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Abstract

Many cancers feature cellular hierarchies that are driven by

tumor-initiating cancer stem cells (CSC) and rely on complex

interactions with the tumor microenvironment. Standard cell

culture conditions fail to recapitulate the original tumor archi-

tecture or microenvironmental gradients and are not designed to

retain the cellular heterogeneity of parental tumors. Here, we

describe a three-dimensional culture system that supports the

long-term growth and expansion of tumor organoids derived

directly from glioblastoma specimens, including patient-derived

primary cultures, xenografts, genetically engineered glioma mod-

els, or patient samples. Organoids derived from multiple regions

of patient tumors retain selective tumorigenic potential. Further-

more, organoids could be established directly from brain metas-

tases not typically amenable to in vitro culture. Once formed,

tumor organoids grew for months and displayed regional het-

erogeneity with a rapidly dividing outer region of SOX2þ,

OLIG2þ, and TLXþ cells surrounding a hypoxic core of primarily

non-stem senescent cells and diffuse, quiescent CSCs. Notably,

non-stem cells within organoids were sensitive to radiotherapy,

whereas adjacent CSCswere radioresistant. Orthotopic transplan-

tation of patient-derived organoids resulted in tumors displaying

histologic features, including single-cell invasiveness, that were

more representative of the parental tumor compared with those

formed from patient-derived sphere cultures. In conclusion, we

present a new ex vivomodel in which phenotypically diverse stem

and non-stem glioblastoma cell populations can be simulta-

neously cultured to explore new facets of microenvironmental

influences andCSCbiology. Cancer Res; 76(8); 2465–77.�2016AACR.

Introduction

Glioblastoma patient prognosis is dismal with a median

patient survival of 14 to 16months (1).Our inability to effectively

treat glioblastomas is due, in part, to their great heterogeneity on

both the cellular and microenvironmental levels (2–4). Glioblas-

toma growth may be governed by stochastic or hierarchical

models (5), and although these models are not mutually exclu-

sive, recent studies suggest the presence of self-renewing, tumor-

propagating cancer stemcells (CSC; refs. 6–8).WhileCSCs remain

controversial due to unresolved issues of enrichment markers,

functional assays, and cellular origin, the importance of these cells

has been supported by findings that CSCs are resistant to con-

ventional therapies due to multiple mechanisms, including

increased DNA repair (9).

Glioblastoma is a hierarchically organized cancer where stem-

like tumor cells receive critical maintenance cues from their

microenvironment. CSCs reside in perivascular niches where

close proximity to the vasculature provides nutrients and oxygen

(10). A second stem-like tumor cell population resides in hypoxic

regions distal to the vasculature (11–13). Tumor stem, non-stem,

and normal cells engage in bidirectional communication to

provide instructional cues for the maintenance of cell state

(14–16). Differentiated progeny and blood vessels stimulate CSC

maintenance through production of cytokines (17), nitric oxide

(15), Notch ligands (16), and extracellular matrix (2). CSCs are

not passive recipients of microenvironmental cues, as CSCs stim-

ulate angiogenesis through proangiogenic growth factor signaling

(18), direct the differentiation of progeny (14), and possess

lineage plasticity toward vascular pericytes (19). The CSC state

is, therefore, plastic and can be influenced by the cellular micro-

environment, contributing to the concept of both cell autono-

mous and extrinsically instructed CSCs.

Interrogating tumor cell–microenvironmental interactions is

challenging. Genetically engineered mouse models are highly

valuable resources but can also differ from human tumors due

to species-specific distinctions and comparatively rapid evolution
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of the mouse tumors. For human models, the most accurate way

to study tumor cell and environmental interactions is orthotopi-

cally in vivo, but this preservation of complexity also dramatically

limits experimental control (20). To ask questions in vitro,

researchers must select the desired culture conditions. Due to

precedence and convenience, these conditions are generally not

representative of tumor conditions in patients (i.e., atmospheric

oxygen, neutral pH, superphysiologic glucose concentration,

etc.). This choice influences and standardizes cellular responses,

complicating experimental separation of instructive cues by

intrinsic networks versus those generated by the culture environ-

ment. As culture selects cells to a relatively uniform state, it has

been impossible to study long-term relationships of different cell

populations growing together as they occur in a tumor. CSCs and

non-stem tumor cells are generally maintained under incompat-

ible conditions, complicating studies of crosstalk. Hypoxic cell

culture using separate controlled incubators also precludes study

of hypoxic–nonhypoxic cell interactions.

Recently described three-dimensional culture methods recapit-

ulate features of in vivo cell growth, allowing self-organization,

differentiation, and mixed heterogeneity to exist within the cul-

ture environment (21–29). Here, we describe a novel organoid

culture system using patient-derived glioblastoma CSCs that

recapitulates hypoxic gradients and stem cell heterogeneity found

in tumors in vivo. Such gradients are not possible using current

culture methods. This system will allow the study of heteroge-

neous cell–cell relationships, including the coculture of hypoxic

and nonhypoxic CSCs.

Materials and Methods

Human cell and organoid culture

Glioblastoma samples were obtained directly from patients

undergoing resection in accordancewithprotocol #2559 approved

by the Cleveland Clinic Institutional Review Board. Patient tissue

samples were either finely minced prior to organoid formation or

were dissociated into single-cell suspensions, red blood cells

removed by brief hypotonic lysis, and counted for cell number

and viability using trypan blue. All cells used in this work, with the

exception of the mouse-derived RCAS-GFAP-tva/PDGFB cell cul-

ture, were patient-derived primary cultures, and all specimenswere

verified by comparison of short tandem repeat analysis performed

both immediately after isolationandperiodicallyduring the course

of experimentation. Tumorspheres were maintained as xenografts

and harvested for culture as previously described (9). Xenografts

were dissociated (Tumordissociation kit #130-095-929;Miltenyi),

magnetically sorted for CD133 (CD133 beads; Myltenyi; IN528

and 387 cells only), and were cultured as tumorspheres in Neu-

robasal medium supplemented with EGF (R&D Systems), bFGF

(R&D Systems), B27 (Invitrogen), glutamine (CCF media core),

sodium pyruvate (Invitrogen), and antibiotics (Anti-anti; Invitro-

gen), termed "NBM complete." No cells were propagated more

than 5 passages in culture after isolation.

Briefly, organoids were formed by suspending tumor cells in

Matrigel and forming 20 mL pearls on parafilm molds prior to

culture. Organoids were cultured in 6-well or 10-cm plates,

shaking in NBM complete media. Images of growing organoids

were acquired using an EVOSFLCell Imaging System (Invitrogen)

for microscopic imaging, or a handheld Samsung Galaxy S4 for

macroscopic imaging (please see Supplementary Methods S1 for

detailed organoid procedures).

Mice

All experiments involving mice were approved by the Cleve-

land Clinic Institutional Animal Care and Use Committee

(IACUC). All methods and experiments were carried out in

accordance with the approved relevant guidelines and regulations

under IACUC protocol #2013-0935. For in vivo tumor formation

studies, whole organoids were minced, dissociated (tumor dis-

sociation kit; #130-095-929; Miltenyi), counted, and 50,000 cells

were orthotopically xenografted into the right cortex of immu-

nodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice. Mice

were sacrificed upon display of overt phenotypic or neurological

signs.

Immunofluorescence and imaging

Briefly, whole organoids were fixed, snap-frozen in Tissue-Tek

O.C.T. optimal cutting temperature compound (VWR), and section-

ed at 10 mm before being probed with antibodies for immuno-

fluorescence. DNA was detected using DAPI (1:10,000) or DRAQ5

(Invitrogen; 1:1,000). Images were acquired using a Leica DM4000

B upright fluorescent microscope, and mosaic images were assem-

bled by hand using Adobe Photoshop (please see Supplementary

Methods S1 for antibody lists and additional details).

Results

Establishment of glioblastoma organoids

Glioblastoma tumors contain variable regions of comparative-

ly high oxygenation and nutrient levels in the perivascular space,

changing to nutrient-poor, hypoxic, and necrotic regions distal to

the vasculature (10, 30).Organoids can growbeyond this size and

are viable well in excess of observed diffusion limits. We reasoned

that by utilizing organoid culture methods, we could establish

CSC cultures with mixed regions of oxygen-high, nutrient-high

regions as well as chronic hypoxic and necrotic areas.

To initiate glioblastoma organoids, we modified an original

procedure developed for cerebral organoids (Supplementary

Methods S1; refs. 25, 26). For comparison, we grew parallel CSCs

with identical media (NBM complete) and media replacement

schedules either (i) in traditional serum-free sphere culture (Fig.

1A–C, H), or (ii) as three-dimensional organoids (Fig. 1D–F).

Whereas standard tumorspheres reached a maximum size of

approximately 300 mm within 2 weeks, organoids expanded

prolifically to a size of approximately 3 to 4 mm after 2 months

(Fig. 1G). Establishment of viable organoids was effective from

primary cultures using either whole tumorspheres or dissociated

CSCs embedded in Matrigel (data not shown). After several

months, isolated single organoids generated smaller, daughter

spheres in culture, which could subsequently fuse to the main

organoid. Although growth rates notably slowed over several

months of culture, glioblastoma organoids can be stable and

viable after more than a year of continuous culture without

passaging (Figs. 1I, J and 2A). Organoids can further be estab-

lished from specimens of human origin and from genetically

engineered glioma mouse models (Supplementary Fig. S1A–

S1D), allowing potential transgenic studies in organoids.

Growth of tumorigenic organoids directly fromprimary patient

samples

Avatars created from patient tumors may predict response to

therapy (31). The ability to establish primary patient-derived

xenografts and primary cultures from surgical specimens remains

Hubert et al.

Cancer Res; 76(8) April 15, 2016 Cancer Research2466

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

6
/8

/2
4
6
5
/2

8
6
9
5
7
5
/2

4
6
5
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2



a biologic, technical, and logistical barrier in tumor research. We

therefore investigated whether glioblastoma organoids could be

growndirectly frompatient tumor tissues. Fresh surgical specimens

were finely minced, diluted with culture media, and mixed with

Matrigel to form organoids as described above (Fig. 2A). After

several months of culture, we functionally quantified the stem cell

population and putative tumor-initiating capabilities of these

organoids using limiting dilution assays. The organoids contain

sphere-formingCSCs at rates similar to, though slightly lower than,

tumorspheres (Fig. 2B). After 5 to 6 months of growth, single

organoids were dissociated and orthotopically implanted into the

frontal lobes of mice, which were then monitored. All recipient

mice succumbed to brain tumors, with an average latency of

approximately 2 months (Fig. 2C), demonstrating that primary

patient cells can proliferate and retain their tumorigenic potential

aftermonths of organoid culture. In comparison, the samenumber

of tumorsphere cells established intracranial xenografts much

more rapidly, with a latency of 2 weeks (Fig. 2C). The conditions

of tumor cell propagation prior to xenograft therefore greatly alter

the growth phenotype of the subsequent xenograft tumors.

Organoids recapitulate single-cell tumor invasion in vivo

Although the CCF3128 tumorspheres and organoids have

similar proportions of functional sphere-forming cells, xenografts

derived from these sources had very different latencies. Compared

with tumorspheres, organoid cultures contained marked

Figure 1.

Establishment of glioblastoma CSC organoids. A, micrograph of IN528 tumorspheres; scale bar, 400 mm. B–E, parallel IN528 tumorsphere (B, C) or organoid cultures

(D, E) for 2 and 6 weeks; scale bar, 1000 mm. F, mosaic image of multiple low-power (4�) microscope fields showing organoid growth and smaller satellite

spheres. G, IN528 organoid prior to embedding and sectioning. US nickel for scale. H–J, images of 6-well plate wells containing IN528 tumorspheres (H) or organoids

(I, J) at indicated time points.
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Figure 2.

Organoid-derived glioblastoma xenografts recapitulate the diffusive phenotype of the original patient tumor. A, longitudinal growth of CCF3128 patient-derived

recurrent glioblastoma in organoid culture. B, limiting dilution assays of organoid, tumorsphere, or FBS-differentiated CCF3128 cells. Sphere-forming cell

frequencies are indicated next to each line. C, survival plot of mice following orthotopic injection of 50,000 dissociated CCF3128 organoid or tumorsphere cells. D–F,

high-power micrographs of tumorsphere or organoid-frozen sections (hematoxylin and eosin, H&E; 40�). (Continued on the following page.)
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pleomorphism in both the core and rim regions with significant

variability in size, nuclear morphology, and cytologic features

(Fig. 2D–F). This led us to investigate the histologic variation of

the resulting xenografts (Fig. 2G–O). Xenografted CCF3128

tumorsphere cells exhibited a solid growth pattern (Fig. 2I, L,

O) as is common for glioblastoma xenografts. In contrast, glio-

blastoma patient tumors are often highly diffuse and infiltrative.

The original CCF3128 patient specimen displayed a clear single-

cell infiltrative phenotype, a diffuse tumor cell growth pattern,

and tumor cells with eosinophilic cytoplasm (Fig. 2G, J, M). This

pattern was maintained in mouse orthotopic xenografts derived

from CCF3128 organoid cultures (Fig. 2H, K, N). Our results

demonstrate that the frequent loss of a specimen's diffuse invasive

phenotype upon culture and subsequent xenograft may not be

simply due to a predisposition of the patient sample or to the

xenograft format per se, but can be a result of the cell expansion

conditions prior to xenograft. Expansion of samples as organoids

can preserve this phenotype.

Organoid creation from brain metastases

Brainmetastases can be a devastating consequence of numerous

cancer types; however, patient-derived brain metastases are noto-

riously difficult to culture in vitro. We tested in parallel whether

tumorsphere or organoid culture could support the growth of a

patient brainmetastasis sample fromesophageal adenocarcinoma.

As observed historically, the brain metastasis failed to grow as

spheres (Supplementary Fig. S2A). In contrast, niduses of cell

growth became apparent in multiple organoids and expanded to

comprise the complete organoid matrix within 5 weeks (Supple-

mentary Fig. S2B). Thus, organoid culture enables the growth and

study of tumor specimens that would otherwise be lost.

Derivation of organoids from multiple tumor regions

In addition to cell-type heterogeneity, glioblastomas demon-

strate remarkable regional heterogeneity in radiographic imaging

and histology (32). Selection bias in the establishment of in vitro

cultures from clinical samples can therefore be a product of the

sample site of the original tumor combinedwithhow the sampled

cells will propagate under given culture conditions. Organoid

culture, however, may intrinsically contain microenvironmental

gradients permissive for the settling and outgrowth of tumor cell

populations from diverse tumor environments.

To determine whether organoid culture allows the growth of

samples from varying tumor regions, we isolated samples from

three spatially distinct patient tumor regions based on MRI

imaging: the potentially invasive FLAIR region, the contrast-

enhanced tumor zone, and the inner necrotic/hypoxic core (Fig.

3A). Samples from each respective region were pathologically

diagnosed as infiltrating high-grade astrocytoma (CW1757.1; Fig.

3B), high-grade astrocytoma with scant necrosis (CW1757.2; Fig.

3C), and high-grade astrocytoma with necrosis, gliosis, and pos-

sible treatment effect (CW1757.3; Fig. 3D).

Samples from each region were macrodissected, finely minced,

and cultured as organoids. Within 2 weeks, cells from all three

regions visibly invaded the Matrigel, filling its boundaries by 7

weeks and growing stably formonths (Fig. 3E). To evaluate tumor

initiation capability after organoid culture, we dissociated and

orthotopically xenografted organoids from each region. Although

all three regions were cultured identically, cells derived from the

necrotic tumor core reinitiated tumors dramatically faster than the

other two regions (Fig. 3F). Cells with tumorigenic potential were

maintained fromall regions, but the stark contrast between region

3 and regions 1 and 2 demonstrates that organoids maintain

functionally divergent tumor cell populations from distinct

tumor regions. These organoid-derived xenografts also demon-

strated marked heterogeneity and reproduced the indistinct mar-

gins and single-cell infiltration present in the original patient

sample (Fig. 3G–I), reflecting the results from the organoid-

derived CCF3128 xenografts above (Fig. 2H, K, N). Organoids

therefore represent a new tool for the growth andmaintenance of

diverse tumor populations, including infiltrative cells, in vitro.

Tumor organoids generate gradients of stem cell density and

hypoxia

Limitations in oxygen and nutrient availability stimulate glio-

blastoma self-renewal and promote maintenance of a stem-like

cell state (11, 33). We therefore hypothesized that organoids

would have spatial differences in the populations of stem-like

and differentiated cell populations present. SOX2 is a transcrip-

tion factor highly associated with pluripotency (34), a Yamanaka

factor capable of iPS cell reprograming (35), and a well-described

marker of glioma CSCs (36, 37). Glioma CSC tumorspheres

almost universally express SOX2, limiting the ability to study

heterogeneous populations simultaneously. We performed

immunofluorescent analysis of SOX2 to visualize CSC localiza-

tion in organoids from three independent patient tumor speci-

mens. SOX2 expression was notably denser near the periphery of

each organoid and transitioned to punctate staining deeper in the

core (Fig. 4A–C). Organoid centers often contained a mix of

noncellular areas filled with fluid or extracellular matrix, and

cellular areas with a mix of both stem and non-stem cells spread

throughout. Cells near the edges of the organoids were almost

uniformly stem-marker positive, perhaps due to the proximity to

stimulatory growth factors (EGF, bFGF). These patterns were

stable at various time points (Supplementary Fig. S3A–S3C)

including after many months (Fig. 4C).

(Continued.) G, low-power micrograph of biopsy sample (H&E; 1�). H, whole mount mouse brain bearing organoid-derived xenograft demonstrating

effacement of ventricles and asymmetric expansion of cerebral hemispheres with no clear margins of tumor (H&E; 1�). I, whole mount mouse brain bearing

tumorsphere-derived xenograft showing solid growth pattern in subarachnoid space and clear margins of tumor/brain interface. (H&E; 1�). J, intermediate power

micrograph of patient biopsy specimen exhibiting a diffuse growth pattern of tumor cells with eosinophilic cytoplasm (H&E; 10�). K, intermediate power

micrograph of organoid-derived xenografted tissue showing a diffuse growth pattern of tumor cells with eosinophilic cytoplasm and irregularly shaped nuclei (H&E;

10�). L, intermediate power micrograph of tumorsphere-derived xenograft showing solid growth pattern, sharp tumor–brain interface with tumor cells

growing down a perivascular Virchow–Robin space (H&E; 10�). M, high-power micrograph of patient biopsy tissue exhibiting variable amounts of eosinophilic

cytoplasm with hyperchromatic irregular nuclei and pleomorphic cytoplasmic outlines (H&E; 40�). N, high-power micrograph of organoid-derived

xenografted tissue exhibiting individual fibrillar tumor cells infiltrating into the brain substance as single cells with variable amounts of intervening brain parenchyma

between the pleomorphic tumor cells (H&E; 40�). O, high-power micrograph of tumorsphere-derived xenografted tissue showing solid growth pattern of

basophilic tumor cells with high nuclear to cytoplasmic ratios that exhibit a sharp tumor–brain interface with infiltration along the perivascular Virchow–Robin space

(H&E; 40�).
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We next evaluated the presence of hypoxia within organoids

using antibody detection of carbonic anhydrase IX (CA-IX), a

functional hypoxic marker expressed by cells in response to low

oxygen conditions (38). Hypoxic gradients were observed within

the organoids (Fig. 4E'–G'), and strikingly, the presence of CA-IX

immunofluorescence highly correlated with the spatial reduction

of SOX2 expression (Fig. 4E''–G''). Although the frequency of

SOX2þ cells comparatively decreased crossing thehypoxic bound-

ary, a minority of intensely SOX2þ cells remained present among

negative cells throughout hypoxic areas. Thus, the influence of

hypoxia upon stem state in these conditions is large, but not

absolute. Furthermore,multiplemolecularly distinct SOX2þ stem

populations may be present within each organoid—one that

requires high oxygen and growth factors to maintain its stem

state (perhaps mimicking those in the perivascular niche), and

one set that retains stem-like features despite resource-scarce

microenvironmental conditions.

CSCs near the surface of organoids divide and die frequently,

whereas hypoxic CSCs are quiescent

Stem state and hypoxia both influence cell division rates. We,

therefore, evaluated the frequency of cell division across orga-

noids using Ki-67 as a marker of proliferation. Proliferating cells

were primarily localized near the organoid rim (Fig. 5A).

Although most activity was observed in the periphery, rare CSCs

in the hypoxic core also underwent division (Fig. 5B'). Although

peripheral dividing cells were variably positive for SOX2 (Fig.

5B''), the rare core Ki-67þ cells were typically strongly SOX2þ (Fig.

5B', arrow). The apoptotic indicator cleaved caspase 3 was also

comparatively frequent in the outer organoid rim (Fig. 5C–E),

suggesting that this rapidly cycling cell population also has a

higher turnover rate. In contrast, CSCs in the hypoxic core rarely

cycle and rarely undergo apoptosis, reminiscent of a slow-cycling

stem cell population, although accepted immunologic markers

have yet to be described for such cells.

Figure 3.

Patient-derived multiregion tumor samples. A, based on preoperative MRI scans, surgical samples were selected from three distinct tumor regions for

laboratory propagation. These regions were: CW1757_1 ¼ superficial cortex � 3 mm from enhancing margin and also within hyperintense FLAIR; CW1757_2 ¼

enhancingmargin of tumor; CW1757_3¼ tumor center, hypointense on T1 and nonenhancing (typically associated with necrosis on IHC). B, high-power micrograph

of CW1757_1 patient-derived biopsy tissue along the tumor–brain margin demonstrating mild increase in cellular density related to single-cell infiltration

of tumor cells (hematoxylin and eosin, H&E; 40�). C, high-power micrograph of CW1757_2 biopsy demonstrating markedly increased fibrillar tumor cellular density

with variable amounts of intercellular eosinophilic brain parenchyma and no geographic necrosis (H&E; 40�). D, high-power micrograph of CW1757_3 biopsy

demonstrating regions of geographic necrosis (centrally), consistent with therapeutic effect rimmed by viable cells of unknown histology (H&E; 40�). E,

CW1757_X specimens grown directly in organoid format for the indicated culture periods in 6-well plates; scale bar, 1,000 mm. F, Kaplan–Meier survival analysis of

mice bearing orthotopic xenografts from dissociated organoids originating from each tumor region in E. G, high-power micrograph of organoid-derived

xenografted tumor tissue along the tumor–brain interface showing moderately increased cellular density and an indistinct tumor margin related to single-cell

infiltration of tumor cells into the surrounding brain, a feature also found in the biopsy tissue (B; H&E; 40�). H, high-powered micrograph showing

cellular density varying from moderate to high as detected by the variable amounts of basophilic nuclei and eosinophilic cytoplasm (H&E; 40�). I, high-power

micrograph demonstrating a region of predominately high cellular density associated with hyperchromatic and pleomorphic basophilic nuclei, a region

that differs markedly from the other regions of the tumor xenograft shown in G and H (H&E; 40�).
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Figure 4.

Inverse gradients of stem cell frequency and hypoxia in organoids. A–C, widefield immunofluorescence imaging of nuclear SOX2 protein in IN528 (A), 387 (B), and

CCF3128 (C, mosaic) organoids. Scale bars, 400 mm. D–F, coimmunofluorescence of SOX2 and CA-IX near the edges of IN528 organoids. Scale bars, 200 mm.
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Figure 5.

Spatial and phenotypic cellular heterogeneity in organoids. A and B, immunofluorescence mosaic imaging of Ki-67 and SOX2 protein in IN528 organoids; scale bars,

400 mm. Insets (A'–B'') are magnified regions of the mosaic span as indicated by dashed boxes. C–E, immunofluorescence imaging specific to cleaved

caspase 3 protein in IN528 (C andD) and 387 (E) organoids.White arrows, positive cells; scale bars, 200 mm. F–H, lightmicrographs of X-Gal detection of senesence-

associated b-galactosidase in IN528 (F, G) and 387 (H) organoids. Scale bars, 100 mm (F), 200 mm (G), and 400 mm (H).
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To complement proliferative rates, we also investigated cellular

senescencewithin organoids. Althoughno reliable proteinmarkers

for senescencehavebeendescribed inglioblastoma, the presenceof

beta-galactosidase (b-gal) activity (pH 6.5) is an indicator of

senescence (39). X-gal staining marked b-gal–positive senescent

cells present throughout tumor organoids (Fig. 5F–H). Senescent

cells weremost frequent throughout the inner hypoxic regions, but

also present at a moderate frequency throughout the proliferative

rim including at the outer edge. These results suggest that a cell's

choice to become senescent is not simply a response to microen-

vironmental gradients but can also be made amidst proliferative

stimuli. Thus, senescent cells canbemaintained inorganoid culture

for months, enabling their study amidst proliferating cells that

would overwhelm them in standard culture methods.

CSCs in organoids are radioresistant, whereas adjacent non-

stem tumor cells are radiosensitive

Radiotherapy is a standard of care for glioblastoma patients,

but CSCs are more resistant to radiation than their non-stem

progeny (9). Glioblastoma organoids contain adjacent stem and

non-stem cells and maintain tumor-like microenvironmental

gradients. We therefore investigated whether heterogeneous radi-

ation sensitivity is present throughout glioblastoma organoids.

After irradiation, caspase 3 cleavage was significantly increased in

glioblastoma cells around the organoid rim, but not within the

organoid core (Fig. 6A, C, F). These apoptotic cells were also

almost exclusively SOX2 negative (non-stem; Fig. 6D and G).

These findings functionally validate the ability of SOX2þ cells

within the organoid to display a common CSC phenotype—

radioresistance. They also demonstrate the potential for orga-

noids to be used as a screening tool to identify sensitizers to

standard-of-care therapies.

CSCs in organoids heterogeneously coexpress stem cell

markers SOX2, OLIG2, and TLX

The perivascular and hypoxic CSC niches in brain tumors

display distinct molecular regulation (30). Our findings suggest

that there may be molecularly and functionally distinct SOX2þ

CSC populations within organoids. We therefore investigated

the coexpression of additional stem cell markers potentially

important in CSC biology. The orphan nuclear receptor tailless

(TLX) is a mediator of self-renewal and long-term proliferation

of embryonic and neural stem cells (NSC) and may be critical

in the initiation of glioma (40, 41). In a genetically engineered

mouse model, TLX plays an essential role in gliomagenesis and

may mark a quiescent CSC population, distinct from the

SOX2þ cells, which are proliferative (42, 43). Based on these

findings, we investigated whether TLX was differentially

expressed within potential slow-cycling CSCs of the hypoxic

core. Surprisingly, rather than marking rare hypoxic cells, TLX

immunofluorescence was nearly universal among SOX2-posi-

tive cells (Fig. 7A–A'''). TLX and SOX2 staining overwhelmingly

coincided in the proliferative rim, hypoxic core, and in CSC

nests among differentiated tumor cells (Fig. 7A'–7A'''). This

suggests that TLX function may be distinct in human gliomas

compared with previous mouse models. The correspondence

between TLX and SOX2 expression in CSCs parallels other work

in adult NSCs showing a transcriptional network where SOX2

directly regulates TLX transcription and TLX and SOX2 form

transcription complex at TLX-controlled genes (44). In light of

these data, our staining pattern suggests that the SOX2 and TLX

regulatory networks in our CSCs may have similarities to TLX

regulation in adult NSCs.

The basic helix-loop-helix transcription factor OLIG2 controls

replication competence in NSCs and glioblastoma, is preferen-

tially expressed in CSCs, is required for glioblastoma initiation in

mousemodels, and is one of four factors capable of reprograming

glioma cells to a CSC state (36, 45, 46). CSC tumorspheres are

almost universally positive for SOX2 and for OLIG2 (Supplemen-

tary Fig. S4A–S4D). We investigated whether OLIG2 is coex-

pressedwith SOX2 inorganoids and found that such coexpression

is common in both inner and outer organoid regions, but to

varying degrees (Fig. 7B–D; Supplementary Fig. S4E). In the CSC-

rich proliferative rim, the vastmajority of cells coexpressedOLIG2

and SOX2 (Fig. 7D''). SOX2/OLIG2 double-positive cells were

still frequent amongst CSCs in the hypoxic core, but strongly

single-positive cells were frequently present as well (Fig. 7D').

Once away from the proliferative rim, this heterogeneity extends

deep within the organoids (Supplementary Fig. S5). These find-

ings suggest that separate organoid regions may harbor distinct

but overlapping CSC subpopulations.

Discussion

Three-dimensional organoid culture systems permit a complex

structure to develop, mimicking organ development (21, 26, 29).

Although some cancers display spatial orientation relative to the

stem cell niche, gliomas generate neo-niches that lack coherent

organization. We investigated the spatial distribution of CSCs

within organoids and observed, similar to patient tumors, little

evidence of self-organization or higher-level patterning. Small

stem cell nests were present in some organoid cultures (Fig. 7A''';

Supplementary Fig. S4E), but gradients of stem cell markers

appear primarily driven by resource diffusion with SOX2-positive

cells densely located near the organoid periphery with the highest

exposure to oxygen, nutrients, and media growth factors. This

region couldbe viewed as the in vitro equivalent of the perivascular

niche, whereas the organoid interior is a mimic of the resource-

poor hypoxic niche in vivo. This analogy is supported by the

inverse relationship between SOX2þ frequency and regions stain-

ing for the functional hypoxic marker CA-IX (Fig. 4D–F). Inter-

estingly, this gradient is not linear. Althoughmarkedly fewer cells

are SOX2þ within hypoxic regions, the punctate distribution of

strongly SOX2þ cells remained throughout the organoid interior

(Supplementary Fig. S5). This inverse relationship of markers

from rim to center combinedwith clear nuclear localization of the

SOX2 transcription factor shows that these results are not a

technical artifact, such as "edge effect" or incomplete fixation.

This biologic relationship suggests a cellular choice driven by a

threshold rather than a simple reflection of resource diffusion.

We further investigated the relationship between SOX2 and

expression of another key glioma stem cell gene, OLIG2 (36, 45,

46). Overlap between SOX2 and OLIG2 expression is particularly

prominent in the proliferative rim of glioblastoma organoids,

whereas CSCs in the core are more heterogeneous in their expres-

sion or coexpression of these CSC markers (Fig. 7B–D). This

suggests that tumor organoids may harbor distinct molecular

subpopulations within the stem cell hierarchy and that the

distribution of these cells may be influenced by their microenvi-

ronment.We see similar stemcell behavior in tumors in vivowhere

CSCs are enriched within perivascular niches yet also reside in

hypoxic niches far from the vasculature. Themicroenvironmental
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gradients present in organoids allow similar heterogeneity of

CSCs growing simultaneously. The molecular profiles of these

CSC subtypes as well as their influence upon each other and their

non-stem glioblastoma cell neighbors in vivo or in organoid

culture have yet to be determined.

NSCs are long-lived andquiescentwith theproliferative burden

arising from more lineage-committed transit-amplifying cells. In

contrast, in most cell culture methods including neural stem cell

and glioblastoma stem cell cultures, rapidly proliferating popula-

tions outcompete slow-cycling, quiescent, or senescent cells. The

influence of these populations in scientific experiments is thus

limited. In organoids, the vastmajority of proliferative activity (as

determined by Ki-67 staining) was localized to the peripheral rim

(Fig. 5A). This is not surprising as this region contains the highest

levels of growth factors, oxygen, and nutrients, all of which are

required for proliferative activity. These cells are variably positive

Figure 6.

Organoid rim non-CSCs are radiosensitive. A–D, immunofluorescence imaging of cleaved caspase 3 protein and SOX2 protein in IN528 organoids 96 hours after 3 Gy

irradiation. White arrows, cleaved caspase 3–positive cells. Scale bars, 200 mm (A, C) or 100 mm (B, D). E–G, total cells and cells positive for SOX2

(E), cleaved caspase 3 (F), and both (G) were blindly counted from three nonoverlapping high-power fields within the indicated organoid regions. Student

t test; �, P < 0.02; �� , P < 0.001.
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Figure 7.

Partially overlapping stem cell marker expression in glioblastoma organoids. A, immunofluorescence mosaic imaging of SOX2 and TLX protein in 387 organoids.

Scale bars, 200 mm. Insets (A'–A''') are magnified regions of the mosaic span as indicated by dashed boxes. B–D, immunofluorescence mosaic imaging

of SOX2 andOLIG2 protein expression in IN528 organoids. Insets (B'–D'') aremagnified regions of themosaic span as indicated by dashed boxes. Scale bars, 200 mm.
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for the stemcellmarker SOX2, suggesting the proliferation of both

stem-like andmore differentiated (such as transit-amplifying) cell

populations in this region (Fig. 5B''). A rare population of SOX2þ

cells in the hypoxic core also showed clear Ki-67 positivity (Fig.

5B'). Furthermore, staining for cleaved caspase 3 revealed rela-

tively high apoptotic rates in the organoid periphery compared

with the core (Fig. 5C–E). This suggests that the proliferative edge

is a region of high cell turnover surrounding a more stable core,

rather than the presence of a conveyor-belt–like effect from edge

proliferation to core death.

Cytotoxic cancer therapies may be less effective in slower

cycling or nonproliferative cancer cells. The above finding may

indicate a long-lived population of SOX2þ cells in the core that

have retained the ability to divide but do so very infrequently, as

would be expected for a slow-cycling or quiescent stem cell. The

presence of senescent glioblastoma cells, in concert with the

potential presence of quiescent CSCs, in tumor organoids suggests

that organoids may reflect greater complexity of heterogeneous

tumor cell populations compared with other culture techniques.

For instance, we have demonstrated radiosensitive non-stem cells

and radioresistant CSCs growing adjacently within the organoid

rim (Fig. 6). This preserved heterogeneity underscores a potential

utility of organoids derived directly from patients for screening

assays, the studyof therapies and therapeutic resistance, and in the

development of patient avatar models.

We have shown the striking ability of organoid-derived xeno-

grafts from multiple patient samples and tumor regions to reca-

pitulate the single-cell infiltrative phenotype of the original

patient tumor (Fig. 2H, K, N; Fig. 3G–I), whereas tumorsphere-

derived xenografts produce a solid mass (Fig. 2I, L, O). This

finding suggests that organoid culture may preserve a patient

tumor cell population capable of reproducing this infiltrative

phenotype. Organoid culture may therefore be essential to reca-

pitulate and study this deadly component of glioblastoma. Infil-

trative mouse xenografts derived from organoids and solid xeno-

graft tumors derived from tumorspheres may also have different

responses to candidate therapeutics. Parallel organoid- and

tumorsphere-derived xenograft animals may therefore comple-

ment each other in preclinical trials.

Organoid growth has a different spectrum of benefits and

drawbacks compared with tumorspheres or to xenografts (Sup-

plementary Table S1). Organoids aremore time consuming at the

time of establishment than tumorspheres andmay be impractical

for high-throughput screening efforts. Compared with tumor-

spheres, organoids have low and regionally variable cellular

growth rates. Also in contrast with traditional culture methods,

the cellular heterogeneity present in organoids could obscure

molecular responses to experimental perturbations if the orga-

noid is lysed in bulk prior to analysis (i.e., for immunoblot or

qPCR assay).

The cellular and microenvironmental heterogeneity within

tumor organoids enables the simultaneous culture of functionally

and phenotypically diverse stem and non-stem glioblastoma cell

populations. Neither in vivo xenograft propagation nor any cur-

rently described culture systems can similarly pair such cellular

diversity and microenvironmental gradients with the experimen-

tal control of in vitro culture.Organoid culturemay allow the study

of stem and non-stem glioblastoma cell populations in the same

culture, the investigation of interactions between CSCs in prolif-

erative and hypoxic niches, and the further dissection of subpo-

pulations within the glioblastoma stem cell hierarchy. Future

studies utilizing organoids may empower medium-throughput

drug screening with the ability to detect mixed responses that are

often discovered only in clinical trials. Combinatorial studies in

organoid format may circumvent the feasibility barrier posed by

in vivo studies. The creationof organoidsmaypermitmore reliable

models for precisionmedicine, even from tumor types such as like

cerebral metastases that are challenging to perpetuate. Finally,

genetically engineered organoids have been developed to inter-

rogate the genetic initiation and progression of tumors in the

gastrointestinal system (47). Our studies suggest such models are

feasible in brain tumors as well.
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