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Chromosomal Instability Affects Tumor-Initiating Cells
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Figure 7. Increasing CIN inhibits tumor formation. A, representative H&E-stained brain sections of mice injected with GNS 179 GFP-MCAK (top) or
GFP-MCAK Hypir (bottom) cells. A tumor is clearly evident in the brain of the animal injected with GFP-MCAK...expressing cells, whereas there is no
indication of a tumor in the brain of the animal injected with GFP-MCAK Hypir...expressing cells. In total, 5 mice were injected with 100,000 GNS 179 GFP,
GFP-KIF2A, GFP-MCAK, or GFP-MCAK Hypir...expressing cells. Scale bars, 2,000. B, representative H&E-stained sections highlighting the pathologic
features of the intracranial tumors that developed in mice injected with GNS 179 GFP, GFP-KIF2A, and GFP-MCAK cells. The top left plot shows tumor
tissue adjacent to normal brain tissue (arrow). The top right panel is an example of desmoplasia that developed in tumors (arrow). The bottom left panel is
an example of pseudopalisading in tumors (arrow). The bottom right panel is an example of tumor cells in“ltrating into normal brain tissue (arrow).

Scale bars, 100um, 25xmagni“ cation. C, percentage of brain tumors detected in mice injected with GNS 179 GFP, GFP-KIF2A, GFP-MCAK, or GFP-MCAK
Hypir...expressing cells by the 312-day endpoint of the experiment. D, tumor-free survival curves of mice that were sacri“ced prior to the 312-day end-
point of the experiment. *, P < 0.1, log-rank (Mantel...Cox) test compared with mice injected with GNS 179 GFP-expressing cells.

mice injected with cells expressing GFP-MCAK Hypir showed
detectable evidence of brain tumors upon histologic exami-
nation at any time point (Fig. 7A and C). For animals that
were sacrificed prior to the 312-day endpoint, there was no
significant difference between the tumor-free survival curves
of the mice injected with the control GFP-expressing cells
and the GFP-KIF2A or GFP-MCAK-expressing cells (P > 0.2,
log-rank test; Fig. 7D). There was a significant difference, with
a threshold of P < 0.1 (P = 0.07, log-rank test) in the tumor-
free survival curves for the mice injected with the control
GFP-expressing cells compared with mice injected with the
GFP-MCAK Hypir-expressing cells (Fig. 7D). Taken together,
these data demonstrate that TICs derived from glioblastoma
tumors display CIN, and both contribute to and propagate
genetic diversity within a tumor. Further, increasing the rate

of chromosome missegregation reduces the ability of TICs to
initiate tumor formation, demonstrating that TICs have an
upper tolerable limit for the rate of genetic change.

DISCUSSION
CIN Is a Source of Genetic Heterogeneity in TICs

Tumor progression is commonly based upon principles of
evolutionary theory. From a vast heterogeneous genetic land-
scape within populations of tumor cells, local environmen-
tal conditions promote the selection of individual cells that
have acquired unique capacities to outcompete their neighbors,
fueling tumor progression and generating intratumor heteroge-
neity. This process plays out iteratively so that tumors and their
metastatic progeny can be represented as trees with genetically
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definable trunks and branches with differing levels of genetic
disparity. A central premise of this model is that tumor cells
possess a capacity to tolerate genetic change (35). Here, we dem-
onstrate that glioblastoma TICs have a CIN phenotype result-
ing in extensive karyotype diversity within the population and
providing an ongoing source for genetic changes. Indeed, our
SKY data show that no two cells in the TIC populations that
we assayed have the same chromosomal karyotype. These data
support a model of genetic intratumor heterogeneity arising
from both TICs and non-TICs and provide a direct link between
amechanism that drives genetic change (i.e., CIN) to the genetic
diversity within the TIC population. However, because TICs are
responsible for tumor recurrence after treatment, these cells can
propagate genetic changes whereas the non-TICs cannot. To
our knowledge, this is the first demonstration of CIN in TICs.

Previous studies have demonstrated both whole-chromo-
some and gene copy-number intratumor heterogeneity in pri-
mary glioblastoma tumor tissue but did not distinguish TICs
from non-TICs (16-18). Further studies have analyzed different
types of genetic diversity within TICs and showed that glio-
blastoma TICs and non-TICs had abnormal karyotypes, but
reported that these karyotypes were clonal and that single-cell
clones were genetically homogeneous (12, 14, 36-38). In con-
trast, we demonstrate that glioblastoma TICs have extensive
subclonal karyotype heterogeneity and that single-cell clones
do not maintain a homogenous karyotype. In agreement with
our results, other studies that analyzed gene mutations and
gene copy-number variations arrived at the same conclusion,
showing extensive subclonal genetic heterogeneity in TICs, but
these studies did not provide a mechanism for the generation
of such subclonal heterogeneity (39, 40). From these subclonal
patterns of genetic heterogeneity, it was suggested that TICs fol-
low a “back to Darwin” evolutionary model, with TICs having
variegated genotypes that selection can act upon (39). However,
unlike individual gene mutations or copy-number variations,
the potential of whole-chromosome missegregation and CIN
to be agents for selection and to create phenotypic diversity may
be larger because the copy number of hundreds to thousands
of genes is simultaneously altered upon whole-chromosome
missegregation (41,42),and CIN is a source of continual genetic
re-shuffling. An important extension of this work would be
to use single-cell methods to simultaneously test the tumor-
initiating capacity of a cell as well as its specific karyotype and
rate of chromosome missegregation. Unfortunately, karyotypic
analysis is lethal to cells so there are no methods currently avail-
able to combine these strategies for single cells.

TICs Have an Upper Tolerable Limit for CIN

The prevalence and complexity associated with intratumor
heterogeneity is a major obstacle for current therapeutics and
poses challenges for new drug development (43). In agree-
ment, CIN is correlated with therapy resistance and poor
patient prognosis (7, 8). According to evolutionary theory,
CIN may contribute to resistance by creating genetic diversity
to provide substrates for the subsequent selection of cells
with advantageous karyotypes. Alternatively, resistance may
be an intrinsic property associated with a CIN phenotype
(8, 9). Similarly, TICs are resistant to a variety of treatments,
including ionizing radiotherapy and chemotherapeutics, and
therefore are thought to be the population of cells responsi-

ble for tumor relapse (2, 3). This combined tolerance to both
genetic and environmental stress is an attribute of TICs that
is likely to contribute to tumor recurrence.

Yet, our results demonstrate that there is an upper limit to
the rate of chromosome missegregation that TICs can toler-
ate and still maintain their TIC function as defined by their
ability to initiate tumors. If we assume that chromosome mis-
segregation scales linearly with the frequency of mitotic errors
that we detected following expression of a dominant-negative
MCAK mutant, then TICs lose their functional properties
following an approximately 2-fold increase in the chromo-
some missegregation rate. Surprisingly, unlike previous stud-
ies demonstrating that elevating chromosome missegregation
leads to cell death (44-46), this change in the chromosome
missegregation rate is not uniformly lethal and does not alter
stem cell marker expression (NESTIN and SOX2). This reveals
that the functional capacity of TICs to drive tumor forma-
tion is separable from expression of those stem cell markers.
Also, this raises the possibility that TICs give rise to non-TICs
within the tumor population through mitotic events that
confer karyotypes onto daughter cells that are incompatible
with a tumor-initiating phenotype rather than solely occur-
ring through processes akin to stem cell differentiation. The
loss of TIC function may result from transcriptional changes
and/or imbalances. Evidence from aneuploid cells shows that
a gain in a whole chromosome leads to an increase in mRNA
expression levels for the majority genes on the gained chromo-
some, demonstrating that transcription scales with chromo-
some copy number (41, 42). Therefore, whole-chromosome
changes created by CIN may substantially alter transcriptional
programs, leading to a loss of TIC function.

Increasing CIN in TICs as a Therapeutic Target

These data reveal a new potential therapeutic strategy
to eliminate TIC function. Previous studies have suggested
inhibiting the mitotic checkpoint to cause massive chromo-
some missegregation and lethality in tumor cells (22, 44, 45).
Our data indicate that a significant therapeutic response
could be achieved by elevating chromosome missegregation
rates to levels that simultaneously decrease proliferation and
erode TIC function; however, this is below a level needed to
cause lethality in all tumor cells.

This strategy would hinge on driving TICs through the cell
cycle and into an error-prone mitosis. We envision a two-step
strategy to eliminate TIC function and tumor development.
Current treatments kill the bulk of tumor cells; however, after
treatment, it has been shown that quiescent TICs re-enter the
cell cycle to repopulate the tumor (11). It is at this time that
TICs would be vulnerable to treatments that would mod-
estly increase chromosome missegregation rates. Proteins that
ensure faithful chromosome segregation would be candidate
drug targets to achieve this outcome. MCAK is one such can-
didate and is a particularly attractive target for glioblastoma,
as mRNA expression analysis of glioblastoma tumor samples
shows that it is upregulated compared with normal brain tis-
sue (34). Another candidate is the protein kinase MPS1 that is
also required for faithful chromosome segregation. The MPS1
inhibitor MPS1-IN-3 has been shown to prolong survival in
mouse models of glioblastoma when combined with the anti-
mitotic vincristine as a first-line treatment (47). Importantly,
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our data suggest treatments elevating chromosome missegre-
gation will be most effective as a secondary treatment after the
bulk of tumor cells have been eliminated and quiescent TICs
re-enter mitosis, reinitiating tumor growth.

In conclusion, we show that intratumor heterogeneity
stems from genetic heterogeneity within the population of
TICs due to CIN. Although CIN generates continual heteroge-
neity that serves as a foundation for selection, adaptation, and
evolution in a dynamic tumor environment, there is an upper
tolerable limit that can be exploited as a therapeutic strategy.

METHODS
Cell Lines

The CB660, GliNS2, and GNS 144 cell lines were all obtained in
2010 directly from the laboratory of S. Pollard, where these cell lines
were previously characterized (19). The GNS 179 cell line was obtained
in 2011 directly from the laboratory of S. Pollard, where this cell line
was previously characterized (19). For determining the frequency of
anaphase errors and chromosome copy numbers by FISH, GNS 179
cells ranged in passage number from 26 to 31 (early) and 47 to 51 (late).
GIliNS2 cells ranged in passage number from 25 to 35 (early) and 50
(late). GNS 144 cells ranged in passage number from 39 to 42 (early)
and 61 to 76 (late). CB660 cells ranged in passage number from 39 to 44
in these experiments. The PDX cells were obtained in 2014 directly from
the laboratory of J. Rich, where these cells were previously validated and
characterized (2, 30, 48, 49). The GNS and PDX cell lines were previ-
ously characterized, and no further authentication was performed for
this study. RPE-1 (CRL-4000) and U20S (HTB-96) cells were obtained
from the ATCC. For further details on the isolation of single-cell GNS
144 clones, GNS cell astrocyte differentiation, and the construction of
the stable GNS 179 cell lines, please see Supplementary Methods.

Cell Culture

Cells were maintained at 37°C in a humidified 5% CO, atmosphere.
GNS 179, GNS 144, GliINS2, and CB660 cells were a kind gift from
S. Pollard and were maintained as previously described (19). Briefly,
GNS and CB660 cells were cultured in DMEM/F12 (Life Technolo-
gies) supplemented with 1x nonessential amino acids (Life Technolo-
gies), 0.5x N2 (Life Technologies), 45 mmol/L Hepes (Sigma), 0.5
B27 (Life Technologies), 29 mmol/L glucose (Sigma), 0.12 mg/mL
BSA (Sigma), 55 pmol/L 2-mercaptoethanol (Life Technologies), 20
ng/mL FGF (Peprotech), 20 ng/mL EGF (Peprotech), 1 pg/mL laminin
(Sigma), 100 units/mL penicillin (Life Technologies), and 100 pg/mL
streptomycin (Life Technologies). For plasmid selection, GNS 179
cells were maintained with 250 pg/mL of G418 (Invivogen). RPE-1 and
U20S cells were maintained in DMEM (Mediatech) containing 10%
FCS (Hyclone), 50 units/mL penicillin (Lonza), 50 units/mL strepto-
mycin (Lonza), and 0.25 pg/mL fungizone (Hyclone). T4121, T3691,
and T3946 CD133" TICs were maintained as previously described
(30). T4121, T3691, and T3946 CD133™ non-TICs were maintained in
DMEM (Mediatech or Cleveland Clinic Media Productions Core) con-
taining 10% FCS (Hyclone or Life Technologies), 50 units/mL penicil-
lin (Lonza), and 50 units/mL streptomycin (Lonza) and validated to
be of tumor origin (49). GNS, CB660, and PDX cells were dissociated
using Accutase (Life Technologies), and RPE-1 and U20S cells were
dissociated using 0.05% Trypsin (Mediatech).

Immunofluorescence

GNS and CB660 cells were plated on 12-mm poly-D-lysine/
laminin-coated coverslips (Corning) prior to fixation. RPE-1 and
U20S cells were plated on standard 18-mm coverslips prior to
fixation. For measuring the frequency of chromosome segregation

errors, cells were fixed with ice-cold methanol for 3 minutes or 3.5%
paraformaldehyde, pH 6.8 for 5 minutes (experiments with GNS 179
GFP cell lines), washed 2 x 5 minutes TBS-0.1% triton, and blocked
with “Abdil” (TBS-0.1% triton and 2% BSA) for 30 minutes. Primary
antibodies were diluted in Abdil at 1:4,000 mouse DM1a (Sigma)
and 2 pg/mL rabbit CENP-A (kind gift of A. Straight), and coverslips
were incubated for 1 hour. Subsequently, coverslips were washed 4
x 5 minutes Abdil and incubated with secondary antibodies diluted
in Abdil at 1:1,000 Alexa Fluor anti-mouse 594 and Alexa Fluor anti-
rabbit 488 or Alexa Fluor anti-mouse 647 and Alexa Fluor anti-rabbit
594 (experiments with GNS 179 GFP cell lines) for 1 hour (Alexa
Fluor reagents Life Technologies). Coverslips were washed 4 x 5
minutes Abdil, DNA stained with DAPI for 15 minutes, washed 3 X 5
minutes Abdil, washed 3 X 5 minutes TBS-0.1% triton, and mounted
with Pro-Long Gold Anti-Fade (Life Technologies).

For SOX2 immunofluorescence, cells were fixed in 3.5% paraform-
aldehyde, pH 6.8 for 5 minutes, washed 2 x 5 minutes TBS-0.1%
triton, and blocked with Abdil + 10% donkey serum. The primary
antibody was used at 10 ug/mL mouse SOX2 (R&D Systems).

For astrocyte differentiation experiments with GNS 179 GFP cell
lines, cells were fixed with 3.5% paraformaldehyde, pH 6.8 for 5 min-
utes, and the following primary antibodies were used: mouse GFAP at
5 pug/mL (Sigma); 1:1,000 rabbit GFP (kind gift of W. Wickner); and
1:2,000 human ACA (Geisel School of Medicine).

Images were acquired with a cooled CCD camera (Andor Technol-
ogy) mounted on a microscope (Eclipse Ti; Nikon). Optical sections
(0.2 pm or 0.5 um) in the z axis were collected with a planApo 60x 1.4
NA oil immersion objective at room temperature. For experiments
comparing the frequency of expression of proteins of interest, images
for each cell line were acquired with the same acquisition parameters
and exposure times. For additional details on immunofluorescence
protocols, please see Supplementary Methods.

FISH

Cells were washed with PBS and resuspended in 5 mL 75 mmol/L
KCL for 10 to 15 minutes at 37°C. Cells were then fixed and washed
twice in 3:1 methanol:acetic acid. FISH was performed using centro-
meric DNA probes to chromosomes 2, 3, 7, and 10 (Cytocell).

SKY Analysis

GliNS2 cells were treated with 100 ng/mL nocodazole (Acros) for
16 hours to enrich for mitotic cells. Cells were washed and fixed as
described for FISH analysis, except cells were incubated in 10 mL
75 mmol/L KCL for 20 minutes at 37°C and fixed twice with 3:2
methanol:acetic acid. T3691 CD133* TICs and CD133~ non-TICs
were treated with 100 ng/mL nocodazole for 12 hours to enrich
for mitotic cells. Cells were washed and fixed as described for FISH
analysis, except cells were incubated in 5 mL 75 mmol/L KCL for 15
minutes at 37°C. SKY analysis was performed by The Jackson Labora-
tory Imaging Services.

Cell Proliferation Assay

GNS 179 cells, GN'S 179 GFP, GEP-KIF2A, GFP-MCAK, and GFP-
MCAK Hypir cells were sterile sorted to plate cells into 24-well Prima-
ria tissue culture-treated plates at 12,500 cells per well. In addition,
the GFP-expressing cell lines were sorted into plates of low and high
GFP expression. Cell sorting was performed by the Immunoassay and
Flow Cytometry Shared Resource at the Geisel School of Medicine
(Hanover, NH).

Cell growth was measured using alamarBlue according to the manu-
facturer’s instructions (Thermo Fisher Scientific). Briefly, wells were
incubated with alamarBlue reagent for 6 hours at 37°C. Cell growth was
then measured using a fluorescent plate reader with an excitation wave-
length of 530 nm and an emission wavelength of 580 nm. Cell growth
measurements were repeated every other day for a total of 11 days.
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From the growth curves, population doubling time was calculated
during the exponential phase of growth from days 3 to 9. Population
doubling time was calculated using the following equation: DT =
TIn2/In(Xe/Xb), where T = incubation time hours, Xe = ending fluo-
rescent intensity, and Xb = beginning fluorescent intensity.

Animals and Orthotopic Injections

All animal studies described were approved by the Cleveland Clinic
Foundation Institutional Animal Care and Use Committee and con-
ducted in accordance with the NIH Guide for the Care and Use
of Laboratory Animals. Human tissues were acquired from primary
human brain tumor patient specimens in accordance with appropriate
approved Institutional Review Board protocols. Tumor grade and avail-
able cytogenetic information for each specimen have been previously
described (2, 48, 49). PDX tumor specimens were maintained through
subcutaneous xenografts in the flanks of NSG mice. Subcutaneous
tumors were initiated via injection of 100,000 bulk tumor cells and
harvested when the tumor reached approximately 1.0 cm in diameter.

For intracranial implantation studies to evaluate tumor initiation
by TICs, 100,000 viable TICs (GFP, GFP-KIF2A, GFP-MCAK, or GFP-
MCAK Hypir) were implanted into the right frontal lobes of female
NSG mice (n =5 mice per group). Mice were monitored daily for neu-
rological impairment, at which time they were sacrificed and brains
removed to evaluate for tumor development. After harvesting and fix-
ation, the brains were sectioned and hematoxylin and eosin (H&E)-
stained by the Pathology Translational Research Shared Resources at
the Geisel School of Medicine. The H&E sections were than blindly
scored by a neuropathologist for the presence of brain tumor.

In Vitro Limiting Dilution Assay

Genetically modified TICs (GFP, GFP-KIF2A, GFP-MCAK, and
GFP-MCAK Hypir) were cell sorted based on viability (Live/Dead
dye blue; Life Technologies) and GFP positivity using a FACS Aria II
Cell Sorter (BD Biosciences) to plate the cells into 96-well plates at a
final cell number per well of 1 (38 wells/plate), 5 (24 wells/plate), 10,
20, or 50 (all at 12 wells/plate). Colony formation was evaluated 14
days after sorting, and wells were scored positive or negative for the
presence of at least one colony. The estimated stem cell frequency was
calculated using extreme limiting dilution analysis (50).

TIC Cell Surface Sorting via CD133

To isolate PDX TICs, subcutaneous flank tumors were dissociated
using a papain dissociation system (Worthington Biochemical). TICs
were isolated based on surface expression of glycosylated CD133
enriched either by FACS [anti-CD133/2 (293C3)-APC, human]| or
magnetic-activated cell sorting [anti-CD133/1 (AC133), human] as
per the manufacturer’s recommendations (MACS; Miltenyi Biotec)
and grown as tumorspheres or adherently plated on GelTrex (Life
Technologies). After isolation, all cells were utilized in experiments
in fewer than five passages.

Statistical Analysis

A Fisher exact two-tailed test was performed for anaphase error
rates, chromosome mode deviations, and SOX2 expression. A Stu-
dent two-tailed ¢ test was performed for the frequency of astrocyte
differentiation. Kaplan-Meier tumor-free survival curves were con-
structed using Prism 5 software with subjects that did not show
evidence of a brain tumor upon histologic examination censored.
Alog-rank (Mantel-Cox) test was used to compare survival curves.
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