus non-codeleted human tumours. Of the 20 con-
nexins for which reads were mapped, only connexin 43 (also known
as Cx43, GJA1) was differentially expressed, and found to be among
the top 100 upregulated genes in 1p/19q non-codeleted tumours, both
in IDH mutated and wild-type ones (Supplementary Table 1). This
was confirmed in patient tumour tissue (Fig. 3a), and also in the pri-
mary glioma cell lines (Extended Data Fig. 6k). Confocal microscopy
revealed punctate Cx43 immunoreactivity particularly at the TMs of
astrocytoma cells (Fig. 3b), which was not seen for other connexins
(Extended Data Fig. 61). Remarkably, Cx43 immunoreactivity fre-
quently located at the place where two different TMs crossed each
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Figure 4 | TM-connected astrocytoma cell networks can repair
themselves, and resist radiotherapy. a, Time series of exemplary 3D
images (54 pm thickness) of a tumour region after laser-induced killing
of a GMBSC (circle). Over time a TM (arrowheads) is extended, and a
nucleus (asterisk) translocates via that TM to the place the killed cell had
been located. b, Time course after laser-induced photodamage (dotted
area), arrows: GBMSC TMs extending into the photodamaged region. MIP
of 21 um, n =3 mice. ¢, GBMSC tumour microregions (3D images, 20 pym
depth) before start of radiation (D0), and 7 days later (D7). Asterisks,

other (Fig. 3b). Contact sites of individual TMs with direct membrane-
membrane contact were also detected with 3D SEM (Fig. 3c). Further
analysis of our ICW data sets revealed that calcium waves can propagate
via those crossings from one TM to another (Fig. 2a, red arrow).

To investigate the functional role of the Cx43 gap junction protein
in astrocytoma progression, a stable short hairpin RNA knockdown
of Cx43 was performed in GBMSCs. This significantly reduced the
synchronicity of ICWs in vivo (Fig. 3d), and also the proportion of
astrocytoma cells with multiple TMs at later time points (Extended
Data Fig. 6m), which suggests a role for Cx43 gap-junction-mediated
communication in long-term stabilization of TMs. In accordance
with the proposed role of functional TMs for tumour progression,
Cx43 deficiency resulted in reduced tumour size as observed by MRI
(Fig. 3e) and improved survival (Extended Data Fig. 6n).

A self-repairing and resistant network

To investigate the role of TMs in damage repair in vivo, selective abla-
tion of single GBMSCs was performed by applying a fatal laser dose
to a fraction of their nuclear volume (1 pm?). If the ablated cell was a
prior member of the TM-connected network, new TMs were extended
towards the dead cell, and within a few days a new nucleus advanced
via those TMs to the location of the prior cell (Fig. 4a; n =8 reconsti-
tution events in 8 photodamaged tumour cells from n = 3 animals). If
anon-TM-connected GBMSC was ablated, such repair mechanism
was only infrequently observed (2/8 events in n=3 animals; P < 0.01,
Fisher’s exact test). Photon damage to a larger volume consisting of
6-10 GBMSCs and normal brain parenchyma resulted in rapid exten-
sion of TMs of neighbouring GBMSC:s into this area, followed by a
marked increase in tumour cell density specifically in the damaged
volume (Fig. 4b).

Next we investigated whether TM-connected tumour cell networks
were also resistant against the cytotoxic effects of radiation therapy,
a standard treatment of gliomas. While TM-connected cells were
largely protected from cell death, unconnected tumour cells died in
relevant numbers after radiotherapy (Fig. 4c, Extended Data Fig. 7a, b).
Furthermore, TM-connected astrocytoma cells increased both their TM
number (Fig. 4d) and their calcium communication (Fig. 4e, Extended
Data Fig. 7¢) as a reaction to radiotherapy. Concordantly, Cx43 knock-
down reduced the radioprotective effect of TM interconnections, while
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non-TM-connected GBMSCs; arrow, one exemplary cell with many TMs.
Graph, relative change of cellular subtypes under sham radiation (Sham),
or treated with radiation at 3 x 7 Gy (Rad) (n =3 mice per group, t-tests).
d, Number of TMs per cell in these fumours (3D images left side, n =50
cells per time point in n =3 mice per group, Mann-Whitney test).

e, Synchronicity of calcium transients after sham treatment or
radiotherapy in individual GBMSC tumour regions (Fluo-4AM, n =3
mice per group, Mann-Whitney test). All images, in vivo MPLSM.
GBMSCs, S24 line. Error bars show s.d. *P < 0.05, ***P < 0.001.

non-TM-connected astrocytoma cells regressed like in control tumours
(Extended Data Fig. 7d).

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 ratiomet-
ric calcium indicator. Basal calcium levels were very homogeneous in
non-irradiated cells, and also in TM-connected cells during radiother-
apy, while unconnected cells developed a high variability of their intra-
cellular calcium levels during irradiation (Extended Data Fig. 7e-h).

Drivers of TM formation

Next we sought to identify the crucial molecular pathways that
drive the formation of TMs to better understand their nature, and
to substantiate their role for tumour progression and resistance. For
this purpose, we first analysed the in silico data set of 1p/19q non-
codeleted versus codeleted human gliomas (Supplementary Table 1)
by using Ingenuity Pathway Analysis. Here, biological functions that
were prominently activated in 1p/19q non-codeleted astrocytomas
included “cellular movement” and “cell-to-cell signalling and inter-
action’, supporting the proposed function of TMs in these tumours
(Extended Data Fig. 8a, b for IDH mutant astrocytomas; similar
results for IDH wild-type astrocytomas, data not shown). Intriguingly,
we found many canonical pathways involved in the outgrowth of neu-
rites, and neurite-like membrane protrusions to be more activated
in 1p/19q non-codeleted gliomas, including integrin®’, phospho-
lipase C*, Rho family GTPases*', HMGB1°, and also the proto-
typical neurotrophin/TRK signalling pathways®® (Extended Data
Fig. 8¢; confirmed in IDH wild-type astrocytomas, data not shown).
The latter was confirmed at the protein level in human gliomas,
where the neurotrophins NGF (located on 1p) and NT-4 (19q) were
downregulated in 1p/19q codeleted tumours, and also their respec-
tive membrane receptors TrkA and TrkB, which has been described
before®® (Extended Data Fig. 9a).

When considering these results and reviewing the literature for
known downstream effectors particularly relevant for the formation
of neurite-like membrane protrusions, the growth-associated pro-
tein GAP-43 came into focus. GAP-43 is highly expressed in axonal
growth cones***, induced by neurotrophin receptor signalling®®’,
and drives neuronal progenitor cell migration®®. Remarkably, GAP-43
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Figure 5 | GAP-43 is required for TM outgrowth and function.

a, GAP-43 protein expression (immunohistochemistry) in 1p/19 non-
codeleted (IDH wild-type and IDH mutated) versus codeleted gliomas
(n=28 each) (ANOVA on the ranks, Student-Newman-Keuls post hoc
test). b, Inmunocytological images of GAP-43 protein, with preferential
GAP-43 localization at the tip of TMs. ¢, Single-plane images of control
and shGAP-43 knockdown GBMSC S24 tumours; right, corresponding
quantification (n = 3 mice per condition; Mann-Whitney tests).

d, Synchronicity analysis of calcium peaks in $24 shControl versus
shGAP-43 cells in vivo (n =3 mice; Mann-Whitney test). e, Time

overexpression is sufficient for the outgrowth of membrane tubes in
neuronal®® and even in non-neuronal® cells. Indeed, GAP-43 was sig-
nificantly higher expressed in 1p/19q non-codeleted human gliomas
(Fig. 5a) and primary stem-like cell lines (Extended Data Fig. 9b, c)
when compared with 1p/19q codeleted ones. Of note, GAP-43 prefer-
entially localized to the cone-like and nestin-negative tips of sprouting
TMs (Fig. 5b), similar to its known enrichment in the nerve growth
cone®.

To interfere with TM formation during astrocytoma progression,
we engineered GBMSCs with a genetic knockdown of GAP-43. While
in vitro viability of these cells was not affected (data not shown), their
TMs in vivo were structurally abnormal, with reduced branching
(Extended Data Fig. 9d). This was associated with an impaired dis-
semination of tumour cells (Fig. 5c, Extended Data Fig. 9e), result-
ing from both their decreased mean invasion speed (Extended Data
Fig. 9f) and proliferation capacity (Extended Data Fig. 9g) in the mouse
brain. Importantly, intercellular TM connections (Extended Data
Fig. 9h) and ICWs (Fig. 5d) were reduced in GAP-43 deficient tumours,
which was accompanied by a selective reduction of Cx43 gap junc-
tion protein expression (Extended Data Fig. 9i). These deficiencies in
TM-mediated features of tumour progression lead to a marked reduc-
tion of tumour size in the mouse brain (Extended Data Fig. 9j), and to
an improved survival of the animals (Extended Data Fig. 9k). When
radiotherapy was applied, GAP-43 deficiency resulted in an increased
regression of tumour cells, as revealed by repetitive in vivo MPLSM
(Fig. 5e). This was confirmed by MRIs 60 days after radiation, where
no relevant tumour-derived signal changes were detectable in shGap43
tumour bearing animals, while control tumours were large, causing
neurological symptoms in mice (Fig. 5f). Histological analysis at this
time point confirmed only small remnants of proliferation-deficient
tumour cells in GAP-43 knockdown tumours (Extended Data Fig. 91).

Finally, we overexpressed the GAP-43 protein in 1p/19q codeleted
primary oligodendroglioma cells, to achieve protein levels compa-
rable to the 1p/19q non-codeleted GBMSC lines (Extended Data
Fig. 9m). This lead to a morphological shift to a TM-rich, thus astro-
cytoma-like phenotype of GAP-43 overexpressing oligodendroglioma
cells (Fig. 5g, Extended Data Fig. 9n, o). Remarkably, the induction
of TM formation in these tumours resulted in an increase in tumour
cell invasion into the brain (Fig. 5g, Extended Data Fig. 9p), and also

course after irradiation of $24 shControl versus shGAP-43 tumours,
corresponding quantifications (n = 3 mice per group; t-tests). f, MRI
images of $24 shControl versus shGAP-43 tumours, 60 days after radiation
(115 days after tumour implantation); right, quantifications of 5-6 animals
per group (t-test). g, GAP-43 overexpression in BT088 oligodendroglial
stem-like cell lines (OSCs) versus controls, 14 days after injection.

h, Relative change of tumour volumes 21 days after radiotherapy in BT088
vector-control versus GAP-43 overexpression tumours (n = 3 mice per
group; t-test). c-e, g, h, In vivo MPLSM. Error bars show s.d. *P < 0.05,
*##P<0.01, #*#*P <0.001.

in an increase in radioresistance (Fig. 5h); both were comparably low
in control oligodendrogliomas.

Conclusions

The ability to interconnect via ultra-long and highly functional TMs is
an important mechanism of progression and resistance in astrocyto-
mas, and depends on molecular pathways that are active when 1p/19q
is intact. The resulting multicellular network is able to communicate via
Cx43 gap junction connections. Multiple functions have been reported
previously for different connexins in glioma pathology*'*%. This
includes Cx43, which is also highly expressed in non-malignant astro-
cytes, connecting them to functional and resistant*® cellular networks.
Here we provide one possible mechanism for this resistance: mainte-
nance of calcium homeostasis by network integration. Since increases
of intracellular calcium levels are required for radiotherapy-induced
cytotoxicity*, and even small calcium increases are involved in intrinsic
apoptotic cell death in glioma cells*, one can assume that intercellular
TMs can serve as a means for an individual tumour cell to distribute
critical elevations of small molecules like calcium within the larger
network, achieving nonlethal levels.

The data presented here support the notion that tumours are complex
organs, which has so far been attributed to the supportive contribution
of non-malignant cell types*’, including neurons in brain tumours*’.
Our study adds to this concept by demonstrating that single cancer cells
within one tumour communicate and cooperate with each other in a
complex but ordered manner that is by itself reminiscent of a functional
organ. It has become clear that tumours can hijack programs that are
part of normal tissue development*®. The key finding of this study is
that TMs, which are generated by GAP-43 just as axons are in neu-
rons, allow efficient tumour progression, network communication, and
resistance to adverse events (Extended Data Fig. 10). Thus we anticipate
that pharmacological targeting of TM formation and function will open
new therapeutical avenues for treatment-resistant brain tumours.
Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Animals, and surgical procedures. 8-10 weeks old male NMRI nude mice were
used for all studies with human primary brain tumour cells. As a syngeneic astro-
cytoma mouse model we used Nestin-Tv-a;TIx-GFP mice in combination with
RCAS-PDGFB/AKT vectors®!. All animal procedures were performed in accord-
ance with the institutional laboratory animal research guidelines after approval
of the Regierungsprasidium Karlsruhe, Germany (governmental authority). All
efforts were made to minimize animal suffering and to reduce the number of
animals used. Mice were clinically scored and if they showed marked neurological
symptoms or weight loss of >20%, experiments were terminated. In none of the
experiments these limits were exceeded. No maximum tumour size was defined
for the invasive brain tumour models.

Cranial window implantation in mice was done in a modification of what has
been previously described?, including a custom-made titanium ring for painless
head fixation during imaging.

2-3 weeks after cranial window implantation, 30,000 tumour cells were stereo-
tactically injected into the mouse brain at a depth of 500 pm. For survival experi-
ments we injected 50,000 tumour cells. In a subgroup of mice, a short plastic tube
was glued under the glass, with one end inside and one outside, which allowed
topical application of different substances under the window without the need
to re-open it.

For intratumoral microinjection of sulforhodamine 101 (SR101, Molecular
Probes, S-359), 50 nl of 100 uM SR101 (with or without 100 uM CBX, Sigma-
Aldrich, C4790) were injected with a very thin glass pipette into tumour regions
of similar cellular densities, >90 days after tumour injection.

Radiation treatment. Established tumours were irradiated with 7 Gy on three
consecutive days (total dose 21 Gy) in regions matching in tumour cell density
using a 6 MV linear accelerator with a 6 mm collimator (adjusted to the window
size) at a dose rate of 3 Gy min ! (Artiste, Siemens), or no radiation was applied
(sham radiation), at day 60 (£10 days) after tumour implantation. For MRI stud-
ies, a total brain radiation with the same dose and a field size of 17 mm x 250 mm
(allowing the irradiation of several mice) was used. The used radiation schedule
is in the range of the commonly prescribed 60 Gy in 2 Gy fractions for malignant
glioma patients, assuming an a/p of ~ 10 in the linear quadratic model and taking
into account the radiation time of 3 days.

In vivo multiphoton laser scanning microscopy (MPLSM). MPLSM imaging was
done with a Zeiss 7MP microscope (Zeiss) equipped with a Coherent Chameleon
Ultrall laser (Coherent). The following wavelengths were used for excitation:
750 nm (dsRed, FITC-dextrane, tdTomato), 840 nm (Fluo-4AM), 850 nm (GFP,
TRITC-dextrane, Rhod-2AM), 860 nm (CFP, for Forster Resonance Energy
Transfer (FRET) imaging) and 950 nm (tdTomato, YFP). Appropriate filter sets
(band pass 500-550 nm/band pass 575-610 nm and band pass 460-500 nm/band
pass 525-560 nm (for FRET)) were used. Standard settings for imaging were gains
between 650 and 750 nm (depending on the depth, the fluorescence intensity of
the fluorophore and the window quality), and a z-interval of 3 um. Laser power
was tuned as low as possible.

The body temperature of mice was kept constant using a rectal thermometer and
a heating pad. Isoflurane concentration (in 100% O,) was chosen as low as possible
(0.5-1.5%) to avoid interference with the calcium communication between astro-
cytoma cells. Fluorescent dextranes (FITC (2M MW)- or TRITC (500.000 MW)-
conjugated, 10 mg ml~!, Sigma) were injected intravenously to obtain angiograms.

For in vivo ablation of single astrocytoma cells, only the volume of the GFP-
labelled cell nucleus was exposed to continuous scanning with a high power
laser beam until disintegration of the nucleus became visible. To investigate the
reaction of TMs after the photodamage of a wider brain region, a larger volume
(0.5-1x10°um?) was scanned repetitively for approximately 8 min with high
power, resulting in a total photon dose that was >50 times higher than during
“diagnostic” imaging.

In vivo calcium imaging with MPLSM. The following small molecule calcium
indicators were applied to the brain surface for 45 min: for GFP-transfected tumour
cells, 2mM Rhod-2AM (Life Technologies, R-1244); for RFP-transfected, 2 mM
Fluo-4AM (Life Technologies, F-14201). Pharmacological gap junction inhibition
was achieved by superfusion with the inhibitor CBX (100 uM; control substance:
extracellular saline; n =3 mice per group). Other superfused substances were
suramin (100 uM, ATP antagonist) and 2-aminoethoxydiphenyl borate (2-APB,
100 uM, inhibitor of inositol triphosphate receptors). Two genetically encoded
calcium indicators were lentivirally transduced to GBMSCs: the Lck-GCaMP3
sensor in the rrl-CAG-1GC3 vector (CAG promoter to control expression of DsRed
and the Ca?>* sensor that monitors near-membrane changes in [Ca**];**). The
ratiometric calcium sensor Twitch-3 was used to determine intracellular calcium
concentrations by FRET as previously described®.

MRI studies. MRI images were obtained at day 72 after tumour implantation
for non-irradiated animals, and at day 115 for irradiated mice (60 days after
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radiotherapy; time points were chosen when first control animals developed
neurological symptoms and/or lost 20% weight, and had to be euthanized). All
scans were performed on a 9.4 T horizontal bore MR scanner (BioSpec 94/20
USR, Bruker BioSpin GmbH) with a four channel phased array surface coil.
A T2-weighted rapid acquisition with refocused echoes (RARE) sequence was
acquired to determine tumour volume.

Cell lines and cell culture experiments. Tumour cell lines derived from resected
glioblastomas were cultivated in DMEM-F12 under serum-free non-adherent,
‘stem-like’ conditions, including B27 supplement (12587-010, Gibco), insulin,
heparin, epidermal growth factor and fibroblast growth factor!”*> (GBMSCs:
P3, 824, T1, T269, T325, WJ]). These 6 GBMSC lines were selected because they
were capable of growing to tumours in mouse brains; all were non-codeleted for
1p/19q, and IDH wild-type. Two oligodendroglioma cell lines harbouring the
typical 1p/19q codeletion (BT088 and BT054) were kept under the same cell cul-
ture conditions™. Of note, BT054 is IDHI®'**" mutated, while BT088 has lost the
heterozygous IDHI®'3?H mutation of the patient tumour it was derived from, but
still maintains its GCIMP phenotype (data not shown). Typical genetic changes
of glioblastoma were confirmed for $24 using comparative genomic hybridization
(CGH, see Extended Data Fig. 1i); the T1, T269, T325 and W] lines had been
characterized before®?, as well as the P3 line™*. Cells were regularly checked for
mycoplasma infections and authenticity (species control).

Tumour cells were transduced with lentiviral vectors for multicolour imag-
ing. For cytosolic GFP expression, we used the pLKO.1-puro-CMV-TurboGFP_
shnon-target-vector (SHCO016 Sigma Aldrich), for cytosolic RFP (tdTomato)
expression the LeGo-T2 vector (gift from A. Trumpp), and nuclear GFP expres-
sion (H2B-GFP) was achieved by transduction with pLKO.1-LV-GFP (Addgene
25999, Elaine Fuchs). Transduction with pLenti6.2 hygro/V5-Lifeact-YFP made
it possible to image the in vivo dynamics of actin filaments, FUmGW (Addgene
22479, Connie Cepko) allowed in vivo illustration of cell membranes. Microtubuli
were marked using the LentiBrite GFP-Tubulin Lentiviral Biosensor (17-10206,
Merck Millipore). Lentiviral particles were produced as described before®. For
in vivo tracking of Myosin II, a plasmid transfection with FuGENE HD (Promega)
was performed with the Myosin-IIA-GFP vector (Addgene 38297, Matthew
Krummel).

Production of lentiviral knockdowns of Cx43 (pLKO1.1-puro-CMV-tGFP-
vector, Sigma Aldrich, target sequence: GCCCAAACTGATGGTGTCAAT)
and GAP-43 (pLKO1.1-puro-CMV-vector, Sigma Aldrich, target sequence:
TGTAGATGAAACCAAACCTAA) by shRNA technology was carried out
as described before®>. Control cells were infected with the appropriate non_
target shRNA-lentiviral particles (SHCO016, Sigma Aldrich). For overexpression
of GAP-43, the open reading frame of GAP-43 was cloned into the pCCL.PPT.
SFFV.MCS.IRES.eGFP.WPRE-vector backbone. Lentiviral particle production
and transduction of target cells was done as described before.

Tumour cells were incubated with the harvested virus and 8 mg ml ™! polybrene
(Merck Millipore) for 24 h. Quantification revealed a 80% protein knockdown for
Cx43 and a 92.5% for GAP-43 (Western Blot analyses). If necessary, tumour cells
were selected for the fluorophores by FACS sorting (BD FACSAria II Cell Sorter)
or antibiotics.

For tracking of mitochondria, the BacMam 2.0 technology was used (CellLight
Mitochondria-GFP, BacMam 2.0, C10600, Life Technologies).
Immunohistochemistry (IHC) and immunocytochemistry (ICC). For IHCs
and ICCs, standard protocols were used. For human brain analyses, thin (3 pm)
formalin-fixed paraffin-embedded human tissue sections from resected primary
gliomas were obtained from the Department of Neuropathology in Heidelberg
in accordance with local ethical approval. Human sections were incubated with
anti-BRAF-V600E (VE1, Ventana), anti-IDH1 R132H (H09, Dianova), anti-Cx43
(C6219, Sigma), anti-GAP-43 (8945, Cell Signaling), anti-NGF (ab52918, Abcam),
anti-NT4 (ab150437, Abcam), anti-TrkA (ab76291, Abcam) and anti-TrkB
(ab134155, Abcam) antibodies. If not explicitly stated, all oligodendrogliomas
had a 1p/19q codeletion, and all astrocytomas were non-codeleted for 1p/19q. To
detect contralateral tumour cells in human brains, large sections were analysed as
previously described®®.

For mouse brain analyses, animals were transcardially perfused with PBS
followed by 4.5% paraformaldehyde (PFA). For ICCs, cells were grown on glass
slides for 4 days and fixed with PFA. The following antibodies were used for
10 um cryotome sections and ICCs: anti-nestin (ab6320, Abcam, specific staining
of GBMSC:s, no signal detectable in normal mouse brain), in combination with
anti-B-catenin (ab16051, Abcam), anti-B-parvin (sc-50775, Santa Cruz), anti-beta
tubulin ITI (ab18207, Abcam), anti-Cx26 (ab59020, Abcam), anti-Cx31 (ab156582,
Abcam), anti-Cx37 (ab185820, Abcam), anti-Cx43, anti-GAP-43, anti-GFAP
(20334, Dako), anti-Ki-67 (M7240, Dako), anti-myosin Ila (ab24762, Abcam),
anti-myosin X (22430002, Novus Bioscience), anti-N-cadherin (ab18203, Abcam),
and anti-PDI (ab3672, Abcam).

© 2015 Macmillan Publishers Limited. All rights reserved
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Photo-oxidation of GFP, and serial section scanning electron microscopy
(SEM). Ten $24 GBMSC brain tumour tissue blocks were prepared for photo-
oxidation as described previously>”. Serial 70 nm thick sections of photo-oxidated
epon-embedded tissue were produced using 3D SEM as described before. A
volume of 747 um? was imaged. Specimens were imaged with a Zeiss 1530 scanning
electron microscope. Images were aligned manually.

Western Blot. Western blots were performed according to standard protocols.
Total protein lysates (20-50 pg) were electrophoretically separated using a 10%
SDS-PAGE. After blotting and blocking, the primary antibodies (see above) were
incubated over night at 4°C. As loading control, anti-GAPDH antibody (C4780,
Linaris), or anti-alpha-tubulin antibody (T9026, Sigma) was used.
Electroporation/microinjection. Horizontal acute brain slices were obtained from
2 NMRI nude mice with 131 days old S24 as described™. Patch electrodes with
resistances of 5-10 MQ were filled with Lucifer yellow (5 mg ml™!, L0259, Sigma)
and approached to identified tumour cells under visual control using a 63 x, NA 1.0
dipping lens (Zeiss). The dye was transferred into tumour cells with an Axoporator
800A (Axon instruments) by 1-ms square voltage pulses at 50 Hz. Pulse amplitude
was adjusted between —5V and —20V and train duration was adjusted up to 3 s
to receive sufficient labelling of the target cell.

Image processing. MPLSM images were acquired by the ZEISS ZEN Software
(Zeiss, Germany). After primary image calculation (for example, subtraction of
different channels to remove unspecific background), images were transferred to
Imaris (Bitplane, Switzerland) to allow 3D visualization, rendering and analysis
of the data. For illustration of different aspects single planes, maximum inten-
sity projections (MIPs) or 3D images were used. For exemplary illustration of
tumour cell interconnectivity and TM branches, z-stacks were rendered manually
(tumour cell bodies with surface function; TMs with filament tracker function).
When a TM started at one cell and ended at another, these cells were defined
as connected. Serial electron micrographs were reconstructed using OpenCAR
software. 3D analysis of electron microscopy images was done using the Amira
5.4.6 software (Visage Imaging, Richmond, Australia). Some of the data (for
example, calcium imaging) were transferred to the Image]J software (Rasband,
W.S., Image], NIH). Videos were extracted from ZEN or Imaris and edited in
Adobe Premiere Pro CS6.

Quantification of histology and MPLSM imaging data. In patient tumour tissue
(only from primary tumour resections), maximum TM length was measured in
standard 3 um thin IDHI*3?H THC sections. Here, TMs were divided into 3 groups:
<50 um (not qualifying as definite TM, because other cellular structures might still
be confused with filamentous structures of this length); shorter TMs of 50-100 pm,
and longer TMs of >100 um length. Quantitative analysis of human ITHCs was done
by a Histoscore (range 0-300) as described before®*6!,

For in vivo imaging data, TM numbers, branches per TM and connections per
cell were counted manually, and TM lengths were measured manually in the slice
mode in Imaris. Cells without a TM connection were defined as “non-connected”
and cells with at least one TM-connection as “connected”. TMs were also classified
as connecting when the connected cell was outside the region of interest. To analyse
the number of TMs before and after irradiation, the TMs of individual, identical
cells were counted at both time points. The mean speed of tumour cell invasion
in $24 shControl versus shGAP-43 tumours was determined by analysis of three
consecutive imaging time points within a 24 h time interval in vivo. Distances of
tumour cells to the main tumour mass (defined as a radius of 0.5 mm around the
middle of the main tumour) were analysed and grouped, or displayed as individ-
ual distances to the main tumour core in tumours that were much less invasive
(oligodendrogliomas). Nuclei and mitochondria (time-lapse imaging data) were
marked using the spot function of Imaris. They were connected to tracks and the
mean track speed was calculated. For quantification and analysis of fluorescence
intensity after SR101 application, all GFP-expressing tumour cells in a volume
were marked using the spot function of Imaris and then mean intensities of the
SR101-channel of these spots were calculated and compared with each other. For
quantification of tumour volumes two regions per animal were marked using the
surface function of Imaris.

Quantification and analysis of calcium imaging data. Tumour cells and non-
malignant brain astrocytes were identified by GFP/RFP expression and uptake of
the chemical calcium indicator, and marked manually by the use of the region of
interest manager of Image]. Mean grey values were measured over time. This data
was processed by the program GNU Octave 3.8.1 (John W. Eaton, GPL): images
were normalized to the background fluorescence using a sliding interval of £10
images. Local maxima of calcium signals were detected by the findpeaks function
(signal package, Octave-Forge). Thus the number of calcium peaks of each cell (N)
could be determined and the frequency (f) was calculated. The frequency was
standardized for the cell number of each region. Synchronous cells, the number of
synchronous communications, and the time point of the synchronous firing were

determined. Analysis was done in a window of 2 frames around each peak. This
allowed to assess the synchronicity S (S € R™U {0}), which was defined by us as
the fraction of the whole number of synchronous cells (Ns,y) divided by the num-
ber of calcium peaks for the given cell (N¢,). In case the cells were not active, a
synchronicity of zero was allotted.

. Nom - for N, >0
Synchronicity S = { Nca
0 for Ng,=0

Hence, synchronicity states the average number of interactions at the same time
point. For example, in a system with a synchronicity of 1, a firing cell interacts
with a second one; for a synchronicity of 10, one cell is communicating with 10
other cells.

For the comparison between different blockers in vivo, the synchronicity was
normalized to the baseline level. Finally, the results were summed up by a heat
map. The number of calcium peaks of these cells were coded by a colour map.
Synchronic cells were connected by lines, whereat the colour described the time
point of the synchronic firing.

For measurement of relative changes in fluorescence intensity, tumour cells

were again marked manually and relative changes were calculated (AF/F). Fy was
defined as the average intensity of the 20% lowest grey values in a region of interest.
Quantification and analysis of MRI images. The slice with the largest tumour
area per mouse was chosen, and both the tumour (hyperintense on T2-weighted
images) and the whole brain were segmented manually. The ratio of these two
areas were determined and compared between the different groups (n =6 mice
per group, t-tests).
Functional characterization of differential mRNA expression of human
gliomas. RNA sequencing raw data (mapped to genes) and curated IDH-1/2 muta-
tion data were downloaded from The Cancer Genome Atlas (TCGA) data portal
on 30 January 2015, and last updated on 6 May 2015. Additionally, copy-number
calls (using GISTIC 2.0) from the cBioPortal®? and 450k- as well as CNV-NMF-
clustering results from the Broad GDAC Firehose (http://gdac.broadinstitute.
org/) were acquired. Only IDH mutant samples which clearly clustered to either
the 1p/19q codeleted or 1p/19q non-codeleted group (and had the respective
copy-number profile; 194 samples: 124 non-codeleted, 70 codeleted) were kept
for further analysis. The rationale to restrict the primary analysis on IDH mutated
gliomas was that the IDH mutation itself has a profound impact on epigenetic and
gene expression patterns in gliomas®>. First, normalization and differential gene
expression analysis of RNA sequencing counts was performed using the edgeR
package®, which assumes a negative binomial distribution of count data, filter-
ing lowly expressed transcripts. Differentially activated signalling pathways and
downstream effects between codeleted and non-codeleted IDH mutated tumours
were analysed with the proprietary Ingenuity Pathway Analysis (Qiagen) using a
fold change filter of |1.5| and FDR-q < 0.05% for the input list. Briefly, the software
calculates both an overlap P value (based on Fisher’s exact test) and an activa-
tion z score, which is based on the expression state of activating and inhibiting
genes, for manually curated pathways and downstream biological functions. For
this exploratory, hypothesis-generating study, results with both P< 0.1 and a
z score > |1.5| were kept.

To confirm the relevance of the results for IDH wild-type astrocytomas, we

also analysed functional transcriptomic differences between IDH wild-type, non-
codeleted gliomas (1 =56) and IDH mutated, 1p/19q codeleted gliomas (n=70)
from the TCGA RNASeq data using the analysis strategy from above. As this was
a secondary, exploratory analysis, we did not perform multiple-testing adjustments
for the results of our primary analysis.
Statistics. The results of image analyses were transferred to the SigmaPlot
Software (Systat Software, Inc.) to test the statistical significance with the appro-
priate tests (data were tested for normality using the Shapiro-Wilk test and for
equal variance). Statistical significance was assessed by the two-sided Student’s
t-test for normally distributed data. Otherwise a Mann-Whitney test was used
for non-normal distributions. For more than two groups a one way ANOVA or
an ANOVA on the ranks was performed. For contingency tables, a Fisher’s exact
test was used. For Kaplan—Meier survival analysis, a log rank test was performed.
Results were considered statistically significant if the P value was below 0.05.
Quantifications were done blinded by two independent investigators. Animal
group sizes were as low as possible and empirically chosen, and longitudinal meas-
urements allowed a reduction of animal numbers by maintaining an adequate
power. No statistical methods were used to predetermine sample size. If treat-
ments were applied, animals were randomized to these procedures. Quantitative
in vivo data are normally depicted as mean =+ standard deviation. The calculated
calcium imaging frequency and synchronicity values were corrected for outliers
using the Nalimov test.
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Extended Data Figure 1 | Different primary glioblastoma cell lines
(GBMSCs) growing to astrocytic tumours in the mouse brain.

a—f, In vivo microscopy (3D) of 6 different GBMSC lines (all non-
codeleted for 1p/19q, and IDH wild-type) reveals abundant formation of
ultra-long membrane protrusions in the mouse brain: T1 (a), T269 (b),
T325 (c), S24 (d), WJ (e), and P3 (f) (z-dimensions from 200-500 um
depth). Insets show the boxed areas in the corresponding images in higher
magnification, covering a proportion of the z-dimension. Per cell line,
two time points are shown, adapted to their growth speed in vivo (T269,
P3 fast; T1, S24 intermediate, T325 and W] slow). g, 3D image of a $24
astrocytoma (injection of a 1:1 mixture of either GFP- or RFP-positive
cells), revealing multiple ultra-long and very thin membrane protrusions
(arrows) in the live mouse brain. Note that membrane tubes partly

run in parallel. h, CGH-profile of the $24 GBMSC line demonstrating

chromosomal alterations typical for GBM (chromosome 7 gain, 10 loss).
i, Chromosome 7 FISH analysis of one $24 GBMSC in the main tumour
area demonstrates polyploidy: 90% of n =100 analysed cells in the main
tumour area were clearly polyploid for chromosome 7, indicating that
implanted 524 GBMSCs give rise to tumours genetically identifiable as
glioblastomas. j, Whole mouse brain coronar sections at day 171 after
S24 injection showing two main features of glioblastoma growth: diffuse
brain invasion in a typical dissemination pattern (left image), and a solid,
angiogenic core identified by haemorrhagic changes of the main tumour
area (right bright field image). k, Increasing angiogenesis in this tumour
is further demonstrated by dynamic in vivo MPLSM. 1, Actin-rich S24
GBMSC tip, invading into the brain (single plane images; schematic
drawing below). In vivo MPLSM: a-g, k, 1.
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Extended Data Figure 2 | Characterization of membrane microtubes in GBMSC-related structures in the mouse brain), and different other
astrocytoma mouse models. a, Number and length of protrusions during cellular and molecular factors (red, co-stainings). The degree of expression

tumour progression (524 tumours; n=77-120 cells in n = 3 mice). of the factor in tumour cell-derived membrane tubes is indicated in

b, MPLSM images of S24 GBMSCs genetically expressing green the right lane. —, no signal in membrane tubes, (+), positive signal in
fluorescent protein (GFP, green) linked to different cellular/molecular some membrane tubes, +, positive signal in all membrane tubes. In vivo
components. ¢, Confocal immunohistochemistry (maximum intensity MPLSM, a, b.

projections) of human nestin (green, allows specific detection of S24
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Extended Data Figure 3 | Membrane microtube dynamics and
morphology. a, 3D reconstruction of membrane microtubes in a T325
astrocytoma over 3 days (in vivo MPLSM). Arrowheads, stable main tube;
arrows, dynamic side tubes. b, Example of a very stable T325 GBMSC
membrane microtube (arrowheads), followed over 126 days in vivo; MIP,
z-dimension 48 pum. ¢, Scanning electron microscopy (SEM) image of two
photoconverted membrane microtubes (arrows) and a nucleus of a non-
photoconverted brain cell (N). d, 3D reconstruction of serial SEM images

GBMSC

blood vessels

(22.29 um (xy) x 4.62 pm (z) = 102.9 um?) illustrating the membrane
contours. e, Maximum speed of mitochondria in $24 membrane tubes
versus tumour cell soma (7= 10 per group, t-test, red lines show means).
f, 3D reconstruction of serial SEM sections of the membrane microtube
(red) and the two axons (green), which are shown in Fig. 1f. g, 3D image
of the genetic Tlx mouse glioma model, with abundant membrane
microtubes connecting single stem-like astrocytoma cells (z-dimension
83 um). In vivo MPLSM: a, b, e, g. *P < 0.05.
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Extended Data Figure 4 | Origin of TM-connections between
astrocytoma cells, and long-time tracking of TM-extending cells.

a, Graphs illustrating two theoretically possible ways of intercellular
connections by membrane tubes in a model of two tumour cell
populations marked with 2 different fluorescent proteins. In hypothesis 1,
tumour cells remain connected after cell division with their ancestors. In
this case, only connections between cells of the same colour are expected
(GFP-GFP (green) or RFP-RFP (red)). In hypothesis 2, tumour cells
only connect to unrelated glioma cells. Here, 50% of connections would
be between cells of different colour (GFP-RFP or RFP-GFP (grey)),

and 25% of the same colour (GFP-GFP (green) and RFP-RFP (red)),
respectively. b, Quantification of the real data set, where a 1:1 mixture of
either GFP or RFP expressing S24 GBMSCs (S24GFP/S24RFP) was
co-injected into the mouse brain, revealing that both potential
mechanisms are in place (n =164 connections in n =3 mice). ¢, 3D image
(70 days after injection) of a co-implantation of GFP- and RFP-expressing
S24 GBMSCs. Quantification revealed that both large fluorophores (which
cannot pass gap junctions) never colocalized in cell somata or in TMs
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connections:

b data

GFP/RFP

I GFP/GFP
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blood vessels GBMSCs

(n>2,500 astrocytoma cells analysed). d, e, Examples of 3D images of
membrane tube connections between individual, non-related astrocytoma
cells that differently express GFP or RFP (arrows in d and e). f, Example
of a 3D image of same-colour connections between two RFP-positive
cells (arrows). g, Scanning electron microscopy image of a $24 spheroid.
Left, yellow colour marks cell bodies, arrowheads point to membrane
microtubes; right, high magnification of tubes with direct membrane
contact (arrow). h, 3D images of a perivascular T325 astrocytoma cell
(arrows), which first utilizes a TM to explore the perivascular niche
(D45-D73) until it moves to the explored region, and remains in a

strict perivascular position until day 255. A second cell (arrowhead) is
quiescent until D129 and is embedded into a vascular loop formation,
which persists after disappearance of the main cell soma. i, MIP of a
TM-containing S24 GFP astrocytoma cell which enters a perivascular
position over time (arrow), and another one which remains in its
non-vascular (parenchymal) position over 105 days (arrowhead). In vivo
MPLSM, c-f, h, i; 50-650 pm deep in the brain.
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Extended Data Figure 5 | TMs in 1p/19q codeleted versus non-codeleted
gliomas. a, 3D image (in vivo MPLSM) of a BT088 oligodendroglioma
xenograft tumour growing in the mouse brain, inset shows the boxed

area in a higher magnification. Cells are rounded, TMs are scarce.

b, Quantification of TM lengths of BT088 oligodendroglioma cells (left),
and S24 astrocytoma cells (right), at day 60 after tumour implantation.

n =3 animals per entity. ¢, IDHI®3?H immunohistochemistry of the
contralateral brain hemisphere (macroscopically tumour-free) of a patient
deceased from a WHO III astrocytoma. d, Staining of resected primary
glioblastomas (n =3, non-codeleted, IDH wild-type) with a mutation-
specific antibody against their BRAF"*°F mutation reveals the existence
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of long tumour-cell-derived membrane microtubes in these tumours.
Representative image. e, Exemplary IDHI®32H immunohistochemistry
of gliomas morphologically classified as oligoastrocytoma, with (left)

or without (right) 1p/19q codeletion. f, Maximum microtube length

of oligoastrocytomas with 1p/19q codeletion (OA CODEL; n =31
patients) and without (OA NON-CODEL; n =9 patients). g, Maximum
microtube length of tumours morphologically classified as astrocytomas
but with 1p/19q codeletion (“A” CODEL; n = 6 patients), or classified as
oligodendrogliomas but without 1p/19q codeletion (“O” NON-CODEL;
n =29 patients). In vivo MPLSM: a, b.
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Extended Data Figure 6 | Intercellular communication via gap
junctions in TM-connected astrocytoma cells, and its impact on tumour
progression. a, Example of a calcium wave involving TMs of GBMSCs

in a tumour region; measurement by the genetically encoded sensor
Twitch-3 that allows ratiometric calcium measurements via FRET. Shown
is an overlay of chenusCD and CFP channels. Yellow colour reflects low,
red colour high calcium concentrations. Right: ratios of single sections of
one TM illustrating the propagation of a calcium wave along the TM.

b, MIP (10 slices) of the region shown in Fig. 2b (red cells, astrocytes;
green cells, tumour cells without Rhod-2AM signal; yellow cells, tumour
cells with Rhod-2AM signal). ¢, Exemplary heat map of intercellular
calcium wave (ICW) communications between T325 astrocytoma cells
transfected with the genetically-encoded calcium sensor GCaMP3.

d, Heat map of the region shown in Supplementary Video 4 (small
molecule calcium indicator Fluo-4AM). e, Frequency of calcium peaks
recorded during brain superfusion with extracellular saline (ES-control)
versus 100 uM carbenoxolone (CBX) in GBMSCs (blue box) and normal
brain astrocytes (red box); n =3 mice per group; t-tests. f, Analysis of
baseline-normalized synchronicity (see Methods for details) of calcium
signals between S24 GBMSC glioma cells versus those between normal
brain astrocytes. Different pharmacological blockers of main propagation
mechanisms of ICW's were tested: inositol triphosphate was blocked by
2-APB, cellular ATP receptors by the nonselective purinergic 2 receptor
antagonist suramin, and gap junctions were blocked by CBX (glioma cells,
t-tests; astrocytes, Mann—Whitney tests). ES, extracellular saline used

© 2015 Macmillan Publishers

as control. g, 3D images (z-dimension 180 um) of SR101 microinjected
tumours, without (control, upper image) and with co-injected CBX
(lower image; area of injection: circles) 120 min. after injection. Red
cells, normal brain astrocytes. Graph, corresponding quantification of
SR101-fluorescence (1 =4,962-5,676 cells in n =3 mice per group;
Mann-Whitney test). h, 3D images of a non-TM-connected $24 tumour
cell (S24tdTomato), loaded with the gap-junction permeable dye Lucifer
yellow via electroporation. i, 3D images of TM-connected $24 tumour
cells (S24tdTomato) after dye transfer into one of the TM-connected cells.
j» Quantification of Lucifer yellow fluorescence intensity in the
neighbouring cells next to the electroporated cell (n =4 sections from
n=2mice; n =64 TM-connected versus n =42 non-TM connected cells
quantified; ¢-test). k, Western blot analysis of Cx43 protein expression

in 4 GBMSC and 2 oligodendroglioma stem-like (OSC) cell lines.

1, Immunohistochemistry demonstrating the localization of different
connexins in $24 GBMSCs; no clear TM-related expression, and/or
localization at TM crossings could be observed. m, Proportion of
TM-devoid (0 TMs) versus TM-rich (>4 TMs) cells in shControl versus
shCx43 tumours 20 and 40 days after tumour implantation (n =3 mice
per group, ANOVA, Tukey’s post hoc test). n, Kaplan-Meier survival plot
of animals implanted with shCx43 vs. shControl S$24 GBMSCs (log rank
test). a-g, m, Acquired by in vivo MPLSM. h, i, 1, Confocal microscopy
images. For gel source data, see Supplementary Fig. 1. Scale bars show s.d.
*P<0.05, **¥*P <0.001.
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Extended Data Figure 7 | Effects of radiotherapy on cellular
morphology, long-term survival, tumour cell communication, and
calcium homeostasis in astrocytomas. a, 5 days after initiation of
radiotherapy (3 x7 Gy), nuclear fragmentation characteristic for apoptosis
(arrow) can be detected in a proportion of cells. Green, nuclear staining
by H2B-GFP transduction; red, S24 cell cytoplasm. b, Representative

42 day time course of a distinct tumour microregion, followed after start
of radiotherapy (day 0). TM-connected cells (two examples are marked
with black asterisks) show long-term survival; note that surviving cells
show an increase in the number of their TMs. n = 3 mice per group.

¢, Exemplary heat maps of calcium transients (Rhod-2AM) of a sham
treated (left) and radiated GBMSC tumour region (right). d, Relative
changes of all cells (left) and subgroups of TM-connected versus
non-connected GBMSCs of shControl versus shCx43 tumours after
sham/radiotherapy (# =3 mice per group, t-tests). e-h, Ratiometric
measurements of basal calcium levels in vivo. e, Mean ratios of
fluorescence intensities of the FRET partners cpVenus“" and CFP,
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before, and after two days of radiation (2 x 7 Gy) in TM-connected cells
(n=3 mice per group; Mann-Whitney test). f, Fluorescence intensities
(normalized by the mean intensities of the corresponding data sets) in
TM-connected cells for the two FRET partners illustrated by a scatter
blot (black dots represent analysed cells at the day before radiotherapy,
red dots 2 days after initiation of radiotherapy); linear regression
revealed similar correlation strengths at the two time points (n = 3 mice),
reflecting very homogenous calcium levels in the astrocytoma cells
before and after radiotherapy. g, Mean ratios of fluorescence intensities
of the FRET partners before and after two days of radiation (2 x 7 Gy)
in non-connected cells, n =3 mice; Mann-Whitney test. h, Normalized
fluorescence intensities in non-TM-connected cells for the two FRET
partners. Here, linear regression revealed highly homogeneous basal
calcium levels only before radiotherapy, while after radiotherapy the
linear correlation was lost, illustrating heterogeneous calcium levels in
the analysed cells. (n =3 mice per group). All data acquired with in vivo
MPLSM. GBMSCs, S24 cell line.
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Extended Data Figure 8 | In silico analysis of 1p/19q codeleted versus in 1p/19q non-codeleted tumours (compared to codeleted tumours),
non-codeleted IDH mutated human gliomas. Biological function blue the other way round. Note the activation of “cellular movement”
analysis of 1p/19q non-codeleted (n = 124) versus 1p/19q codeleted and “cell-to-cell signaling” in non-codeleted tumours. ¢, Results of the
(n=70) human gliomas of the TCGA database was performed using analysis of canonical pathways in 1p/19q non-codeleted versus codeleted
Ingenuity Pathway Analysis. All tumours analysed were IDH mutated gliomas. Higher positive z-score: upregulated in 1p/19q non-codeleted
(GCIMP+-). a, Bar plot of the top differentially regulated downstream versus codeleted gliomas; higher negative z-score: upregulated in 1p/19q
biological functions. b, Heat map of downstream biological functions. codeleted gliomas versus non-codeleted gliomas.

The map is colour coded: more intense orange means more activation
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Extended Data Figure 9 | Proficiency for GAP-43 expression drives
malignant features associated with TMs. a, TrkA, TrkB, NGF and

NT-4 protein expression detected by immunohistochemistry in 1p/19
codeleted versus non-codeleted human gliomas (n =8 each, t-tests, all
IDH mutated). b, Western blot analysis of GAP-43 protein expression of
different glioma cell lines. OSC, oligodendroglioma stem-like cell lines.
¢, GAP-43 western blot of 4 GBMSC lines cultured under non-adherent,
stemlike (SC +) versus differentiating, serum-containing, adherent (SC -)
conditions. d, In vivo 3D images of S24 shControl versus shGAP-43
GBMSC:s (left) and quantification of TM side branches 20 days after
implantation (1 =60 cells in #n = 5/6 mice, t-test). e, Spheroid invasion
assay from S24 shControl versus shGAP-43 cells in a gel matrix, and

the corresponding quantification (t-test). f, In vivo tumour cell invasion
distance within 24 h of $24 shControl versus shGAP-43 GBMSC tumours
(n=3 mice, Mann-Whitney test). g, In vivo proliferation dynamics

in the main tumour area (volume of 0.037 mm?; n =4 mice, Mann-
Whitney tests). h, Fraction of TM-connected cells at day 20 in these
tumours (n =164 cells in n = 6 mice, ¢-test). i, Western blot analysis of
Cx26 (expressed in normal astrocytes), Cx31 and Cx37 (both located on
chromosome 1p), and Cx43 protein expression in shGAP-43 GBMSCs

versus shControls. Of note, the GAP-43 knockdown leads to a Cx43
protein reduction of 89%, while expression of the other connexins was not
reduced. j, T2 MRI images of S24 shControl versus shGAP-43 tumours,
72 days after tumour implantation. Quantifications of n = 6 animals per
group (t-test). k, Kaplan—Meier survival plot of $24 shControl versus
shGAP-43 tumour-bearing mice (log rank test). 1, Exemplary brain
sections with nestin immunohistochemistry of $24 shControl versus
shGAP-43 tumours 60 days after radiotherapy. Note that in shGAP-43
tumours, only small remnants of tumour cells can be detected by the
tumour cell-specific staining. Regions with highest tumour cell

densities (boxes) were quantified for proliferation index (Ki-67-positive
cells/all cells; n = 3 animals; ¢-test). m, Overexpression of GAP-43 in
BT088 oligodendroglioma cells results in protein levels similar to that

in GBMSCs. n-p, GAP-43 overexpression in BT088 oligodendroglioma
cells leads to an increase in TM numbers (n, n= 80 cells in n =3 mice per
group), more TM branches (o0, n =40 cells in n =3 mice per group), and

a higher invasion capacity (p, n=75 cells in n =3 mice per group; t-tests)
14 days after tumour injection. Scale bars show s.d. Red lines show means.
In vivo MPLSM, d, f-h, n-p. For gel source data, see Supplementary Fig. 1.
*P<0.05, ¥*¥*P <0.01, ¥**P <0.001.
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Extended Data Figure 10 | Schematic illustration of the role of TMs in brain tumour progression. Anatomical and molecular mechanisms of
TM-driven tumour dissemination and network function in astrocytomas. MV, microvesicles; mito, mitochondrion; ER, endoplasmic reticulum;

MT, microtubules.
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