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The transfer of intact mitochondria between heterogeneous cell types
has been confirmed in various settings, including cancer. However, the
functional implications of mitochondria transfer on tumor biology

are poorly understood. Here we show that mitochondria transferis a
prevalent phenomenon in glioblastoma (GBM), the most frequent and
malignant primary brain tumor. We identified horizontal mitochondria
transfer from astrocytes as amechanism that enhances tumorigenesis

in GBM. This transfer is dependent on network-forming intercellular
connections between GBM cells and astrocytes, which are facilitated

by growth-associated protein 43 (GAP43), a proteininvolvedin

neuron axon regeneration and astrocyte reactivity. The acquisition of
astrocyte mitochondria drives an increase in mitochondrial respiration
and upregulation of metabolic pathways linked to proliferation and
tumorigenicity. Functionally, uptake of astrocyte mitochondria promotes
cell cycle progression to proliferative G2/M phases and enhances
self-renewal and tumorigenicity of GBM. Collectively, our findings reveal a
host-tumor interaction that drives proliferation and self-renewal of cancer
cells, providing opportunities for therapeutic development.

Mitochondria are vital in cell metabolism through their role in gene-
rating ATP via oxidative phosphorylation; yet, they have also been
implicated innumerous other cellular functions, including apoptotic
cell death, inflammation, stem cell differentiation and autophagy?.
After the discovery of the Warburg effect identifying conversion of
glucose to lactate in the presence of oxygen to fuel cancer growth?,
aerobic glycolysis has been assumed to be the main energy pathway
for cancer cells*, including in glioblastoma (GBM)’, the most common
primary adult brain tumor. However, recent reports suggest a more
complexsituation where mitochondrial respirationis also analterna-
tive energy source®’. The existence of multiple metabolic phenotypes
isin line with the cellular heterogeneity of this disease® ™.

While this heterogeneity may arise from variationin cell-intrinsic
metabolic regulation, it may also arise via interaction with the tumor
microenvironment (TME), namely by transfer of metabolic signals,

including mitochondria themselves, from the TME to tumor cells. In
many contexts, dynamic microenvironmental interactions have been
shown to be major drivers of tumor growth and therapeutic resist-
ancein GBM"®, while the underlying direct cell-cell communication
mechanisms remain poorly understood.

Transfer of mitochondria has been demonstrated between dif-
ferent cell types and via different routes. Mitochondria transfer by
extracellular vesicles from astrocytes to neurons after stroke has been
documented invitroand invivo", identifying a CD38/cADP-dependent
mechanism using calcium signaling. Extracellular vesicles as a mode
of mitochondria transfer has also been shown for mesenchymal stem
cells”, indicating that transfer by secretion is a viable route for this
organelle. In other studies, mitochondria transfer mechanisms inde-
pendent of secreted particles have been proposed'®™®, Intercellular
membrane protrusions known as tunneling nanotubes have been
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implicated in organelle transport" and more recently in mitochondria
transfer'*®, By connecting cells over distances that may exceed 100 pum
(refs.20,21), tunneling nanotubes are prime avenues for intercellular
cross-talk?’; composed of components like actin and microtubules?,
they maintain a close cytoskeletal relationship?.

Tumor microtubes (MTs) are similar structures; however, they are
thicker and more stable than tunneling nanotubes and canreachlengths
of more than 500 pmin vivo®>. MTs have so far only been described in
glioma, particularlyin GBM, and have been identified asanimportant
mode of intercellular communication, invasion and therapy resist-
ance*. Growth-associated protein 43 (GAP43), a neuronal protein
known for its important role in axon guidance®, is a major structural
protein of MTs. Knockdown of GAP43 in GBM cells reduced MT forma-
tionand tumorigenicity in vivo®. This work highlighted the relevance
of the interconnected network of GBM cells formed by GAP43" MTs
for tumor growth. Inarecent study, mitochondria were reported tobe
exchanged in vitro among GBM cells interconnected via MTs%.

Given the reports of horizontal mitochondria transfer in the
brain across distinct cell types under pathologic conditions™, we
hypothesized that GBM also acquires functional mitochondria from
non-malignant cells in the TME, comprising an unexplored layer of
metabolic heterogeneity. Here, we show that GBM cells acquire host
mitochondria from astrocytes through a contact-dependent mecha-
nism facilitated by GAP43* structures consistent with MTs, resulting
in enhanced metabolic activity and augmented tumorigenicity. Our
findingsidentify mitochondria transfer from the TME as afundamental
protumorigenic mechanismin GBM.

Results

GBM acquires mitochondria from the microenvironment
Toassess whether non-malignant host cells could transfer mitochondria
to GBMinvivo, we orthotopicallyimplanted green fluorescent protein
(GFP)-expressing syngeneic mouse GBM models (SB28 and GL261) into
transgenic C57BL/6 mice expressing a mitochondria-localized mKate2
fluorophore fused to the localization peptide of cytochrome c oxidase
8 (mito::mKate2 mice®’; Fig.1a). Confocal microscopy of GBM tumors
from mito::mKate2 mice revealed mKate2" puncta within 15-60% of
GFP*GBM cells (Fig. 1b-fand Extended DataFig.1), demonstrating that
host cellmitochondria were acquired in vivo by orthotopic GBM tumor
cells. By co-staining tissue sections with wheat germ agglutinin (WGA)
to highlight glycoprotein-rich structures®, we observed host mKate2*
mitochondria in transit at host-tumor interfaces along intercellular
connections between GFP* GBM cellsand GFP™ host cells (Extended Data
Fig.1). To determine whether mitochondria transfer occurred in the
contextof human GBMinvivo, we firstinjected a high-titer mitoDsRed
lentivirus into the brain of nude rats to transduce normal brain cells
with amitochondriafluorescent tag. After 7 d, P3 GFP* human-derived
GBM stem-like cells (GSCs) were injected in the same location
(Fig.1g). High-resolution confocal images verified mitochondria trans-
fer from stromal cells to tumor cells, supporting our mouse in vivo data
(Fig.1g). When reconstructed in three dimensions, the mitoDsRed
signal was present within acceptor cells positive for GFP. We verified

these results in a second human-derived GSC line GG16 transduced
with mito-GFP and by immunostaining with a human-specific nestin
antibody (Extended Data Fig. 2).

Having observed mitochondria transfer from the TME to mouse
and human GBM models, we proceeded to interrogate the identity
of the host mitochondria donor cells. GBM tumors in mouse mod-
els and humans are known to have substantial infiltration by both
brain-residentgliaand peripheralimmune cells that transmigrate into
the TME®. We established orthotopic GBM tumorsin wild-type C57BL/6
mice that had first received lethal irradiation with subsequent bone
marrow reconstitution from mito::mKate2 mice (mito::mKate2->WT)
torestrict mito::mKate2 expressionto bone marrow-derivedimmune
cells (Extended Data Fig. 3a). Analysis of single-cell suspensions by
flow cytometry indicated negligible host mitochondria transfer to
GFP* GBM cells in mito::mKate2>WT mice, while 20-60% of GFP*
GBM cells were mKate2" in mito::mKate2 mice (Extended Data Fig.
3b,c). Taken together, these datasuggest that brain-resident cells, not
tumor-infiltratingimmune cells, were the major donors of mitochon-
driato GBM cellsinvivo.

To further elucidate the identity of the predominant mitochondria
donor cell populations, we cocultured prevalent tumor-infiltrating cell
types with GFP* GBM cells at a 1:2 donor:recipient ratio. After 2 h, we
assessed the percentage of mKate2" cells as amarker of mitochondria
transfer (schematized in Fig. 2a). Consistent with our in vivo observa-
tions, we found that brain-resident glia (astrocytes and microglia)
donated ssignificantly more mitochondria on a per-cell basis thanbone
marrow-derived macrophages, with astrocytes having higher transfer
rates (Fig. 2b and Extended Data Fig. 4a). While further polarization
of macrophages to an M2- or M1-like phenotype potentially favored
increased mitochondria transfer, the degree of transfer was, on aver-
age, five- to tenfold less than that observed with the brain-resident glia
invitro (Extended Data Fig. 4b).

Given our observation that astrocytes displayed high rates of
mitochondria transfer to mouse models of GBM and their previously
described interconnected nature with GBM in vivo®, we focused our
subsequent studies on this glial cell population. We began by cocultur-
ing either mito-mCherry or mitoDsRed immortalized human astro-
cytes with six different human-derived GSCs (L1, DI318, 3832, GG16,
P3 and BG5) for 3-4 d to interrogate the applicability of our findings
in human models of disease. As with mouse GBM models, we found
that human-derived GSCs acquired mitochondria from astrocytes,
with flow cytometry revealing a transfer rate of 5-40% (Fig. 2c,d and
Extended DataFig.4c). We confirmed the internalization of astrocyte
mitochondria by confocal microscopy of the GSCs, whereby the fluo-
rescent protein-tagged mitochondria were visualized entirely within
GSCswithcytoplasm prelabeled with CellTrace dye or expressing GFP
(Extended DataFig.4d,e). We confirmed that astrocyte-to-human GBM
transfer of mitochondria was relevant in vivo using the human ortho-
topic GBM model (P3) derived from Fig. 1g. We identified mitoDsRed"
astrocytes (glial fibrillary acidic protein (GFAP*) and GFP") surrounding
GFP* GBM cells with transferred mitoDsRed" mitochondria (Fig. 2e
and Extended Data Fig. 4f). ImageStream analysis on a distinct set

Fig.1| GBM cells acquire host mitochondria from the TME. a, GFP-expressing
GL261and SB28 cells were implanted intracranially into wild-type (WT) and
mito::mKate2 (mK) mice, and tumors were analyzed at humane endpoint.b-e,
Single focal planes (xy) and z-stack orthogonal reconstructions (xz, yz) at areas
of SB28 (b,c) and GL261 (d,e) tumor-host cell interfaces. Yellow arrowheads
indicate host mKate2" mitochondria (Mito) within recipient tumor cells. Cyan
arrowheadsindicate WGA-labeled tether-like structures connecting tumor

and host cells. f, Three-dimensional confocal imaging segmentation-based
estimation of mKate2*GFP* GBM cell frequency from two to three visual fields
fromn=3(SB28)andn=2(GL261) WT and n=3 (SB28) and n =4 (GL261) mK
mice; **P=0.0003 (SB28) and P< 0.0001 (GL261). Data were analyzed by two-
tailed t-test. See also Extended Data Fig. 1 for additional data, including technical

controls. g, Mitochondria transfer between the TME (mitoDsRed") and human
GBM cells (GFP*) in vivo. MitoDsRed lentivirus was injected into the brains of
nude rats. Seven days later, human P3 GFP* GSCs were injected into the same area.
Confocal microscopy images of P3 GFP* xenograft tumors are representative of
atleast six X100 images across three biologically independent animals. Details
ofthe area along the tumor surface are shown in (i), with colocalization of GFP*
and mitoDsRed" signal in (ii) and (iii). A 3D reconstruction of the mitoDsRed"
mitochondria (white arrows) seen from above, without (iv) and with (v) the
GFP* cellborders, is shown. From below, the mitoDsRed* mitochondria are also
visible in (vi) and reside within the cell in (vii). ii, 1.5 magnification; iii-vii, x3
magnification.
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of human-derived co-culture models, where donor astrocytes were
tagged withmito-GFP and GBM recipients with red-fluorescent protein
(RFP), revealed similar results with internalized donor mitochondria
inrecipient cells (Extended Data Fig. 4g-i). Finally, we confirmed that
transferred mitochondria labeled with mito-mCherry expressed the
mitochondrial protein translocator of outer mitochondrial mem-
brane 20 (TOMMZ20) by colocalization analysis, and the protein was
distributed within the mitochondrial network of the receiving GBM

cell (Extended Data Fig. 5 and Supplementary Video 1and 2). In sum-
mary, we observed mitochondria transfer fromthe TME to GBMin vivo
andinvitro and identified astrocytes as amajor mitochondria donor.

GAP43" MTs facilitate mitochondria transfer

We considered that mitochondria transfer could occur via secretion™
and/or cell contact®**, To discriminate between the two mechanisms,
we compared the mitochondria transfer rate of co-cultures to that of
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Fig.2| GBM cells acquire mitochondria from astrocytes. a, GBM cells were
cocultured with astrocytes, microglia or macrophages from mK mice for 2 h, and
mitochondria transfer was analyzed by flow cytometry. b, Relative frequency of
mKate2*GFP* GBM cells in co-cultures; n =3 (SB28) and 4 (GL261) independent
experiments; *P < 0.05, **P < 0.01, **P < 0.001. Data were analyzed by two-way
analysis of variance (ANOVA). ¢,d, Human-derived GSCs were cocultured with
immortalized mito-mCherry* human astrocytes for 4 d. Mito-mCherry* GSCs
(black rectangle gate) were quantified by flow cytometry (c), as summarized
ind; n=3(3832),3 (DI318) and 4 (L1) independent experiments. Data were
analyzed by two-way ANOVA; P=0.006 (L1), 0.03 (DI318) and 0.007 (3832).e,
Mitochondria transfer between astrocytes (mitoDsRed* and GFAP*) and human
GBM cells (GFP") in vivo. Confocal microscopy of a GFP* P3 xenograft tumor

immunostained with antibodies to GFAP (white color) was used to visualize
astrocytes. Images are representative of at least six x100 images across three
biologically independent animals. Mitochondria transfer is highlighted in an
invasive tumor area with colocalization of GFP* and mitoDsRed" signal in (i).
Images in (ii) and (iii)-(ix) represent x1.5 and x3 magnifications, respectively.
A3Dreconstruction of the mitoDsRed* mitochondrial signal both within

and around the GFP" and GFAP* surfaces is shownin (iv). The mitoDsRed"
mitochondria colocalized within the GFP* tumor cell borders (yellow) and within
the purple reconstructed GFAP" astrocytic processes (blue), seen from above
without (v) and with (vi) GFP* and GFAP" cell borders. From below, mitoDsRed*
mitochondria are also visible in (vii) and reside within the GFP* and GFAP* regions
in (viii) and (ix).

transferred donor-conditioned medium (mouse models; Extended
DataFig. 6a,b) or cells separated by a 5-pum porous transwell insert
(human models; Fig. 3a). Regardless of the separation method, transfer
primarily occurred when donor and recipient cells were in physical
contact, and there was only low-level transfer by secretion that was
near the limit of detection of our assays. Live confocal microscopy of
mitochondria transfer from astrocytes to mouse GBM cells was also
visualized in adjacent cells (Extended Data Fig. 6c and Supplementary
Video 3). Transfer was abrogated in both mouse and human models
when co-cultures were incubated at 4 °C (Extended Data Fig. 6d,e),
suggesting that this was an active, energy-dependent process rather
thanapassive event. Taken together, theseresults indicate that active
physical interaction of tumor and donor cells is required for effec-
tive mitochondria transfer, in line with imaging of in vivo brain tumor
models (Figs.1and 2 and Extended Data Figs.1and 2).

MTs are established conduits of intercellular communication
and network formationin GBM and, thus, are also potential mediators
of mitochondria transfer**>***¢, To visualize mitochondria within
the interfaces of GBM cells, we performed confocal microscopy of
co-cultures immunostained for TOMM20 and actin. In addition to a
perinuclear localization, mitochondria were found in MT connections
between tumor cells (P3 model; Fig. 3b), consistent with a previous
study reporting that mitochondrial components localize in between
astrocyte and GBM cell connectionsin vitro®. Their intratubular loca-
tion was confirmed by z stack. Importantly, confocal microscopy of
mitoDsRed" astrocytes and GFP* P3 co-cultures immunostained with
actinshowed MTs with mitoDsRed* mitochondria connecting both cell
types. These were present in the vicinity of transferred mitochondria
(Fig. 3¢). We also found astrocytic mitoDsRed* donor mitochondria
shuttling between connected tumor acceptor cells, indicating that
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Fig. 3| Astrocytes transfer mitochondria to GBM viaactin-based intercellular
connections. a, Human-derived GSCs (L1, DI318 and 3832; bottom) and
astrocytes (top) were separated from each other with 5-pum porous transwell
inserts. Twenty-four hours later, mitochondria transfer was analyzed based

on mito-mCherry signal; n = 3independent experiments; P= 0.02 (L1), 0.007
(DI318) and 0.01(3832). Data were analyzed by two-way ANOVA. b, Presence

of mitochondria within MTs connecting P3 GFP* cells. Immunostaining with
TOMM20, representative of at least eight x100 images across three biologically
independent co-cultures, is shown. Intratubular location is confirmed by
zstacking, seen from the left in (i) and the rightin (ii) side. Arrows indicate
TOMM20" signal. ¢, Co-culture between mitoDsRed" astrocytes and GFP* P3
cellsimmunostained with F-actin (white) to visualize membrane extensions
connecting the two cell types, emphasized with high magnification. Images are
representative of at least 20 x60 images across three biologically independent
co-cultures. Arrows indicate mitoDsRed" mitochondriainintercellular
connections and transferred mitoDsRed" mitochondria. MitoDsRed"
mitochondriaare also observed in MT connections between two tumor cells,
confirming the exchange of mitochondria within the whole network of tumor-
tumor/tumor-astrocyte connections. Insets: x1.5 magnification. d, Human-
derived GSCs were cocultured for 24 h withimmortalized mito-mCherry*and
mitoDsRed" human astrocytes in the presence of actin (cytochalasin B) or
microtubule (vincristine) polymerization inhibitors or vehicle control (UN).
The frequency of mito-mCherry* or mitoDsRed" GSCs was assessed by flow
cytometry; n=3independent experiments. Data are presented as mean £ s.e.m.
(L1and DI318) and mean + s.d. (P3); *P=0.03 (L1), **P=0.01 (DI318), ***P < 0.0001
(P3). Data were analyzed by one-way ANOVA with Holm-Sidak multiple
comparison correction.

astrocytic mitochondria can be further exchanged within the com-
plete network of tumor-tumor connections (Fig. 3c). After visualizing
mitochondria in transit along intercellular connections containing
actinfilaments, we hypothesized that the actin cytoskeleton was criti-
cal in facilitating mitochondria transfer. Indeed, inhibition of actin
polymerization by cytochalasin B resulted in a significant decrease in
transfer rate, without an effect on cell viability (Fig. 3d and Extended
DataFig. 6f-h). By contrast, inhibition of tubulin polymerization with
vincristine had no effect on mitochondria transfer (Fig. 3d).

Previous work showed that GAP43 facilitated the formation
of an interconnected network of GBM cells in vivo, which enabled
connexin 43-mediated propagation of calcium waves®*. GAP43 is an
actin-associated protein that facilitates neurite outgrowth viagrowth
cones®**, We visualized that GAP43 also localized to the cellular pro-
jections of GBM cells and astrocytes in co-culture (Fig. 4a). When we
knocked down the expression of GAP43 in human-derived GSCs, we
observed a decrease in the number of cellular projections (Fig. 4b,c
and Extended Data Fig. 6i), as previously reported***. Importantly,
we found that mitochondria transfer from astrocytes was significantly
decreased when GAP43 was knocked down in GSCs alone or in both
GSCsand astrocytes (Fig. 4d,e and Extended DataFig. 6i,j). These data
identify a role for GAP43 in facilitating mitochondria transfer from
astrocytes to GBM.

Astrocyte mitochondria metabolically reprogram GBM cells
We hypothesized that receiving entire organelles from astrocytes
would have biologically important downstream functional sequelae
inrecipient GBM cells. Wefirstinterrogated how mitochondria transfer
affected cells transcriptionally by bulk RNA sequencing (RNA-seq) of
sorted mouse GBM cells with (mKate2") or without (mKate2") astrocyte
mitochondria acquisition from co-cultures (Extended Data Fig. 7a).
Unsupervised clustering of RNA-seq datarevealed that tumor cells had
adistinct gene expression profile compared to astrocytes, confirming
that sorted mKate2" SB28 cells were not meaningfully contaminated
by astrocytes from the co-culture (Extended Data Fig. 7b-d). Genes
that were upregulated >1.5-fold in mKate2* tumor cells compared
to mKate2™ tumor cells (Extended Data Fig. 7e,f and Supplementary
Table1) were enriched within pathways related to mitochondrial biol-
ogy, in particular electron transport and mitochondrial organization
(Extended Data Fig. 7a).

Giventhe central role of mitochondriain ATP productionand the
results of our RNA-seq analysis, we investigated whether an increase
in functional mitochondria through transfer causes a measurable
change in metabolic parameters, in particular oxygen consumption
rate. We performed amitochondrial stress test on GFP* acceptor cells
(P3model) with high and low mitochondria transfer from mitoDsRed”
astrocytes compared to control cells from the same co-cultures using
the Seahorse system. After measuring the basal respiration rate, we
sequentially added electron transport chaininhibitors to evaluate the
changesinmaximal respiration capacity. Interestingly, both basal respi-
ration and maximal respiration rate wereincreased inaccordance with
mitochondria transfer (Fig. 5a-c). When dividing the cells into meta-
bolic subgroups based on basal respiratory and glycolytic rates, cells
with the highest mitochondria transfer were more aerobic and ener-
getic than cells with lower transfer and controls (Fig. 5d). We further
characterized the metabolic profile of a panel of GSCs after co-culture
with human astrocytes by adapting a previously reported metabolic
flow cytometry panel*°. The mitochondrial ATP synthase subunit ATP5A
was among the most consistently upregulated metabolic proteins in
recipient GSCs (Fig. 5e and Extended Data Fig. 8a) and in mouse models
of GBM (Extended DataFig. 8b,c). We evaluated whether these cells with
higher respiratory capacity and ATP synthase levels generated more
ATP. Across multiple human-derived GBM models, we verified that
GBM cells that acquired mitochondria from astrocytes also had higher
levels of ATP as measured by luminescence reporter assay (Fig. 5f,g).

Nature Cancer | Volume 4 | May 2023 | 648-664

652


http://www.nature.com/natcancer

https://doi.org/10.1038/s43018-023-00556-5

b
o
=
3}
<
(2]
3]
<
o
<
10}
<
(7]
c P3 d u e P3
*
40 *kk 15 15
s < \D| g *k
30 ° = N '_l
2 > 10 > 10
Z 5 5
5 20 o 5 S
o IS 5
Z 10 8 S '\o e
P s =
0 T T 0 T T 0 T T
& O © S ©
o Qb‘{b TSRV > Qb?’
o o o

Fig. 4| GAP43 facilitates mitochondria transfer via tumor-astrocyte MTs.

a, Presence of GAP43* MT-like connections (arrows) between mitoDsRed*
astrocytes and P3 tumor cells. Immunostaining for GAP43 (white) and actin
(green) is shown. Left: mitoDsRed (red), GAP43 and actin. Middle: mitoDsRed

and actin. Right: mitoDsRed and GAP43. Images are representative of at least four
x100 images across three biologically independent co-cultures. b, Co-culture of
mitoDsRed" astrocytes and GFP* P3 short hairpin GAP43 (shGAP43) cells indicates
fewer membrane connections between donor and recipient cells than observed
in GFP* P3 short hairpin control (shCTR) cells. Immunofluorescence staining
with F-actin (yellow) is shown and is further visualized at increased magnification
(i-iv). Arrows indicate MTs. Insets: 2 x magnification. ¢, Quantification of MTs
frombacross 16 independent x60 images across n = 4 independent co-culture
experiments per group. Data are shown as the mean + s.d.; ***P < 0.0001. Data
were analyzed by two-tailed ¢-test; Cntrl, wild type; KD, knockdown. d, Wild-type
or GAP43-knockdown L1 human-derived GSCs were cocultured for 24 h with
matching wild-type or GAP43-knockdown mito-mCherry* astrocytes. Astrocyte-
derived mitochondria transfer to GSCs was quantified by flow cytometry; n =4
independent experiments; *P= 0.01. Data were analyzed by two-tailed ¢-test.

e, Wild-type or GAP43-knockdown P3 human-derived GSCs were cocultured for
24 hwith mitoDsRed human astrocytes. Astrocyte-derived mitochondria transfer
to GSCs was quantified by flow cytometry; n = 3 independent experiments;
**P=0.001. Data were analyzed by two-tailed ¢-test.

Collectively, these data show that transferred astrocyte mitochondria
are bioactive and lead to augmented mitochondrial respiration and
ATP productioninrecipient GBM cells.
Mitochondriacanfurtherinfluence cellular biology by modulating
diverse metabolic pathways*, and there is increasing evidence that
they influence intracellular phosphorylation signaling cascades***.
We thus performed ametabolite mass spectrometry assay and 584-site

protein phosphorylation array on sorted GBM cells from co-cultures
with astrocytes to interrogate the functional consequence of mito-
chondria uptake. Metabolite enrichment analysis revealed multi-
ple upregulated metabolic pathways in mKate2* GBM cells shared
betweenboth GL261and SB28 mouse models (Fig. 6a, Extended Data
Fig.8d and Supplementary Table 2). Among these pathways was amino
acid and nucleotide metabolism, previously linked to proliferation,
self-renewal and tumorigenicity in GBM****¢. Metabolomic analysis
of the sorted human-derived L1 cells showed that mCherry"* cells
have higher amounts of glutamate, a-ketoglutarate, glutathione
and essential amino acids than mCherry™ cells (Fig. 6b and Extended
DataFig. 8e,f). Glutamate is one of three amino acids in glutathione,
amajor cellular antioxidant, and glutamate metabolismis a principal
route for assimilation of nitrogen in de novo nucleotide synthesis,
which promotes numerous oncogenic processes in gliomas**%, This
suggests that transfer of mitochondria may be helping the GBM cells
support proliferation and protect against oxidative stress. Our phos-
phoproteinarray also revealed changes in the phosphorylation levels
of numerous signaling and effector proteins in human-derived GSCs
thatreceived astrocyte mitochondria, many of which mapped to pro-
liferation and cell cycle pathways (Fig. 6¢c and Supplementary Table 3).
These findings are consistent with metabolic reprogramming of recipi-
ent cells beyond increased mitochondrial respiration, along with
intracellular signaling with potential effects on cell cycle regulation
and other processes.

Mitochondria transferincreases GBM tumorigenicity
To determine whether the metabolic and signaling changes that we
observedin GBM cells that acquired astrocyte mitochondria resulted
inaltered cell cycle regulation, we performed cell cycle analysisin our
models of mitochondria transfer by DNA staining and flow cytometry
across multiple human-derived GSC models. We observed a consistent
increase in the proportion of cells in the proliferative G2/M phases of
the cell cycle following acquisition of astrocyte mitochondria (Fig. 7a,b
and Extended Data Fig. 9a). This observation was consistent in vivo
when analyzing mouse GBM models from orthotopic tumors estab-
lished in mito::mKate2 mice (Fig. 7c,d). Moreover, orthotopic mouse
GBM tumors originating fromsorted cells that had acquired astrocyte
mitochondria had a higher mitotic index (Extended Data Fig. 9b-e),
suggesting that the increased proliferation phenotype was retained
invivo. Previousreports demonstrated that GSCs could take up isolated
cell-free mitochondria added to cell culture medium*. Addition of
astrocyte-derived mitochondria to human-derived GSCs was sufficient
torecapitulate theincreased proportion of cellsin G2/M phases of the
cellcycle (Fig. 7e-g). These data suggest that the transfer of astrocyte
mitochondriaimpacts cell cycle regulation in human GBM models.
To further assess the impact of mitochondria acquisition on
self-renewal, we performed limiting dilution sphere formation assays
using sorted GBM cells with and without astrocyte mitochondria. In
both human and mouse GBM models, we found that cells that acquired
astrocyte mitochondria had significantly higher self-renewal capac-
ity, represented as a higher estimated stem cell frequency (Fig. 7h and
Extended Data Fig. 10a). While human-derived GSC models expressed
highlevels of the pluripotency transcription factor SOX2, we found that
GSCsthatacquired astrocyte mitochondriafurther upregulated another
self-renewal transcription factor, OCT4 (Extended Data Fig.10b). These
findings suggest that mitochondria transfer fromastrocytes consists of a
previously undescribed TME interaction that promotes GBM self-renewal.
Increased proliferative capacity and self-renewal are central hall-
marks of cancer; we thus hypothesized that mitochondria transfer from
astrocytes promotes tumorigenicity of GBM. We tested this hypoth-
esis by assessing the lethality (time to death or humane endpoint)
and tumor initiation capacity of human-derived GBM cells with and
without acquisition of human astrocyte mitochondria by orthotopic
implantation inimmunocompromised mice. These studies revealed
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Fig. 5| Acquisition of astrocyte mitochondria enhances ATP production by
mitochondrial respirationin recipient GBM cells. a, Oxygen consumption
rate (OCR) was measured in GFP* P3 cells sorted after transfer with a high or

low amount of mitoDsRed" mitochondria from donor mitoDsRed" astrocytes
and was compared with that in sorted GFP*mitoDsRed ™ P3 cells from the same
co-culture. Following readings of basal respiration, the stepwise addition of

3 mM oligomycin (Oligo) to measure leak respiration, 1.5 mM CCCP to quantify
maximal and reserve capacity and 1 mM rotenone (ROT) followed by 1 mM
antimycin A (AMA) to measure non-mitochondrial respiration was performed;
CTR, control. b, Basal oxygen consumption gradually increased with cumulative
mitochondrial contentin GFP* P3 cells. ¢, Maximal respiratory capacity
gradually increased with cumulative mitochondria content in GFP* P3 cells.

d, Energy map indicating that GFP* P3 cells with a higher degree of mitochondria
transfer from astrocytes have amore aerobic and energetic phenotype than
GFP*P3 cells with less and no mitochondria transfer. Dataina-d are froma
representative experiment froma total of three independent experiments. Data
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shown as mean +s.e.m.; n =18 (control), 22 (mitoDsRed low) and 9 (mitoDsRed
high) technical replicates; statistical comparison of technical replicates is not
shown. ECAR, extracellular acidification rate; mpH, milli pH. e, Seven distinct
human-derived GSCs were cocultured for 4 d withimmortalized mito-mCherry*
human astrocytes and stained with antibodies recognizing key metabolic
proteins for downstream flow cytometry quantification. Protein expression
was compared between mito-mCherry* and mito-mCherry cells by mixed-
effects model analysis. The dotted line represents the statistical significance
threshold (false-discovery rate (FDR) < 0.05). f, ATP levels in sorted mitoDsRed"*
versus mitoDsRed™ cells from distinct human-derived GSCs, measured with the
CellTiter-Glo luminescence assay; n = 3 independent experiments; *P= 0.04.
Data were analyzed by two-tailed ratio paired ¢-test; RLU, relative light units.

g, ATP levelsin sorted mito-mCherry* versus mito-mCherry™ cells from three
distinct human-derived GSC lines, assessed by CellTiter-Glo luminescence assay;
n=3independent experiments; **P=0.003. Data were analyzed by two-tailed
t-test.
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Fig. 6 | Mitochondria transfer from astrocytes reprograms GBM metabolism.
a, Metabolic pathway analysis (MetaboAnalyst) of metabolites enriched by >20%
in mito::mKate2* versus mito:mKate2  mouse GBM cells. For each cell model,
n=3independent co-culture experiments were pooled. Dotted lines represent
the cutoff for statistical significance (P < 0.05). Pathways significantly enriched in
both GBM models are highlighted with orange and are labeled with the pathway
name. Pvalues were calculated with the MetaboAnalyst 5.0 web tool using

the one-tailed hypergeometric test for enrichment analysis (expected versus
observed metabolites enriched in each pathway). b, L1 cells were cocultured with
immortalized mito-mCherry” human astrocytes for 4 d. Relative abundances

Acetyl-CoA metabolic process

Anaphase-promoting complex-dependent catabolic process

of metabolites in mito-mCherry* versus mito-mCherry~ L1 cellsindicate

higher amino acid and glutathione metabolismin mito-mCherry* L1cells;n=3
independent co-culture experiments. Data were analyzed by paired two-tailed
t-test; 2-0OG, a-ketoglutarate; CDP, cytidine-5'-diphosphate. ¢, Phospho-array
pathway analysis (Enrichr) of protein phosphorylation sites upregulated in
mito-mCherry* versus mito-mCherry™ L1 cells, depicted with dimensionality
reductioninsemantic xy space. Dots represent significantly upregulated
pathways (FDR < 0.05). Selected pathways associated with cell metabolism and
proliferation are labeled; n = 3independent co-culture experiments were pooled
and analyzed.

that tumors led to symptomatic or lethal disease much faster when
originating from GSCs that had acquired mitochondriafrom astrocytes
and had asignificantly higher in vivo tumor initiation capacity (Fig. 7i,j
and Extended Data Fig. 10c). This observation was similar in mouse
GBM models (Extended Data Fig. 10d,e). Thus, beyond altering the
phenotype of GBM cells in vitro, mitochondria transfer from astrocytes
increases the in vivo tumorigenicity of these cells in animal models.

Discussion

Organelle transfer is an increasingly recognized biological process in
models of GBM** and other cancers®* 2. Most of the existing knowl-
edge onmitochondriatransferin cancer relies on depicting mitochon-
drial exchange among tumor cells, in purely in vitro systems, and/or
using tumor cells artificially depleted of mitochondria. Thus, the role
of mitochondria transfer from the TME to cancer cells (and to GBM in
particular) remains poorly understood. Specifically, there is a lack of
understanding about the in vivo relevance of mitochondria transfer
from the GBM microenvironment, the cell types involved, the mecha-
nism of transfer and its downstream effects on cellular function and
tumorigenicity in disease-relevant contexts.

We found that in the context of GBM, mitochondria transfer from
the TME is a frequent in vivo event and involves brain-resident glial
cell donors. Here, we focused mechanistically on astrocytes as donor
cellsgiventheirabundancein thebrain, and our dataidentify them as
important mitochondrial donors. Our data support that astrocytes
in the TME form physical actin-based connections with GBM cells
that have strong similarity to the previously described MTs, which
are network-forming connections between GBM cells. Our data also
support an extension of the previously described interconnected
network of GBM to non-malignant astrocytes that has recently been
verified by exchange of calcium waves within this network in vivo**,
GAP43, typically found in neuronal projections and critical to GBM
growth and the tumor cell network?*, mediates mitochondria
transfer from astrocytes in a previously undescribed role for this
actin-associated protein.

Our findings further demonstrate that mitochondria transfer from
astrocytes to GBM cells drives metabolic reprogramming toward oxida-
tive respiration with increased ATP production. Mitochondria transfer
alsoleadstointracellular signaling via protein phosphorylation linked
to cellular proliferation and cell cycle progression.
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Fig.7|Mitochondria transfer from astrocytes drives GBM cell proliferation,
self-renewal and tumorigenicity. a,b, Human-derived GSCs (L1) were
cocultured withimmortalized mito-mCherry* human astrocytes. Representative
histograms (a) and aggregate data (b) of n = 4 independent experiments
depicting cell cycle analysis by flow cytometric DNA quantification in GSCs that
acquired astrocyte mitochondria (mCherry*, red histogram/dots) versus those
that did not (mCherry, black histogram/dots) are shown; *P = 0.04. Data were
analyzed by two-tailed t-test. ¢,d, Cell cycle analysis by ex vivo flow cytometry
DNA quantification in GFP-expressing mouse GBM cells obtained from
orthotopic tumors in mito::mKate2 mice; n = 4-6 mice per tumor modeland N=6
(SB28; c) and 4 (GL261; d) mice per group; *P=0.02 (SB28) and 0.03 (GL261).
Datawere analyzed by two-tailed paired t-test. e-g, Cell-free mito-mCherry*
astrocyte mitochondria (intact or heat killed) were added to an L1 culture;
vehicle (PBS) or live mito-mCherry* astrocytes were added to control wells.

e, Representative dot plots depicting the identification of L1 cells that acquired
cell-free mitochondria or mitochondria from cocultured astrocytes. In the
+astrocyte condition, the mCherry" population outside of the gates is composed

« Metabolic reprogramming
« Intracellular signaling

« Increased proliferation
« Increased self-renewal
« Increased tumorigenicity

ofthe mito-mCherry* astrocytes. Representative histograms (f) and aggregate
data (g) depicting cell cycle analysis of GSCs that acquired cell-free astrocyte
mitochondria (mCherry*, red histogram/dots) versus those that did not
(mCherry~, black histogram/dots) are shown; n = 3 independent experiments;
**P=0.003. Data were analyzed by two-tailed paired ¢-test. h,i, Estimated stem
cell frequency in mCherry* versus mCherry” human-derived GBM models sorted
from astrocyte co-cultures and subjected to in vitro limiting dilution sphere
formation assay (h) or in vivo orthotopic tumor initiation assay (i); **P= 0.002,
ratio paired t-test, n = 3 independent experiments (h); P= 0.005; compiled data
from n=15NOD scid gamma (NSG) mice per group (distributed across three
cell-dose levels). Data are shown as mean + 95% confidence interval; x* test
with1degree of freedom analyzed by Extreme Limiting Dilution Analysis
(ELDA; ). j, Survival of mice injected orthotopically with 1,000 sorted L1 GSCs
per animal; P=0.009. Data were analyzed by log-rank test. Survival analysis of
other dose levelsis presented in Extended Data Fig. 8. k, Schematic overview of
findings.
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The central finding of our study is that mitochondria transfer
from a non-malignant cell of the TME promotes a highly tumorigenic
cell phenotype characterized by bothincreased proliferative capacity
and self-renewal (Fig. 7k). This manifested as higher penetrance and
faster lethality of orthotopic tumors in vivo. Our findings suggest
that the phenotype of increased proliferation and self-renewal driven
by acquisition of astrocyte mitochondria before intracranial tumor
implantation is sufficient to lead to increased tumorigenicity, while
lacking this phenotype at the time of experimental tumor initiation
leads tolower GBM cell proliferation. Thus, mitochondria transfer and
the shift to oxidative metabolism comprises afundamental protumo-
rigenicinteraction of GBM with its microenvironment. Our study adds
a mechanistic understanding to this understudied process, forming
the basis of future studies, which could also have broad applicability
to tumors outside the central nervous system and other pathological
contexts.

Methods

Ethics statements

Human material was obtained from surgeries performed at the
Haukeland University Hospital (Bergen, Norway). Written consent
was obtained fromindividuals with procedures that were approved for
the projects (project numbers 013.09 and 151825) by the Regional Ethi-
cal Committee. Animal experiments were approved by the Institutional
Animal Care and Use Committee of Cleveland Clinic and local ethical
committee. Animals were treated in accordance with the Norwegian
Animal Act.

Human cell culture

The GSClines P3, GG16 (provided by F.Kruyt, University of Groningen),
BG5S and BG7 (ref.15) were all derived from /DH wild-type biopsy speci-
mens from individuals with GBM; 3832 cells were provided by J. Rich
(University of Pittsburgh Medical Center) and have been described pre-
viously®.L1cells were obtained from B. Reynolds (University of Florida)
and have been described previously**. DI318 cells were obtained from
the Rose Ella Burkhardt Brain Tumor Center biorepository and have
been described previously (Cleveland Clinic)>.

Human-derived GBM cells were cultured in‘complete’ Neurobasal
medium (NBM): Neurobasal without phenol red (Gibco), supplemented
with 2% B-27 supplement (Gibco), 1 mM sodium pyruvate (Gibco),
2 mM L-glutamine (Gibco), 1U mI™? penicillin + 1 pg ml™ streptomy-
cin (Cleveland Clinic Media Preparation Core), 20 ng ml™ epidermal
growth factor (EGF) and 20 ng ml™ fibroblast growth factor 2 (FGF-2;
R&D Systems). EGF was not added to P3 cells. Immortalized normal
human astrocytes (provided by R. Pieper at University of California, San
Francisco, and P. @yvind Enger at Universitetet i Bergen) were cultured
in tissue culture vessels (adherent) in neural stem cell (NSC) medium
(DMEM-F12 (Media Preparation Core), 1U ml™ penicillin +1 pg ml™
streptomycin, 5% fetal bovine serum (FBS), 1% N2 supplement (Thermo
Fisher Scientific), 20 ng mI™ EGF and 20 ng mI™*FGF-2 (R&D Systems)).
For experimentsinvolving downstreamin vitro limiting dilution assays
with L1and DI318 cell lines, human-derived cells were maintained in
DMEM (Cleveland Clinic Media Preparation Core) supplemented with
10% FBS (Thermo Fisher), 1 U ml™ penicillin and 1 pug ml™ streptomy-
cin (Cleveland Clinic Media Preparation Core) for at least 7 d before
co-culture with astrocytes.

Human-derived xenograft D456 was provided by D. Bigner (Duke
University), and the JX22 cell line was provided by J. Sarkaria (Mayo
Clinic). DMEM-F12 containing 10 ng mI™ EGF,10 ng mI™" FGF, 1% sodium
pyruvate, 2% GEM21 (Gemini Bio) and 1 U ml™ penicillin + 1 pg mi™
streptomycinwas used to culture the human-derived xenograft lines.

Lentiviral transductions of human cells
Human astrocytes were transduced with mito-mCherry lentivirus
(Takara) and selected by fluorescence-activated cell sorting. GAP43

shorthairpin RNA (shRNA) and non-target (control) lentiviruses were
generated in-house according to the protocol described by Tisconia
etal.’*. shRNA sequences and sources are described in Supplementary
Table 4.

Lentiviral vectors encoding mitoDsRed (Addgene, 44386),
enhanced GFP (eGFP)”, mito-GFP (Addgene, 44385) and shRNA
against GAP43 (ref. 24) were prepared and titrated according to a
protocol reported previously*®. The mitochondria donor cells were
transduced with pLV-mitoDsRed. The acceptor cells were transduced
with a lentiviral eGFP vector” or, for indicated in vivo experiments,
with pLV-mito-GFP.

Human cell co-culture mitochondria transfer assessment by
flow cytometry

L1, DI318 and 3832 cells were cultured in tissue culture vessels (adher-
ent) precoated with Geltrex (Thermo Fisher Scientific; 1:250 in
serum-free medium overnight) in 90% complete Neurobasal + 10%
NSCmediumfor4 d, unless otherwiseindicated. For GAP43-knockdown
experiments, co-culture time was reduced to 24 h to reduce the con-
founding effect of different growth rates in control versus knockdown
GBM cells, and comparisons were made between co-cultures with
similar astrocyte:tumor cell ratios. Growth factor-reduced Matrigel
(Corning) was used as a coating reagent to attach P3, BG5, BG7 and
GG16 GBM cells and normal human astrocytes.

The followinginhibitors were used: cytochalasin B (Sigma, C6762)
and vincristine sulfate (Sigma, V8388). An equivalent amount of vehicle
(DMSO) was used as a control. Cell viability was assessed with a LIVE/
DEAD Fixable Blue Dead Cell staining kit.

For viability testing of P3 in the presence of inhibitor, GBM cells
wereseeded at 5,000 cells per Matrigel-coated well of a 96-well plate in
150 plof complete Neurobasal medium. After incubation with cytocha-
lasin Bfor 24 h, cell proliferation reagent WST-1 (Roche, CELLPRO-RO)
was added, and sample absorbance measurements at 450 nM were
determined on a multiscan FC microplate photometer (Thermo
Scientific).

For transwell experiments, human-derived GBM cells were plated
on Geltrex-coated tissue culture wells. Under ‘contact’ conditions,
human mito-mCherry astrocytes were simultaneously added to the
culture well. Under ‘transwell’ conditions, an equal number of astro-
cyteswas plated inatranswellinsert (5-pm pore size, Corning), which
was submerged in the culture medium of the underlying culture well.

Co-culture experiments were analyzed on aBD LSR Fortessa or BD
FACS Symphony S6 (BD Biosciences) operated by BD FACSDivasoftware
(v8.0 or v9.0). FlowJo software (BD Biosciences, v10.7.2 or 10.8.1) was
used to analyze flow cytometry data. The gating strategy is described
inSupplementary Fig. 1.

Mouse tumor cell maintenance and transduction

SB28 cells were a gift from H. Okada (University of California, San Fran-
cisco).GL261 cells were obtained from the Developmental Therapeutics
Program, National Cancer Institute. All cell lines were treated with
1:100 MycoRemoval Agent (MP Biomedicals) after thawing and were
routinely tested for Mycoplasma spp. (Lonza). Cells were maintainedin
RPMI11640 (Media Preparation Core, Cleveland Clinic) supplemented
with10% FBS (Thermo Fisher Scientific) and 1U mI™ penicillin + 1 pg ml™
streptomycin (Cleveland Clinic Media Preparation Core), that is,
non-stem-promoting conditions. For the generation of GFP-expressing
GL261 cells, parental GL261 cells were transduced with pReceiver-Lv207
(Genecopoeia) and were selected with 300 pg ml™* hygromycin B
(Invitrogen). GFP expression was confirmed by flow cytometry.

Mice

Tg(CAG-mKate2)1Poche/) (mito::mKate2; stock 032188) mice were pur-
chased from TheJackson Laboratory and were housed inthe Cleveland
Clinic Biological Research Unit. Both sexes of mito::mKate2 mice were
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intracranially injected at 4-8 weeks of age with 10,000-20,000 SB28 or
100,000 GL261-GFP cellsin 5 pl of RPMInullmedium into the left cere-
bral hemisphere 2 mm caudal to the coronal suture and 3 mm lateral
to the sagittal suture at a90° angle with the skull to a depth of 2.5 mm
using astereotaxis apparatus (Kopf). Male NSG mice were bred in-house
by the Cleveland Clinic Biological Resources Unit, and tumors were
established orthotopically as described above. Mice were fed standard
chow (Teklad Global 18% Protein Rodent Diet, 2913, Envigo) and filtered
water ad libitum and were housed in forced/filtered air isolator cages
containing up to five mice. Mice were maintained on a 12-h light/12-h
dark cycle, with atemperature of 20-26 °C and humidity of 30-70%.

Bone marrow transplantation

Four-week-old male mice were treated with 11 Gy radiation in two frac-
tions 3-4 h apart. Reconstitution was achieved by retro-orbital injec-
tion of 2 x 10° bone marrow cells from mito::mKate2 mice. Drinking
water was supplemented with Sulfatrim (trimethoprim-sulfamethoxa-
zole; Pharmaceutical Associates) during the first 10 d, and mice were
monitored for an additional 6 weeks for weight loss and symptoms of
infection before tumor inoculation.

Orthotopic xenograft models in nude rats

Immunodeficient nude-RNU rats of both sexes, bred in-house, were
fed adiet containing standard pellets (Sniff, V1536-000), had access to
water ad libitum and were housed in filtered air isolator cages (Allen-
town type IV (Rat 1800), HEPA filter) with a 12-h light/12-h dark cycle
at 21 °C and ~45% humidity. Stereotacticalimplantation of tumor cells
into the brain has been described previously”. Tomodel mitochondria
transfer from normal cells to tumor cells, a high-titer mitoDsRed len-
tivirus was injected into the brain followed by implantation of GFP* or
mito-GFP* tumor acceptor cells after 7 d. Animals were euthanized with
CO, and perfused with 0.9% NaCl.

Immunofluorescence

For immunofluorescence analysis, brains were fixed in 4% paraform-
aldehyde (PFA), dehydrated in a 30% sucrose solution, embedded in
optimal cutting temperature compound and snap frozen. Sectioning
(10 pm thick) was performed onaLeica CM3050 S precooled to —20 °C
before use. Sections were protected from light and frozenat -80 °C. For
staining, tissue sections were incubated overnight at 4 °C with the fol-
lowing primary antibodies: monoclonal anti-GFAP, anti-human nestin,
anti-F-actin, anti-GAP43, chicken anti-GFP, rabbit anti-phospho-histone
H3 and rabbit anti-cleaved caspase-3. The following secondary antibod-
ies were used: goat anti-mouse 647 at room temperature for 120 min,
donkey anti-chicken Alexa Fluor 488 overnight at4 °C and WGA Alexa
Fluor 680 (4 pg ml*in HBSS-T with magnesium and calcium) for1 h at
room temperature.

Cells on coverslips were fixed in 4% PFA and permeabilized
with 0.1% Triton X-100 (Sigma) for 20 min at room temperature.
Anti-TOMM?20 or anti-nestin was incubated overnight at 4 °C. Goat
anti-mouse 488 or goat anti-rabbit 647 were incubated for 60 min at
room temperature.

Confocal microscopy and time-lapse imaging

Confocal microscopy of stained mouse tissue sections was performed
using a Leica SP8. Still-image processing and z reconstructions were
completed using LasX software (version 3.3; Leica). Image analysis
for estimation of mito::mKate2 transfer to GBM cells in vivo was
performed using Velocity software (version 6.3; PerkinElmer). The
three-dimensional (3D) segmentation algorithms (Supplementary
Note) were set to minimize the (1) detection of mKate2 channel noise
(using wild-type tissue sections as a negative control) and (2) identifi-
cation of GFP* cells not morphologically compatible with tumor cells,
likely the result of GFP phagocytosis in the TME (using a relevant size
cutoff).

SB28 cells (40,000) were cocultured with 80,000 mito::mKate2
astrocytesinaglass-bottom 35-mm dish (Mat-tek) overnight. Growth
medium was replaced with phenol red-free NSC medium. Multiple
full-thickness z stacks were obtained every 10 min using a Leica SP8
microscope in a 37 °C chamber supplemented with 5% CO, and 95%
humidity using a x20/0.8-NA objective lens. Time-lapse frames were
subsequently analyzed by LasX software.

L1 and DI318 cells were stained with CellTrace Green (Thermo
Fisher) at 5 M in serum-free medium at 37 °C for 30 min and washed
with complete Neurobasal medium before plating with human
mito-mCherry astrocytes in ibidiTread 35-mm microscopy dishes
(Ibidi) that had been coated with Geltrex (Gibco). After 48 h, cells were
washed gently with PBS, fixed with 4% PFA for 15 min at 4 °C and imaged
by confocal microscopy.

For TOMM20 colocalization experiments, cells were plated as
described above and cocultured for 72 h. Cells were then stained with
primary antibody (anti-TOMM20; clone D8T4N) for 1 h at room tem-
perature and with secondary anti-rabbit DyLight405 alpaca for 1 h at
room temperature. Colocalization analysis (line profile quantification)
was performed using Image-Pro Plus 10 (Media Cybernetics).

Confocalimaging for P3,BG5,BG7 and GG16 co-culture experiments
was performed using a Leica TCS SP8 STED 3X (Leica Microsystems)
run by LasX software (version 3.3, Leica, version LAS4.13). Image
analyses were performed with Image]J (v2.3.0/1.53f) and Imaris (v9.6).

Measurement of mitochondrial trafficking in vivo by flow
cytometry

Resected tumors or the contralateral hemisphere were digested with
1mg ml™ collagenase IV (StemCell Technologies) and 1 mg ml DNase
I(Roche) for15 minat 37 °C. Samples were strained througha100-um
strainer (Fisherbrand) and washed with PBS. Cells were stained with a
LIVE/DEAD Fixable Blue Dead Cell Stain kit (Thermo Fisher Scientific)
for 10 min onice, treated with FcR blocking reagent (Miltenyi Biotec)
diluted 1:50 for 15 min on ice and stained with 1:100 APC-conjugated
anti-CD11b (BioLegend, clone M1/70) for 20 min to exclude phagocytic
cells. Samples were fixed overnight with a eBioscience FoxP3 transcrip-
tion factor fixation kit (Thermo Fisher Scientific) and analyzed with a
BD LSRII Fortessa (BD Biosciences) in PBS.

Generation of mouse astrocytes and microglia and in vitro
mouse mitochondria transfer assay

Brain-resident glial cell cultures were obtained, as previously
described®, by resecting the subventricular zone of brains from post-
natal day 0-3 mice and culturingin NSC medium. Microgliawere gener-
ated by culturing confluent monolayers of early passage (passage 2 or 3)
glial cell cultures with microglia polarization medium (DMEM-F12,
1U ml™ penicillin +1 pg ml™ streptomycin, 10% FBS and 20 ng ml™*
granulocyte-macrophage colony-stimulated factor (BioLegend)).
After 5d, microglia (loosely adherent) were obtained by agitation of
the culture flask on an orbital shaker for 45 min.

A total of 20,000-40,000 astrocytes and microglia were sep-
arately cultured in a 96-well flat-bottom plate in NSC medium or
microglia polarization medium, respectively. Forty-eight hours later,
supernatants were collected and centrifuged at 400g for 5 min to
remove residual cells; these supernatants consisted of the condi-
tioned, cell-free culture medium. Tumor cells were added at arecipient:
donor ratio of 2:1to the adherent donor cell cultures to assess total
mitochondria transfer (contact dependent and independent); sepa-
rately, tumor cells alone were cultured with conditioned, cell-free
medium described above to assess contact-independent (secreted)
mitochondriatransfer. Samples were incubated for 2 hand treated with
Accutase to generate single-cell suspensions. Cells were transferred
to 96-well U-bottom plates to stain with LIVE/DEAD dye. Exogenous
mitochondriauptake by GFP* tumor cells was assessed with aBD LSRII
Fortessa.

Nature Cancer | Volume 4 | May 2023 | 648-664

658


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-023-00556-5

Generation of mouse macrophages and in vitro mitochondria
uptake assay

Bone marrow from the femurs and tibiae of 4- to 8-week-old male and
female mito::mKate2 mice was flushed with PBS using a 27-gauge needle.
Eighty thousand cells were cultured in 24-well plates and treated with
50 ng ml recombinant mouse macrophage colony-stimulating factor
(BioLegend) in IMDM (Media Preparation Core) supplemented
with 1U ml™ penicillin + 1 pug ml™! streptomycin and 20% FBS for
6 d.Interferon-y orinterleukin-4 (50 ng ml™; BioLegend) was added for
48 hto further induce polarization of macrophages to M1- or M2-like
macrophages, respectively. Supernatants were collected and cen-
trifuged at 400g for 5 min to remove residual cells and to generate
conditioned, cell-free culture medium. Tumor cells were added at
twofold abundance in technical duplicates for a 2-h incubation, as
described above, to test contact-dependent versus contact-
independent mitochondria transfer. Samples were incubated with
Accutase for 5 min and transferred into 96-well U-bottom plates for
staining with the viability dye and anti-CD11b as described above.
Exogenous mitochondria uptake was analyzed in GFP* tumor cells
using a BD LSRII Fortessa.

Western blotting
Cells were washed twice with PBS and dissolved in lysis buffer (10 mM
Tris-HCI (pH 7.4),150 mM NacCl, 0.5% NP-40,1% Triton X-100 and 1 mM
EDTA) supplemented with protease and phosphatase inhibitor cocktails
(Roche). Protein concentration was quantified by Bradford assay (Euro-
medex). Cell lysates were resuspended in Laemmli buffer (62.5 mM
Tris (pH 6.8),10% glycerol, 2.5% SDS and 2.5% [3-mercaptoethanol). The
primary antibody was anti-GAP43, the housekeeping protein vinculin
was used as the loading control and the secondary antibody was
goat anti-rabbit horseradish peroxidase (HRP; Invitrogen, 31462).
Membranes were developed on a LAS 3000 (version 2.2; Fujifilm).
For GAP43 blots (Extended Data Fig. 6i,j) and stem cell transcrip-
tion factors (Extended Data Fig. 10b), cells were lysed with ice-cold
RIPA buffer. The following primary antibodies were used: anti-GAP43,
anti-actin, anti-SOX2 and anti-OCT4. Secondary antibodies were goat
anti-rabbit HRP or goat anti-mouse HRP.

Sorting of tumor cells from co-cultures

For mouse GBM models, astrocytes were collected from flasks by
Accutase treatment and stained with a 1:1,000 dilution of CellTrace
Violet cell proliferation dyein PBS at 37 °C for 20 min. Tumor cells and
astrocytes were then cocultured at al:1ratio for 48 hin NSC medium.
Samples were sorted into RPMI with 20% FBS and cultured overnight
in complete RPMI for subsequent functional assays.

For collection of double-positive or single-positive cells in
co-cultures of P3, BG5 and GG16 GBM cells with immortalized
mitoDsRed normal human astrocytes by cell sorting, 2 x 10° cells of
each cell line were seeded in Neurobasal medium on Matrigel (T75
flasks). For analyzing mitochondria transfer by flow cytometry, 1.5 x 10°
cellsfromeach cellline were seeded in Neurobasal medium on Matrigel
(T25flasks).L1and DI318 cells were sorted after 4 d of co-culture with
immortalized mito-mCherry human astrocytes from Geltrex-coated
flasks (seeded at 1:1 and 1:1.5 donor:recipient ratio, respectively, to
adjust for differencesin cell growthrate).

Invitro limiting dilution assay

Sorted tumor cells were cultured at decreasing cell densities over
12 technical replicates in complete Neurobasal medium, and the
number of wells containing spheres was counted after 11-14 d.
For the mouse cell line SB28, 400 to 25 cells per well of a 96-well
plate were seeded; for human lines, this ranged from 100 to 1.25 cells
per well. The online ELDA tool (http://bioinf.wehi.edu.au/software/
elda/, 24 October 2014 version) was used to calculate stem cell

frequency®.

In vivo limiting dilution/tumor initiation assays

Sorted mouse/human GBM cells with and without the acquisition
of astrocyte mitochondria in vitro were counted with trypan blue
using a TC-20 cell counter (Bio-Rad) and were volume adjusted to
achieve decreasing cell concentrations (18,000-1,000, as indicated)
for intracranial implantation. Subsequently, C57BL/6 mice (mouse
GBM models) or NSG mice (human GBM models) were intracranially
implanted with equal numbers of tumor cells, as described above. The
identity of theimplanted cells was thenblinded to investigators. Mice
were euthanized athumane endpoints (neurological symptoms, weight
loss, poor grooming or any other sign of distress).

Seahorse assay

For sorted P3 GFP mitoDsRed" and mitoDsRed" cells, mitochondrial
respiration assays were performed using 3.0 mM oligomycin, 1.5 mM
carbonyl cyanide m-chlorophenyl hydrazone (CCCP),1.0 mMrotenone
and 1.0 mM antimycin A in assay medium consisting of unbuffered,
phenol red-free DMEM with 10 mM glucose, 2 mM sodium pyruvate
and 4 mML-glutamine with apH of 7.4. Cells were incubated for 60 min
inaPrep Station (Agilent) under non-CO, conditions at 37 °Cand were
subsequently placed in the Seahorse Xfe96 analyzer. The chemical
compounds were serially injected to manipulate the cells and create
metabolic flux reports. Data were analyzed using Agilent Seahorse
Wave Controler v2.6.3, IDEAS software (version 6.2; EMD Millipore).

ATP quantification

CellTiter-Glo reagent (100 pl; Promega) was added to cells and incu-
bated on an orbital shaker at room temperature for 20-30 min. ATP
levels were quantified indirectly by relative luminescence intensity
measured on a Victor 3 plate reader (PerkinElmer).

Metabolic protein flow cytometry analysis

For mouse cells, the metabolic protein flow cytometry panel was
adapted from Ahl et al.*°. CellTrace Violet-stained astrocytes were
cocultured with tumor cells overnightatal:1ratio. Samples were fixed
ineBioscience FoxP3 transcription factor fixation buffer for 30 min on
ice and stained with the following antibodies in 1x permeabilization
buffer for 30 min at room temperature: anti-argininosuccinate syn-
thetase1(ASS1), anti-ATP synthase F1subunit o (ATP5A), anti-glucose
transporter 1 (GLUT1), anti-isocitrate dehydrogenase 2 (IDH2),
anti-glucose 6 phosphate dehydrogenase (G6PD), anti-acetyl-CoA
carboxylase (ACC1), anti-peroxiredoxin 2 (PRDX2), anti-hexokinase
1 (HK1), anti-carnitine palmitoyltransferase I (CPT1A), anti-SLC20A1,
anti-mouse IgG1 (k. monoclonal), anti-mouse IgG2b (k monoclonal)
and rabbitIgG (monoclonal). Samples were washed and resuspended
in 1x permeabilization buffer containing goat anti-mouse IgG H&L
(Alexa Fluor 647) or donkey anti-rabbit IgG H&L (Alexa Fluor 647).
After 30 min of incubation at room temperature, cells were washed
with permeabilization buffer and resuspended in PBS for analysis with
aBDLSRIIFortessa. Geometric mean fluorescence intensity was used to
calculate expression levels after subtraction of the background levels
fromisotype control staining.

The same procedure was used for human cell metabolic flow,
with minor modifications. Seven different human-derived cell lines
were cocultured with human mito-mCherry astrocytes for 4 d. Most
antibodies listed above cross-reacted with human antigens and were
thusalsousedinthese experiments, with the exception of using directly
conjugated Alexa Fluor 647 antibodies for ATP5A and GLUTIL.

Metabolomics analysis

Sorted mouse GBM cell pellets were resuspended in 80% ice-cold
methanol for metabolite extraction and sent to an academic core
facility for targeted metabolomics (Beth Israel Deaconess Mass Spec-
trometry Core Facility, Harvard Medical School). Data were normalized
by peak count. Values of zero (below the limit of quantitation) were
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substituted with the approximate limit of quantitation (2,000 peak
count) to facilitate fold change analysis. Metabolites enriched by >20%
inmKate2* GBM cells were put into the metabolic pathway enrichment
analysis algorithm MetaboAnalyst 5.0 web tool (www.metaboanalyst.
ca)®’. The following analysis settings were used: HMDB and KEGG com-
pound names; feature type = metabolites; KEGG analysis.

For human GSCs, triplicate cell pellet samples were lysed in 80:20
methanol:water atdry ice temperature. The quantity of the metabolite
fractionanalyzed was adjusted to the cell count. Extracts were clarified
by centrifugation, dried by nitrogen blower and reconstituted in equal
volumes 50:50 methanol:water. Metabolite fractions were analyzed
by targeted liquid chromatography-tandem mass spectrometry via
dynamic multiple reaction monitoring. An Agilent Technologies Triple
Quad 6470 liquid chromatography-tandemmass spectrometry system,
consisting of the 1290 Infinity I LC flexible pump (Quaternary Pump),
the 1290 Infinity Il multisampler, the 1290 Infinity [l multicolumn ther-
mostat withsix-port valve and the 6470 triple quad mass spectrometer,
was used for analysis. Agilent MassHunter Workstation software LC/
MS data acquisition for 6400 Series Triple Quadrupole MS with ver-
sion B.08.02 was used for compound optimization and sample data
acquisition. Studies were performed in negative ion acquisition mode
with ion-pairing chromatography using an Agilent ZORBAX RRHD
Extend-C18, 2.1 x 150 mm, 1.8 um and ZORBAX Extend Fast Guards
for UHPLC separation. Agilent MassHunter Workstation quantitative
analysis for QQQ version 10.1, build 10.1.733.0, was used to integrate
and quantitate metabolite peak areas. Liquid chromatography-mass
spectrometry peaks corresponding to metabolites with coefficients of
variation greater than 0.5 underwent manual inspection and integra-
tion. The data were normalized to the average sum of metabolites from
allthe samples and were analyzed using Morpheus to generate the heat
map. Metaboanalyst was used to compare metabolites and metabolic
pathwaysenrichedin mito-mCherry*L1cellsand mito-mCherry™ L1cells.

Phosphoprotein array

Human-derived GBM cells (L1) were cocultured with human
mito-mCherry astrocytes for 4 d and flow sorted to obtain mCherry*
and mCherry” GBM cells. Sorted cell pellets were flash-frozen in
liquid nitrogen and sent for a commercial microarray platform,
antibody-based phosphoprotein array (Phospho Explorer array,
FullMoon BioSystems). The complete antibody list can be found in
Supplementary Table 3. Analysis was conducted using the phosphoryla-
tionratio of each protein for samples tested (phosphorylated protein
signal divided by corresponding total protein signal). We analyzed
the functional enrichment of the upregulated phosphoproteins using
Enrichr®”against the Gene Ontology (GO) biological process term data
set. GO terms with FDR values of <0.05 were considered significantly
enriched. We summarized the enriched terms using Revigo® to gener-
ateagraph-based view of the subdivisions of the terms.

ImageStream
Aclone of HEK293T cells able to grow in serum-free medium (CSC293T)
was generated and cultured as previously described®*. CSC293T cells
were transfected with psPAX2, pCMV-VSVG and pLYS1-Mito-GFP or
pCMV-RFP using FUGENE HD transfection reagent (Promega). Viral
concentration was determined using the Lenti-X qRT-PCR titration
kit (Takara Bio). Immortalized normal human astrocytes were trans-
duced with mito-GFP lentivirus and selected for cells stably express-
ing mito-GFP using puromycin. D456 and JX22 cells were transduced
with RFP lentivirus and selected using blasticidin S (Gibco) to select
for stable RFP-expressing cells. Where indicated, cells were sorted for
mito-GFP positivity or RFP positivity with assistance from the Flow
Cytometry Core at the University of Alabama at Birmingham.
RFP-expressing D456 or JX22 cells were cocultured atal:1ratioin
the presence of mito-GFP* astrocytes for 24 h. Samples were imaged at
x40 magnification with extended depth of field. Mito-GFP was acquired

onch02, and RFP was acquired on ch04. ChOland ch09 were used for
brightfield imaging, and ch12 was used for side scatter. Five thousand
events wererecorded, and relevant single-color and unstained controls
were used. Data were analyzed using IDEAS software (version 6.2; EMD
Millipore).

RNA-seq

mKate® and mKate™ SB28 cells and astrocytes from three distinct
co-cultures (biological replicates) were sorted into multiple 1.5-ml
DNA LoBind microtubes (Eppendorf), each containing 700 pl of RLT
Plus lysis buffer (Qiagen) supplemented with 1% -mercaptoethanol.
RNA isolation was performed using the RNEasy Plus Micro kit (Qiagen).

RNA-seq and analysis were performed by GENEWIZ. Briefly, sam-
ples were sequenced using an lllumina HiSeq, with a 2 x 150 base pair
configuration and =350 million raw paired-end reads. An average of
41.6 million paired-end reads was sequenced across nine samples. After
Illlumina universal adapters were trimmed, the reads were mapped to
the Mus musculus GRCm38 reference genome using the STAR aligner
v.2.5.2b. Unique gene hit counts were calculated by using featureCounts
from the Subread package v.1.5.2.

For comparison of tumor cells with astrocytes, genes with an
adjusted P value of <0.05 and absolute log, (fold change) of >1 were
called as differentially expressed genes (DEGs) using DESeq2. For
assessment of differentially upregulated pathways in mKate®* versus
mKate™ SB28 cells, genes that were upregulated >1.5-fold with a count
number >50 and anunadjusted Pvalue of <0.05 (Supplementary Table 1)
were plugged into https://maayanlab.cloud/Enrichr/.

Protein-proteininteractions and network visualization
Differential expression analysis was performed using edgeR 3.34
(ref. 65). Genes with a count per million greater than 1in at least two
samples were used for the analysis. Pvalues of <0.05 were considered
significant. The mouse DEGs were mapped to the human homologs
using the NCBI HomoloGene database (https://www.ncbi.nlm.nih.
gov/homologene). We then performed the enrichment analysis using
Enrichr®*for the entire set of DEGs and for the up- and downregulated
genes separately.

The protein-proteininteractions among the DEGs were extracted
using a human protein interactome we built previously®® that contains
17,706 protein nodes and 351,444 protein-protein interaction edges.
We then visualized this protein—protein interaction network using
Cytoscape 3.8 (ref. 67). Genes that localize to mitochondria are indi-
cated by a diamond node shape based on the Human MitoCarta2.0
database®®.

Cell cycle analysis

Single-cell suspensions (from mouse tumors or cultured cells) were
fixedin PBS with4% PFA for1honice and washed with permeabilization
buffer (Foxp3/transcription factor staining buffer set; Ebioscience).
Subsequently, cells were stained with Hoechst 33342 (Thermo Fisher) at
3.33 pgmlinPBSfor1hatroomtemperature, washed with PBS supple-
mented with2%bovine serumalbuminand assayed by flow cytometry.

Mitochondriaisolation

Mitochondria were isolated from confluent immortalized human
astrocyte cultures expressing mCherry by using the mitochondria
isolation kit for cultured cells (Thermo Fisher Scientific), as per the
manufacturer’s instructions. Mitochondria were quantified by total
protein using the Qubit protein assay kit (Thermo Fisher), according
to the manufacturer’s protocol.

Quantification of phospho-histone H3 and cleaved caspase-3
immunofluorescence

To quantify elements within the TME, tissue was examined from three
animals per biological sex per mitochondrial transfer status. For a
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given animal, 15 representative images were captured (5 images x 3
tumor-bearing sections). Cellular proliferation was quantified by
counting each phosphorylated histone H3" nucleusin each visual field.
This count was divided by the fluorescence intensity of the GFP signal
of the same field to account for variation in tumor size and cellular
density to yield a mitotic index. The apoptotic cell death index was
quantified by dividing the fluorescence intensity of the cleaved
caspase-3 signal by the fluorescence intensity of the GFP signal in the
same visual field.

MT quantifications

MT number was quantified manually using the NIH ImageJ software.
DAPI and nestin-immunostained confocal images magnified X200 were
used. For each experimental condition, a minimum of 80-120 MTs
showing a direct connection between two tumor cells was included
for measurement. All measured data were exported into Microsoft
Excel and GraphPad Prism 8.1.2 for further calculation of statistical
significance.

Statistics and reproducibility

For most in vitro experiments, a minimum of three biologically inde-
pendent samples was used per experimental group; power was not
calculated. For in vivo experiments not involving tumor initiation
capacity, sample size was determined based on minimum utilization
of vertebrate animals and high expected magnitude of effect without
formal power evaluation. For in vivo experiments involving tumor
initiation analysis, sample size was determined by prior experience
and application of this assay in stem cell biology studies, forexample,
inKarunanithi et al.*’. No data were excluded from analyses. Key find-
ings were replicated across time, by different institutions, using diverse
models. For survival/tumor initiation studies, mice were randomized
before tumor implantation, and investigators were blinded to the
grouping. Data distribution was assumed to be normal, but this was
not formally tested.

Datarepresentation and analysis

Flow cytometry data were analyzed and generated using FlowJo soft-
ware (BD Biosciences, v10.7.2). Graphs were generated and statistical
analyses were performed using Excel (Microsoft Office, v16.52) or
Prism (GraphPad, v9.2.0) software. Allmeasurements shown represent
distinct samples, unless otherwise indicated. All statistical tests are
two tailed and corrected for multiple comparisons, unless otherwise
indicated.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Sequencing files have been deposited to Gene Expression Omnibus
under accession number GSE183004. Metabolic pathway analysis was
based on the KEGG human metabolic pathways database (October
2019; https://www.genome.jp/kegg/pathway.html#metabolism).
Protein phosphophorylation array data were mapped to pathways
based onthe GO biological process term dataset (http://geneontology.
org/). RNA-seq reads of mouse cells were mapped to the M. musculus
GRCm38reference genome (https://www.ncbi.nlm.nih.gov/assembly/
GCF_000001635.20/). The RNA-seq inferred protein-protein inter-
action network was constructed by mapping to human homologs
using the NCBIHomoloGene database (https:/www.ncbi.nlm.nih.gov/
homologene). Genes encoding mitochondria-localizing proteins were
identified with MitoCarta2.0 (https://www.broadinstitute.org/files/
shared/metabolism/mitocarta/human.mitocarta2.0.html). All other
dataare available in the main text or the Supplementary Information.
Source data are provided with this paper.
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Legend Legend
= Potential mitochondria source host cell = Potential mitochondria source host cell
= Host mitochondria-in-transit to GBM within intercellular connection = Host mitochondria-in-transit to GBM within intercellular connection
= Host mitochondria completely within GFP+ tumor cell cytoplasm

= Host mitochondria completely within GFP+ tumor cell cytoplasm
Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Additional data for in vivo transfer of host
mitochondria to orthotopic mouse GBM tumors. (A) GFP-expressing GL261
and SB28 mouse GBM cells were implanted intracranially into wildtype mice
(controls for Fig. 1B-F), and tumors were analyzed at animal humane endpoint.
Representative confocal microscopy data from orthotopic SB28 and GL261
tumors in wildtype mice are shown. Yellow arrowheads point to GFP v
(non-tumor) host cells. Shown are single focal planes (xy), as well as z-stacks
(zy and xz). (B~>D) and (E~H) Mitochondria in-transit from host to GBM cells

in orthotopic tumors. Sequential confocal planes (xy) and accompanying
orthogonal reconstructions (zy, xz) of SB28 (B~D) and GL261 (E>H) GBM tumors
inmice, demonstrating anintercellular connection between a mito::mKate2*
host cell (white arrowheads) and GFP* tumor cell. Host mKate2* mitochondria
within the intercellular connection are indicated by yellow arrowheads. The
mitochondria at the end of the connection are surrounded by GFP signal,
corresponding to incorporation in the recipient tumor cell cytoplasm (cyan
arrowhead).
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Extended DataFig. 2 | Mitochondria transfer from the TME to human localization of nestin + (yellow), mitoGFP+ and mitoDsRed+ signal (i and iii). 3D
GBM models is observed invivo. Mitochondria transfer between the TME reconstruction of the mitoDsRed+ mitochondria seen from above, without (a)
(mitoDsRed + ) and tumor cells (mitoGFP+ and nestin + ) in vivo. Confocal and with (b) the nestin+cell borders. From below, the mitoDsRed+ mitochondria
microscopy of GG16 tumors immunostained with human-specific nestin arealso visible (c) and reside within the cell (d). ii, 1.5x magnification; iiiand a-d,
antibodies, representative of at least four 100X images across 3 biologically 3x magnification.

independent animals. (i). Details of area along the tumor surface with co-
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Extended Data Fig. 4 | Additional data for in vitro mitochondria transfer
inmouse and diverse patient-derived GBM models. (A) Representative flow
cytometry dot plots depicting mitochondria transfer frequency to mouse GBM
cells from mito::mKate2 donor cells, summarized in Fig. 2B. (B) Mitochondria
transfer from polarized (M1, M2) or non-polirized (MO) bone marrow-derived
macrophages, assessed by flow cytometry. n =4 independent experiments.
Two-way ANOVA. (C) Flow cytometry of mitochondria transfer between
mDsRed+ astrocytes and P3/BG5/GG16 GFP + cellsat 24 h;mean+SD.n=3
independent experiments. ***p < 0.0001 (2-tailed t-test). (D) 3D reconstructions
of confocal microscopy from patient-derived GBM and astrocyte co-cultures.
mito-mCherry astrocytes (magenta); cyan cells CellTrace-labelled GSCs (cyan).
Perpendicular cutaway planes (red and green outlines) reveal internalized
astrocyte-derived mito-mCherry” mitochondriain GSCs (yellow arrowheads).
(E) Confocal microscopy of mitochondria transfer in P3/BG5/GG16 GFP + cells
with mDsRed+ astrocyte mitochondria (arrows); representative of at least four
100x images across 3 biologically independent animals for each cell line. Scale
bars 10 mm. Z stack locates mDsRed+ mitochondria (arrows) within acceptor
cellcytoplasm, from the left side (i) and the right (ii). (F) Mitochondria transfer

between astrocytes (mitoDsRed*GFAP*) and human GBM cells (GFP*) invivo.
Confocal microscopy of GFP* P3 xenograft tumor immunostained for GFAP
(white) to visualize astrocytes; representative of at least six 100X images across
3 biologically independent animals. (i) Mitochondria transfer highlighted at
invasive tumor area with colocalization of GFP + and mitoDsRed+ signal (ii and
iii, higher magnification). 3D reconstruction of the mitoDsRed+ mitochondrial
signal within and around GFP + and GFAP + surfaces (a). mitoDsRed+
mitochondria colocalize within GFP + tumor cells (yellow) and within the
purplereconstructed GFAP + astrocytic processes (blue), seen from above
without (b) and with (c) GFP + and GFAP + cell borders. From below, mitoDsRed+
mitochondria are also visible (d) and reside within the GFP + and GFAP + regions
(e-f).Scale bars 10 um. (G-H) ImageStream depicting transferred mito-GFP
astrocyte mitochondria to co-cultured (G) D456 and (H) JX22 patient-derived
RFP* GBM cells, representative across >imaged 100 cells per cell type and model.
(I) Single-cell culture controls demonstrating the specificity of the RFP (tumor)
and GFP (astrocyte mitochondria) signals. Top to bottom:Non-transduced GBM
cells; mito-GFP astrocytes; RFP GBM cells.
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Extended Data Fig. 6 | Transfer of host mitochondria to GBM cells is contact-,
energy-, actin-, and GAP43-dependent: additional data. (A-B) GBM cells

were co-cultured in direct contact with astrocytes, microglia, or MO/M1/M2
macrophages from mito::mKate2 mice for 2 hours (“contact”). Alternatively,
culture supernatant conditioned by donor cells for 48 hours was transferred

to GBM cell cultures (“supernatant”). Mitochondria transfer was analyzed

by flow cytometry. n = SB28 (3 astrocytes, 3 microglia, 4 macrophages, 4

M1 macrophages, 4 M2 macrophages and GL261 (4 astrocytes, 3 microglia,

4 macrophages, 4 M1 macrophages, 4 M2 macrophages) independent
experiments.*p = 0.03 (GL261 microglia), 0.02 (GL261 M2 macrophages), **

p <0.02,**p=<0.0001 (astrocytes), 0.001 (SB28 microglia), 0.0007 (SB28

M1 macropahges), 0.0004 (GL261 M1 macrophages), two-way ANOVA. (C)
Confocal time-lapse images demonstrating real-time acquisition of astrocyte
mitochondria (magenta) by SB28 cells (green). Cyan arrowheads point to
contact points between SB28 cells and astrocytes. Yellow arrowheads point to
transferred mito-mCherry* astrocyte mitochondria inside SB28 cells. Video
footage provided in Supplementary Video S3. (D) Mouse and (E) patient-derived

GBM cells were co-cultured with mito::mKate2 or mito-mCherry (respectively)
astrocytes for 2 hours at 37 °C or 4 °C. Graphs depict astrocyte mitochondria
transfer to GBM cells. n = 3independent experiments for each model. (D) *
p=0.04,**p<0.0003, (E) p=0.0004 (L1), 0.03 (DI318), < 0.0001(3832), two-way
ANOVA with Sidak multiple comparison correction. (F) WST (viability) assay
of P3 cells treated with cytochalasin B atindicated concentrations normalized
to control. n =3 independent experiments; mean + SD. (G-H) Patient-derived
GSCs were co-cultured for 24 h with mito-mCherry” human astrocytes in the
presence of actin (cytochalasin B) or microtubule (vincristine) polymerization
inhibitors or vehicle control. Viability of GSCs was assessed by flow cytometry.
n=3independent experiments; mean + SEM. *p < 0.05, **p < 0.01, ANOVA. (I)
Knockdown of GAP43 in P3 GBM cells. Western blot for GAP43 in shGAP43 and
shCTRP3 cells, representative of 2 independent experiments. Vinculin was
used as aloading control. (J) Western blot of patient-derived GSCs (L1) and
immortalized mito-mCherry human astrocytes, confirming knockdown of
GAP43in cell cultures (once) prior to use for experiment series in Fig. 4D (L1-
sh008a and astrocytes-sh008b).
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Extended Data Fig. 7| Mitochondria transfer alters expression of metabolism  plot representing differential gene expression signature of mKate2* versus
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Extended Data Fig. 8 | Mitochondria transfer alters GBM metabolism at
protein and metabolomic levels. (A) Aggregate data thatis summarized in

Fig. SE. Graph depicts gMFI of metabolic protein expression assessed by flow
cytometry in seven distinct patient-derived GSCs co-cultured with immortalized
human mito-mCherry astrocytes for 4 days. Results of statistical analysis by
mixed-effects model is summarized in Fig. SE. (B) Mouse GBM cell lines were
co-cultured with mito::mKate2" astrocytes for 24 h and stained with antibodies
against key metabolic proteins, as denoted. Expression levels were assessed by
flow cytometry. Aggregate data fromn =3 (SB28) and 5 (GL261) independent
experiments. Panels depict isotype background-corrected, geometric mean
fluorescence intensity (gMFI) of the expression of the indicated metabolic
proteins.*p=0.02 (SB28), 0.03 (GL261), **p = 0.004 (SB28), 0.009 (GL261),
paired 2 tailed t-test. (C) Representative histograms of data summarized in Panel
B, depicting differential expression of critical metabolic proteins by astrocytes
and mKate2" and mKate2 SB28 cells. Astrocytes had higher levels of acetyl-CoA

carboxylase (ACC1), SLC20A1 and peroxiredoxin-2 (PRDX2), indicative of more
oxidative phosphorylation. In contrast, tumor cells had higher levels of glucose
transporter 1(GLUT 1) and hexokinase 1 (HK1), pointing to amore glycolytic
metabolism. (D) Mouse GBM cells were sorted from co-cultures with mouse
mito::mKate2 astrocytes and analyzed by targeted metabolomics. Analysis
depicts metabolic pathways upregulated in mito::mKate2" vs. mito::mKate2’
GBM cells (MetaboAnalyst 5.0 one-tailed hypergeometric test; unadjusted
p-values). This data was used in the combined analysis identifying mutually
upregulated pathways in both models, shownin Fig. 6A. (E) L1 cells were co-
cultured withimmortalized human mito-mCherry astrocytes for 4 days and
sorted for metabolite analysis. Heat map showing comparison of abundance of
metabolitesin mito-mCherry*L1cells (L1 +) when compared to mito-mCherry”
L1cells (L1-). (F) Network of metabolites enriched more in mito-mCherry* L1
cells when compared to mito-mCherry~ L1 cells (MetaboAnalyst 5.0 one-tailed
hypergeometric test; unadjusted p-values).
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co-cultured withimmortalized human mito-mCherry or mitoDsRed astrocytes (B) Representative micrographs and (C) aggregate data from n =4 mice per
for cell cycle analysis by flow cytometry DNA quantification. GBM cells that group assessing tumor mitotic index by phospho-histone H3 (pHH3) staining.
acquired astrocyte mitochondria (mCherry* or mitoDsRed*) were more likely p=0.0003. (D) Representative micrographs and (E) aggregate datafromn=4
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SB28 cells were sorted from co-cultures with mito::mKate2 astrocytes and t-test.
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Extended Data Fig. 10 | Acquisition of astrocyte mitochondria enhances

self-renewal and tumorigenicity in mouse and human models of disease. (A)
Mouse GBM cells (SB28) and additional patient-derived GBM cells (DI318) were
sorted from co-cultures and assayed for self-renewal by in vitro limiting-dilution
sphere-formation assay. Representative experiments from 3 (SB28) and 2 (DI318)
independent experiments are shown. Mean + 95% confidence interval; analyzed
by ELDA; p-value of individual experiments not shown. (B) mito-mCherry* and
mito-mCherry patient-derived GSCs (L1) sorted from one of the astrocyte co-
cultures were analyzed by western blotting of stem cell transcription factors Oct4

and SOX2. (C) Additional survival curves of animals implanted with sorted L1 cells
from co-cultures for the in vivo orthotopic tumor-initiation assay summarized in
Fig. 71. Log-rank test. (D) In vivo orthotopic tumor-initiation assay using mouse
SB28 GBM cells sorted from mito::mKate2 astrocyte co-cultures. n = 14 mice

per group (total 28 mice). Mean + 95% confidence interval. p = 0.03, x> test with
1degree of freedom, analyzed by ELDA analysis. (E) Animal survival and tumor
penetrance data at 3 different cell doses; used to calculate tumor initiating cell
frequency in Panel D. Log-rank test.
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Software and code

Policy information about availability of computer code

Data collection  BD LSR Fortessa/ BD FACS Symphony S6, FACS Diva v8.0 and v9.0 ; Agilent Seahorse Wave Controler v2.6.3, IDEAS software (version 6.2; EMD
Millipore), LasX software (version 3.3, Leica and version LAS4.13), Fusion (Version 2020.2012.7), WorkOut (Version 2.0), LAS-3000 —(version
2.2)

Data analysis FlowJo software (BD Biosciences, v10.7.2 or 10.8.1) was used to analyze flow cytometry data. ImageStream data was analyzed using IDEAS
software (version 6.2; EMD Millipore). Image analyses were also performed with ImageJ (v2.3.0/1.53f)
and Imaris (v9.6). Graphs were generated and statistical analysis were performed using Excel (Microsoft Office, v16.52), Prism (GraphPad,
v9.1.0 or v9.2.0) or RStudio (v2022.02.1) software. ELDA tool (http://bioinf.wehi.edu.au/software/elda/) . LasX software (version 3.3, Leica).
Velocity software (version 6.3, PerkinElmer)

After Illlumina sequencing of universal adapters were trimmed, the reads were mapped to the Mus musculus GRCm38 reference genome
using the STAR aligner v.2.5.2b. Unique gene hit counts were calculated by using featureCounts from the Subread package v.1.5.2. Differential
expression analysis was performed using edgeR 3.34. The mouse differentially expressed genes (DEGs) were mapped to the human homologs
using the NCBI HomoloGene database (https://www.nchi.nlm.nih.gov/homologene). We then performed the enrichment analysis using
Enrichr for the entire DEGs and for the up- and down-regulated genes separately. The protein-protein interactions (PPIs) among the DEGs
were extracted using a human protein interactome we built previously (citation in main text) that contains 17,706 protein nodes and 351,444
PPl edges. We then visualized this protein-protein interaction network using Cytoscape 3.8. Genes that localize to mitochondria are indicated
by diamond node shape based on the Human MitoCarta2.0 database.

Lcoz Yooy

Mouse metabolomics: Data were normalized by peak count. Values of zero (below limit of quantitation) were substituted with the
approximate limit of quantitation (2000 peak count) to facilitate fold-change analysis. Metabolites enriched by >20% in mKate2+ GBM cells




were put into the metabolic pathway enrichment analysis algorithm MetaboAnalyst 5.0 web tool (www.metaboanalyst.ca) . Settings for
analysis were as follows: HMDB and KEGG compound names; feature type = metabolites; KEGG analysis.

Human metabolomics: Agilent MassHunter Workstation Quantitative Analysis for QQQ Version 10.1, Build 10.1.733.0 was used to integrate
and quantitate metabolite peak areas. LC-MS peaks corresponding to metabolites with coefficients of variation greater than 0.5 underwent
manual inspection and integration. The data was normalized to the average sum of metabolites from all the samples and analyzed using
Morpheus to generate the heatmap, Metaboanalyst to compare metabolites and metabolic pathways enriched in mito-mCherry+ L1 cells and
mito-mCherry- L1 cells.

Phospho-array: Analysis was conducted using the phosphorylation ratio of each protein for samples tested (phosphorylated protein signal
divided by corresponding total protein signal). We analyzed the functional enrichment of the upregulated phosphoproteins using Enrichr
against the Gene Ontology (GO) biological process term data set. GO terms with FDR < 0.05 were considered significantly enriched. We
summarized the enriched terms using Revigo to generate a graph-based view of the subdivisions of the terms.

Citations for all analysis software algorithms used are provided in the manuscript.

Summary list of all software used:

FACS Diva v8.0 and v9.0

Agilent Seahorse Wave Controler v2.6.3

IDEAS software (version 6.2; EMD Millipore)

LasX software (version 3.3, Leica and version LAS4.13),

LAS-3000 —(version 2.2, Fujifilm)

Velocity software (version 6.3, PerkinElmer)

FlowJo software (BD Biosciences, v10.7.2 or 10.8.1)

ImagePro Plus 10 (Media Cybernetics)

ImageJ (v2.3.0/1.53f)

Imaris v9.6 (Oxford Instruments)

ELDA (October 24, 2014 version)

Agilent MassHunter Workstation Software LC/MS Data Acquisition for 6400 Series Triple Quadrupole MS with Version B.08.02
Agilent MassHunter Workstation Quantitative Analysis for QQQ Version 10.1, Build 10.1.733.0
Morpheus (Broad Institute; https://software.broadinstitute.org/morpheus/)
Revigo (http://revigo.irb.hr/)

STAR aligner v.2.5.2b

Subread package v.1.5.2

DESeq2 (no version number)

Enrichr (no version number)

edgeR 3.34

Cytoscape 3.8

Graphpad Prism 8.2.1 and 9.2.0

Microsoft Excel v16.52

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- A description of any restrictions on data availability
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Sequencing files have been deposited to GEO with the accession number GSE183004. Metabolic pathway analysis was based on the KEGG human metabolic
pathways database (Oct. 2019) (https://www.genome.jp/kegg/pathway.html#metabolism). Protein phospho array data was mapped to pathways based on the
Gene Ontology (GO) biological process term data set (http://geneontology.org/). RNAseq reads of mouse cells were mapped to the Mus musculus GRCm38
reference genome (https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.20/). RNAseq inferred protein-protein interaction network was constructed by
mapping to human homologs using the NCBI HomoloGene database (https://www.ncbi.nlm.nih.gov/homologene). Genes encoding mitochondria localizing proteins
were identified with Mitocarta 2.0 (https://www.broadinstitute.org/files/shared/metabolism/mitocarta/human.mitocarta2.0.html). All other data are available in
the manuscript and supplementary materials.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Not applicable. De-identified patient-derived cell models were used.
Population characteristics Not applicable
Recruitment Not applicable

Ethics oversight Patient material was obtained from surgeries performed at the Haukeland University Hospital (Bergen, Norway). Written
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Ethics oversight consent was obtained from patients with procedures that were approved for the projects (project numbers 013.09 and
151825) by the Regional Ethical Committee (Bergen, Norway). Animal experiments were approved by the Institutional Animal
Care and Use Committee of Cleveland Clinic and local ethical committee (Bergen, Norway). Animals were treated in
accordance with the Norwegian Animal Act.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size For most in vitro experiments, a minimum of 3 independent samples was used per experimental group. This gave sufficient power to detect
differences among groups with large magnitude of effects. The minimum sample size for RNAseq was limited to 3 due to practical
considerations associated with labor, time and cost of sample generation and analysis. As indicated in the manuscript, this allowed only for
hypothesis generation using differentially expressed genes detected by statistical comparisons without multiple comparison correction. For
metabolic flow analysis, sample size was increased to 5-6 per group, as the expected difference in metabolic protein expression was smaller.
For phospho-array, 3 independent biological samples were analyzed via pooled assay. for metabolomics analysis, 3 biological replicates were
analyzed independently. For in vivo experiments, sample size was determined based on minimum utilization of vertebrate animals and high
expected magnitude of effect.

Data exclusions  no data were excluded from analyses

Replication Experiments were conducted across time, with primary cells derived from multiple animals, different cell passages/vials (cell lines), by >1
researcher. Findings were replicated across multiple models of GBM, and accross species (mouse, rat, human). Key findings were replicated
across institutions by independent research teams (primarily Cleveland Clinic and University of Bergen). Metabolomics were conducted in two
separate facilities for each of the mouse and human assays. In vivo experiments were replicated with multiple models (mouse, human).
Findings were reproducible under these conditions.

Randomization  Mice were randomized prior to tumor implantation. Rats were not randomized as only one experimental group was used to show
mitochondrial transfer in vivo. For in vitro data, randomization is not relevant as specific cell lines were used.

Blinding For all survival studies, researchers were blinded to the group assignment of mice with intracranial tumors. In vitro experiments were
performed by one person/experiment, so blinding was not possible.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
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Dual use research of concern

Antibodies

Antibodies used Antibody / Supplier / Clone / Cat. No / Lot no. / Dilution factor used

. chicken anti-GFP antibody / Aveslabs / AB_2307313 / GFP-1020/ GFP3717982 / 1000

. donkey anti-chicken AF488 / Jackson ImmunoResearch / AB_2340375 / 703-545-155/ 162189 / 500

. APC-conjugated anti-CD11b antibody / Biolegend / M1/70/101212 / B288782 / 100

. ASS1 / Abcam / 2B10 / ab124465 / GR3209494-9 / 200

. anti-ATP synthase F1 subunit alpha (ATP5A) / Abcam / 7H10BD4F9 / ab110273 / GR3242541-11/ 1000
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Validation

. anti-glucose transporter 1 (GLUT1)/ Abcam / EPR3915 / ab115730 / GR3266142-11/40

. anti-glucose 6 phosphate dehydrogenase (G6PD) / Abcam / EPR20668 / ab210702 / GR3218248 / 400
. anti-Acetyl-CoA carboxylase (ACC1) / Abcam / EPR23235-147 / ab269273 / GR3340965-3 / 1000

. anti-peroxiredoxin 2 (PRDX2) / Abcam / EPR5154 / ab109367 / GR3257260-4 / 200

10. anti-hexokinase 1 (HK1) / Abcam / EPR10134(B) / ab150423 / GR105890-12 /20

11 . anti-Carnitine palmitoyltransferase | (CPT1A) / Abcam / EPR21843-71-2F / ab234111 / GR3351270-6/20
12 . anti-mouse IgG1 kappa monoclonal / Abcam / MOPC21 / ab18443 / GR3364197-6/ 200

13 . anti-mouse IgG2b kappa monoclonal / Abcam / 7E10G10 / ab170192 / GR3364314-1 /1000

14 . Rabbit IgG monoclonal / Abcam / EPR25A / ab172730 / GR3284310-21/20-50

15 . Goat Anti- Mouse IgG H&L (Alexa Fluor® 647) / Abcam /n/a/ ab150119 / GR3348378-3 /2000

16 . Donkey Anti-Rabbit IgG H&L (Alexa Fluor® 647) / Abcam /n/a/ ab150075 / GR3372283-8 /2000

17 . anti-isocitrate dehydrogenase 2 (IDH2) / Abcam / EPR7577 / ab131263 / GR93077-12 / 100

18 . anti-SLC20A1 / Thermo Fisher Scientific / n/a/ 12423-1-AP /6201 /200

19 . human-specific anti-nestin / Sigma-Aldrich / 10C2 / MAB5326 / 3822810/ 200 (tissue sections); 300 (cell culture)
20. TOMM20/ Abcam / /ab78547 / GR3406425-1 and GR244837-3 / 400

21. GAP43 / Abcam / EP890Y / ab75810/ GR42490-38 / 1000

22 . GFAP / Invitrogen / GAS / 14-9892-82 / 2358413 / 200

23 . Vinculin / Invitrogen / VLNO1 / MA511690 / VI3084704 / 2000

24 . F-Actin /abcam /4E3.adl / ab130935/ GR3374194-6 /5 mcg/mL

25 . goat-anti-mouse 647 / ThermoFisher / AB_2535804 / A-21235 /2482945 / 200

26 . goat-anti-mouse 488 / Abcam / n/a/ ab150117 / 814801 / 400

27 . goat-anti-rabbit 647 / ThermoFisher / n/a / A-21245 / 1910774 and 2299231 / 200 (tissue sections); 500 (cell culture)
28 . goat-anti-mouse HRP / Invitrogen / polyclonal / #31430/7C1230/ 10000

29 . goat-anti-rabbit HRP / Invitrogen / polyclonal / #31462 /814801 / 10000

30. rabbit-anti-phopho-histone H3 (Ser10) / Cell Signaling Technology / polyclonal / #9701 / no. 17 / 1000
31. rabbit-anti-cleaved caspase-3 (Asp175) / Cell Signaling Technology / polyclonal / #9661 / #47 / 1000

32 . Tomm?20 (for L1 and Di318 model assays) / Cell Signaling Technology / D8T4N / 42406 / no. 4 / 200

33 . anti-rabbit DyLight405 alpaca antibody /Jackson ImmunoResearch / AB_2922864 / 611-474-215/ / 300
34 . anti-actin hFAB Rhodamine / Bio-Rad / n/a / #12004163 / 64422460 / 5000

35 . anti-sox2 / R&D Systems / 245610 / MAB2018 /KGQ0319101 / 1000

36 . anti-oct4 / Cell Signaling Technology / polyclonal / #2750 / no. 5 / 1000

37 . ATPSA-AF647 / Abcam / EPR13030(B) / ab176569 / gr3399307-3 / 50

38 . GLUT1-AF647 / Abcam / EPR3915 / ab115730 / gr3406572-2 / 500

O 00 N O

Antibody / Supplier / Cat. No / Validation
1. chicken anti-GFP antibody / Aveslabs / GFP-1020 / Manufacturer COA detected GFP in transgenic mice (Western and
microscopy)
2 . donkey anti-chicken AF488 / Jackson ImmunoResearch / 703-545-155 / Manufacturer COA reports minimal cross reactivity with
non-chicken serum proteins
3. APC-conjugated anti-CD11b antibody / Biolegend /101212 / Manufacturer COA with appropriate staining of CD11b positive cells
in mixed cel population of mouse bone marrow cells
4. ASS1 / Abcam / ab124465 /Manufacturer COA reports appropriate band size detection by western blot across multiple cell
types
5. anti-ATP synthase F1 subunit alpha (ATPSA) / Abcam / ab110273 / Manufacturer COA reports appropriate size protein
detection by western blot human/mouse cells; and appropriate localization to mitochondria on microscopy
6. anti-glucose transporter 1 (GLUT1) / Abcam / ab115730 / Manufacturer COA reports specific binding across multiple cell lines,
and no binding in knockout cells
7 . anti-glucose 6 phosphate dehydrogenase (G6PD) / Abcam / ab210702 / Manufacturer COA reports detection of appropriately
sized protein on Western, and detection in appropriate cell types on histologic analysis of multiple organs
8. anti-Acetyl-CoA carboxylase (ACC1) / Abcam / ab269273 / Manufacturer COA reports appropriate protein size detectoin by
western, including for mouse and human cells, with variation of expression levels of target. Histologic analysis with appropriate cell
labeling
9. anti-peroxiredoxin 2 (PRDX2) / Abcam / ab109367 / Manufacturer COA reports appropriate band size and histologic staining
across mouse and human samples. Loss of detection in target knockout cells
10. anti-hexokinase 1 (HK1) / Abcam / ab150423 / Manufacturer COA reports appropriate band size and histologic staining across
mouse and human samples. Loss of detection in target knockout cells
11 . anti-Carnitine palmitoyltransferase | (CPT1A) / Abcam / ab234111 / Manufacturer COA reports appropriate band size and
histologic staining across mouse and human samples. Loss of detection in target knockout cells
12 . anti-mouse IgG1 kappa monoclonal / Abcam / ab18443 / Manufacturer COA reports lack of binding to broad array of human
and mouse cell and tissue lysates
13 . anti-mouse IgG2b kappa monoclonal / Abcam / ab170192 /Manufacturer COA reports lack of binding to broad array of
human and mouse cell and tissue lysates
14 . Rabbit IgG monoclonal / Abcam / ab172730 / Manufacturer COA reports lack of binding to broad array of human and mouse
cell and tissue lysates
15 . Goat Anti- Mouse IgG H&L (Alexa Fluor® 647) / Abcam / ab150119 /Manufacturer COA reports reacts specifically with mouse
1gG and with light chains common to other mouse immunoglobulins. No antibody was detected against non-immunoglobulin serum
proteins. Reduced cross-reactivity to bovine, chicken, horse, human, pig, rabbit and rat 1gG was detected. This antibody may cross
react with 1gG from other species.
16 . Donkey Anti-Rabbit IgG H&L (Alexa Fluor® 647) / Abcam / ab150075 /Manufacturer Coa reports specific binding to rabbit 1gG
with minimal cross reactivity to other immunoglobulins
17 . anti-isocitrate dehydrogenase 2 (IDH2) / Abcam / ab131263 / Manufacturer COA reports appropriate band size and histologic
staining across mouse and human samples. Loss of detection in target knockout cells
18 . anti-SLC20A1 / Thermo Fisher Scientific / 12423-1-AP / Manufacturer COA reports appropriate band size and histologic
staining across mouse and human samples.
19 . human-specific anti-nestin / Sigma-Aldrich / MAB5326 / Manufacturer COA and PMID 17202146 show postive signal of
appropriate MW in human cells epxressing nestin. Species specificity was validated in this manuscript using rodent vs. human tissue
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20. TOMMZ0 / Abeam [/ ab78547 / Manufacturer COA demonstrates appropriate size [Western blor) and localizatoin (microscopy)
of staining. We also validated TOMM20 is localized in mitochondria which was verified by colocalization with mitoDsRed.

21, GAP43 [ Abcam / ab75810 f Manufacturer COA with detection of appropriate size protein [western) and tissue distribution
[microscopy) of targat protein in human, mouse, and rat samples

22 . GFAF / Invitrogen f 14-9892-82 f Manufacturer COA demonstrates tissue specific (present in brain, absent in liver) of rat and
Mouse,

23, Vinculin / Invitrogen / MAS11630 f Manufacturer COA with advanced validation using cell lines +/- expression of vineulin

24, F- Actin f abcam f ab130935 f Manufacturer COA reports appropriate band size (western) and cell localization on microscopy.
Mouse and human cell targets

25 . goat-anti-mouse 647 f ThermoFisher / A-21235 / Manufacturer COA demonstrates appropriate staining of mouse primary
antibodies and low cross-reactivity with non mouse

26, goat-anti-mouse 488 f Abcam / ab150017 / Manufacturer COA shows minimal cross-reactivity with non-rodent IgG and
appropriate staining when using a mouse primary antibody

27 . goat-anti-rabbit 647 f ThermoFisher / A-21245 f Manufacturer COA demonstrates appropriate staining vs. isotype control, and
loss of staining in knockout models for target of primary antibody used in experiments

28 . goat-anti-mouse HRP J Invitrogen [/ #31430 f Manufacturer COA reports specific binging to mouse 1gG and not other serum
prateins. Minimal cross-reactivity with non-mouse 1gG

29, goat-anti-rabbit HRP / Invitrogen / #31462 / Manufacturer CO reports specific binding to rabbit immunoglobulins, no binding
to non immunaglobulin serum proteins, and minimal cross-reactivity with ather species

30, rabbit-anti-phopho-histone H3 (Serld) / Cell Signaling Technology / #3701 / Manufacturer COA with appropriate detection of
phospho site upon induction of phosphorylation, not in its absence

31. rabbit-anti-cleaved caspase-3 (Aspl175) / Cell Signaling Technology / #9661 / Manufacturer COA with appropriate detection of
caspase cleavage upon pharmacologic induciton of apoptosis, not in its abssence

32, Tomm20 (for L1 and Di318 model assays) / Call Signaling Technology / 42406 / Manufacturer COA reports minimal signal on
mouse tissue, Detection of appropriate moleclar weight [western) and cellular localizaton {microscopy) in human tissue

33, anti-rabhit DyLight405 alpaca antibody f Jackson ImmunoResearch f 611-474-215 f Manufacturer COA reports minimal cross-
reactivity with non-rabbit antibodies. Positive signal when used with rabbit primary antibodies

34 . anti-actin hFAB Rhodamine / Bio-Rad / #12004163 f Manufactorer COA reports specific detection of human and redent actin,
and no cross reactivity with other secondaries

35, anti-son? f R&D Systems / MABZ018 [ Manufafacturer COA reports specific detection of sox2 in human, mouse, rat cells
[western) and turmcr specimen microscopy. Negative in non-tumor cells without sox2 expression

36, anti-octd / Cell Signaling Technology f #2750 f Manufacturer COA with approprizte staining of human testicular cancer, negative
in normal testes, Western with detection of appropriate sized band

37 . ATPSA-AFE4T / Abcam [ ab176569 f Manufacturer COW reports appropriate band size detection by western blat, with intensity
varying by ATPSA expressicn

38, GLUT1-AF647 / Abcam / ab115730 f Manufacturer COA reports specific binding across multiple cell lines, and no binding in
knockout calls

Eukaryotic cell lines

Policy information about cell lines and 5ex and Gender in Research

Cell line source(s)

Authentication

1. 5828 (Dr. Hideho Okada, University of San Fransisco).

2. GL261 (Developmental Therapeutics Frogram, Mational Cancer Institute],

3. D456 patlent-derived xenograft (Dr. Darrel Bigner, Duke University).

4. 1¥22 patient-derived xenograft {Dr. Jann Sarkaria, Mayo Clinic ).

5, CSC293T (Dr. Anita Hjelmeland (co-author)).

6. Human cell lines P3, GG16, BGS and BGT are derived from glioblastoma patlent biopsies (Dr. Hrvoje Miletic (co-author]).
7. hTERT-immortalized human astrocytes (NHA) were bought from Applied Biclogical Materials Inc., Vancouwver, Canada,
Catif TO281

Cell lines have been authenticated by species-specific STR marker profiling. Finger priniting of P3, G516, BGS and BGT cell
lines.

Mycoplasma contamination Al cell lines have tested negative for Mycoplasma spp.

Commonly misidentified lines  nane of the cell lines in the ICLAC list of misidentified lines.

[See ICLAC reglster)

Animals and other research organisms

Policy Information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

C57BL/6 wildtype mice [JAX Stock #000664) were purchased as needed from Jackson Laboratory, Te(CAG- mKate2)1Poche/]
[mite:mKate?, stock #0532 188) mice were purchased from The Jackson Laboratary, and bred in-house. N3G mice were bred in-house.
Male and female 4 to 8-week-old mice were used for experiments. 6-week old immunodeficient male and female nude-RNU rats
were used in some studies.

Mice were fed standard chow (Teklad Global 18% Proteln Rodent Diet, cat. Mo, 2913, Erwigo] and filtered water ad libiturm, housed in
forced/filtered air isolator cages containing up to 5 mice, with 12 hour light/dark cycles; temperature is maintained at 20-268C and
humidity at 30-70%.

Immunodeficient nude-RNU rats of both sexes, bred in house (Bergen, Norway) were fed a diet containing standard pellets (Sniff,
W1536-000), and had access to water ad libitumn, and were housed in filtered air isolator cages [Allentown type IV (Rat 1800), HEPA
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filter] with 12 hour light/dark eycles, 215C and ca. 45% humidity.

Wild animals This study did not invohe wild animals.

Reporting on sex This study did not analyse sex-based differances. A combination of male and female animals were utilized for all experiments, with
the exception of in viva tumer initiztion studies, The reason for the [atter was that we were limited in sorted cell number and our
prior research indicated that tumar penetrance |s overall higher in males, thus requiring fewer cells for the experiment.

Field-collected samples  This study did not imwobve any field collection.

Ethics oversight All the studies were approved by the Cleveland Clinic Institutional Animal Care and Use Committee or by the Norwegian National
Animal Research Authority, Study approval number for Cleveland Clinie is 2019-2179.

MNote that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

[#] The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
E] The axis scales are dlearly visible. Include numbers along axes anly for bottom left plot of group (a 'group’ is an analysis of identical markers).

[ Al plots are contour plots with outliers or pseudocoler plots.
(<] A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

In vivo experiments: At experiment endpoint, mice were euthanized, and resected tumers or the contralateral

hemisphere were digested with 1 mg/mlL collagenase |V [StemCell Technologies) and 1 mg/mlL DMAse | [Roche) for 15
minutes at 37°C, Samples were strained trough a 100 pm strainer (Fisherbrand) and washed with PBS prior to staining.

In vitro experiments: Co-cultures of primary cells + mouse GBM cell lines were harvested by 5 min of incubation with
Accutase, and washed with PBS prior to staining. Human cell line samples were seeded according to the experimental set up
and attached on Matrigel in NB medium with additives. At harvest, growth medium from the samples was removed and cells
were detached using pre-warmed Accutase [AC) (37 degrees C) for approx. 5 min. AC was inactivated with medium from the
corresponding sample and single cell suspension [3C5) was made. Samples were then sifted through a 40 um filter and
pelleted in a pre-cooled centrifuge (4 degrees C), Supernatant was removed and samples were resuspended in pre-cooled 1x
PBS (4 degrees C) and kept on lce until flow cytometry.

Cocultures of human cell line spheroids and fetal rat brain organoids (FREO) were harvested after 72 hours [immediately
following final imaging). To secure adequate cells for practical lab work and |ater flow analysis, provide a mean estimate of
mitochondria transfer across all samples as well as an equal number of cells In each flow sample, all cocultures fraom
corresponding conditions were pooled in labelled 1,5 ml Eppendorf tubes. Spheroid/FRBO aggregates precipitated
spontanecusly, Growth medium was remaoved before adding pre-warmed Trypsin (37 degrees C) for approx. 5 min with
regular vortexing. Trypsin was inactivated with medium from the carresponding sample and 505 was made by slight
vartexing. To preserve cell numbers, samples were not filtered. Pelleting was done in a pre-coaled centrifuge (4 degrees C).
Supernatant was removed and samples were resuspended in pre-cooled 1x PBS (4 degrees C) with a volume correspanding
to three flow samples. Finally, the samples were distributed into three equal velumes and kept on ice untll flow cytometry.
Brain/Tumaor tissue was harvested from immunodeficient nude-RNU rats. Half the tumor (apprax. 400-500 mg) was fied for
imaging analysis while the other half was dissodiated into 5C5 using Macs Neural Dissociation Kit (P] from Miltenyi Biotec
{130-092-628). All steps were done according to the manufacturers protocol. After SCS, samples were resuspended In pre-
cocled 1x PAS (4 degrees C} and kept on ice until flow cytometry.

Faor staining, washed cells (in PBS) were stained with LIWVE/DEAD™ Fixable Blue Dead Call Stain Kit (Thermo Fisher Scientific)
for 10 minutes an ice, and then washed with PBS+2% BSA treated with 1:50 diluted FcR blocking reagent {Miltenyl Biotec)
for 15 minutes an ice and then stained with any indicated surface antibodies in PBS+2% BSA. Samples requiring intracellular
antibody staining were fixed 30 min to overnight with eBioscience FoxP3 Transcription Factor Fixation Kit, and then stained
with Intracellular antibody cocktall.

BD LSR Fortessa

Data collection: FACS Diva v5.0 or vB8.0
Data analysis: Flowlo software (BD Biosciences, v10.7.2)

-Purity check of sorted samples was performed by reloading the sorted fractions to Aria Il sorter and by confirming their
flucrescence profile.

-Gene expression analysis was used as additional confirmation in sort experiment used for RNAseq.

-Purity of sorted astrocytes was >35%. Purity of sorted mouse tumar cell lines overall was »95% [with regard to astrocyte
contamination). Purity of mKate negative mouse tumar cell lines (Le. cells that did not uptake astrocyte mitochondria in co-
culture] was >85%. Purity of mKate positive mouse tumaor cell lines {i.e. cells that did uptake astrocyte mitochandria in co-
culture varied from 30-45%,

=Purity of sorted mito::mCherry positive and negative human GBM cells from co-cultures was 80-55%

-Sample purity was determined by internal, technical controls for each and every experiment, thereby providing a continuous
surveillance of sample fluorescence and guality. The same cells used for controls and experimental groups were
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simultaneously seeded to provide single fluorescence samples. These samples were used to control for fluorescent cross-
contamination and for compensation under analysis. Corresponding WT cells were used as negative controls to gauge
autofluorescence and provide a non-fluorescent comparison for compensation, gating and analysis purposes. For
experiments using fetal rat brain organoids (FRBO), non-transduced wild-type organoids were seeded and analyzed in parallel
as negative controls. For animal experiments, WT and fluorescent cells lines corresponding to the tumor were used as
controls.

Gating strategy -FSC-A/SSC-A plots were used to gate on cells, and FSC-A/FSC-H plots were used to determine the single cells and live staining
was used to exclude the dead cells. For the main readout of mKate2 or mito::mCherry fluorescence positivity, background
signal was determined either by using matching tumor cells that had been co-cultured with wildtype (fluorophore negative)
donor cells, or obtained from intracranial tumors implanted in wiltype mice.

-The gating strategy was developed to quantify mitochondria transfer, as defined by GFP+/DsRed- events becoming GFP+/
DsRed+ events. Initially, technical controls were used for making a fluorescent-specific matrix to compensate for possible
spillover which could affect results. Gates were then created by identifying live cells, single cells and GFP+/DsRed- events
using the GFP-/DsRed+ control sample. These gates were applied to the group as a whole, before using the GFP+/DsRed-
control sample to make a final gate defining GFP+/DsRed+ events. This gate was applied to the group as a whole, thereby
creating a common gating tree for all experimental and control samples indicating live cells, single cells, GFP+/DsRed- events
and GFP+/DsRed+ events. The latter was defined as total mitochondria transfer, and the frequency of parent statistic was
used in subsequent analyses. In parallel, other internal parameters were analyzed to check individual experimental quality,
including live cells and GFP+/DsRed- events (indicating relationship between donors (GFP-/DsRed+) and acceptors (GFP+/
DsRed-) in culture). The said strategy was used on all experiments without exception.

-For GFP+/DsRed- events the boundary between “positive” and “negative” was defined at or around 103 when utilizing
Comp-FITC-A (GFP) on the x-axis and SSC-A on the y-axis.

- For GFP+/DsRed+ events the boundary between “positive” and “negative” was defined by the lowest threshold which did
not register any GFP+/DsRed+ events in a GFP+/DsRed- control sample. This value was persistently <102 across samples. Such
strategy was employed to guarantee that acceptors receiving few mitochondria (DsRed positive in lower end of scale) would
still be included for quantification of total mitochondria transfer.

- For live cells and single cells, boundaries between “positive” and “negative” cells were defined using standard gating in a
SSC-A/FSC-A plot and FSC-H/FSC-A plot respectively.
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