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Abstract

Increasing age is the most robust predictor of greater malignancy and treatment resistance in
human gliomas. However, the adverse association of clinical course with aging is rarely
considered in animal glioma models, impeding delineation of the relative importance of
organismal versus progenitor cell aging in the genesis of glioma malignancy. To address this
limitation, we implanted transformed neural stem/progenitor cells (NSPCs), the presumed cells of
glioma origin, from 3 and 18month old mice into 3 and 20-month host animals. Transplantation
with progenitors from older animals resulted in significantly shorter (p < 0.0001) median survival
in both 3month (37.5 v583 days) and 20-month (38 v5 67 days) hosts, indicating that age-
dependent changes intrinsic to NSPCs rather than host animal age accounted for greater
malignancy. Subsequent analyses revealed that increased invasiveness, genomic instability,
resistance to therapeutic agents and tolerance to hypoxic stress accompanied aging in transformed
NSPCs. Greater tolerance to hypoxia in older progenitor cells, as evidenced by elevated HIF-1
promoter reporter activity and hypoxia response gene (HRG) expression, mirror the upregulation
of HRGs in cohorts of older vsyounger glioma patients revealed by analysis of gene expression
databases, suggesting that differential response to hypoxic stress may underlie age-dependent
differences in invasion, genomic instability and treatment resistance. Our study provides strong
evidence that progenitor cell aging is responsible for promoting the hallmarks of age-dependent
glioma malignancy and that consideration of progenitor aging will facilitate development of
physiologically and clinically relevant animal models of human gliomas.
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Introduction

Results

Adult human malignant gliomas are incurable and little progress has been realized in patient
survival in over 30 years. Development of more efficacious therapeutic approaches is
limited by the lack of experimental models that accurately reflect glioma biology and
clinical behavior. The most robust predictor of glioma malignancy, treatment response and
patient survival is age at diagnosis (Curran ef a/. 1993; CBTRUS 2009). Remarkably, little is
known about the mechanisms by which age alters glioma biology. To model the effects of
aging on glioma malignancy, the effect of age on factors intrinsic to the host (e.g., brain
microenvironment) as well as on factors intrinsic to neural stem/progenitor cells (NSPCs;
e.g., genomic instability), the cells of glioma origin, must be considered. To date, the
relative impact of aging on host versus NSPCs on glioma development has not been
determined in animal glioma models. A better understanding of how age in host and
progenitor cells promotes the development of adverse clinical features could stimulate the
development of more relevant animal models and identify mechanisms responsible for age-
dependent worsening of malignancy in human gliomas.

To address this limitation, we examined the relative impact of aging in progenitor cells and
host organism separately by implanting NSPCs from 3 and 18month mice oncogenically
transformed ex vivo into syngeneic 3mo and 20mo host animals. Our results showed that
aging in NSPCs, but not the host organism, significantly shortened host survival, indicating
that age-dependent changes intrinsic to progenitor cells had a profound influence on
malignant potential. The greater malignancy of transformed 18mo NSPCs was accompanied
by increased invasion, genomic damage, resistance to radiation and alkylating agents and
tolerance of hypoxic stress. The potential clinical relevance of hypoxic responses was
revealed by our analysis of gene expression databases, which showed enhanced expression
of hypoxia response genes in older cohorts of human glioma patients. Our findings validate
incorporating aging in glioma animal models and demonstrate the potential of such models
to identify potential mechanisms responsible for age-dependence of malignancy in human
gliomas.

The age of progenitor cells rather than host animals determines glioma malignancy

We previously reported that increased age of transformed NSPCs (Tr-NSPCs) resulted in
markedly shorted survival of 4-6mo hosts (Mikheev et al. 2009). Here we address the
question of whether progenitor cell or host animal age is the predominant determinant of
malignancy by comparing survival of 3mo and 20 mo syngeneic mouse hosts implanted with
either 3mo or 18mo Tr-NSPCs. Large differences were observed in median survival that
corresponded to the age of the Tr-NSPC (hereafter referred to as NSPC age), but not the age
of the hosts (Fig. 1A,B). The median survival of young 3mo hosts implanted with 3mo or
18mo Tr-NSPCs was 87 and 37.5 days, respectively (p=0.0001) while median survival of
aged 20 mo hosts implanted with 3mo or 18mo Tr-NSPCs was 67 and 37 days, respectively
(p=0.0001). In contrast, median survival between young and aged hosts implanted with
same-aged Tr-NSPCs did not differ significantly (p=0.53 and 0.31 for 3mo or 18moTr-
NSPCs, respectively; Figs. 1A,B).

Analysis performed on ten 18mo and twelve 3mo Tr-NSPCs generated tumors did not
identify any relationship between host age and the distribution of tumor grade or histologic
features (Figures 1C, 1S and Table S1). Further, the proportions of tumors with histological
features of human WHO grade Il and IV gliomas were similar for 18mo Tr-NSPCs (3 grade
IV, 7 grade I11) and 3mo Tr-NSPCs (3 grade IV and 9 grade I1) (See Fig. 1C, Table.1S). By
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contrast, age-related differences in histologic features existed for presence of large/small
hemorrhages in 18mo Tr-NSPC tumors (p=0.043) and fascicular growth patterns in 3moTr-
NSPC tumors (p=0.008) while the increased frequency of high or medium vs low levels of
local tumor cell infiltration of 18m Tr-NSPC tumors was nearly significant (p=0.052).
Differences were also noted in frequency of multinodular growth (70% vs 25%) and large vs
medium/small tumor areas (30% vs 67%) in 18mo Tr-NSPC vs 3mo Tr-NSPC tumors,
respectively, but these did not reach statistical significance (p=0.084 and 0.087,
respectively). Together these data suggested that the enhanced malignancy of “older”
gliomas in this model is largely attributable to age-related properties of the tumor cells of
origin as opposed to age-related influences of the host. In light of these findings, we next
examined how aging in NSPCs influenced specific features of malignancy relevant to
human gliomas.

Cell invasiveness increases with Tr-NSPC age

Invasion is a hallmark of increased human glioma malignancy (Palfi et a/. 2004).. To
determine whether progenitor cell aging enhances diffuse invasion as well as local invasion
as identified in histologic analysis, we compared global growth patterns of tumors derived
from equal numbers of viable 3mo and 18mo Tr-NSPCs stably labeled with GFP and
implanted into 3mo host brains. Images reconstructed from whole brain laser scanning
confocal microscopy demonstrated that 3mo Tr-NSPCs grew as cohesive, relatively uniform
tumor masses (Fig. 2A) while, tumors derived from 18mo Tr-NSPCs were highly invasive
with distant multi-focal and contiguous growth through white matter tracts (Fig. 2A). In
addition, tumor cells were detected in olfactory bulb, brain stem and frequently formed
contralateral tumor foci (not shown). While histologic examination of tumor borders in
Figure 1C suggested that both 3mo and 18mo Tr-NSPCs are locally invasive, this more
global technique of analysis indicates that only the older progenitors are capable of long
range and more diffuse patterns of invasion and strongly indicate that age of Tr-NSPCs is a
major determinant of tumor invasiveness. To address whether differential invasiveness is
intrinsic to the age of the NSPCs, we compared the invasion of 3mo and 18mo Tr-NSPCs
through matrigel-coated filters in vitro. As shown in Figure 2B, the number of cells
penetrating the filter 20 hr after plating was 42% greater for 18mo Tr-NSPCs and these cells
were more likely to fully penetrate and spread out on the filter. These results indicate that
enhanced invasive potential in our experimental model is an age-dependent characteristic
intrinsic to progenitor cells that reproduces a key feature of human glioma malignancy.

Genomic instability increases with age in normal and transformed NSPCs

Genomic instability is a common feature of all cancers that promotes tumor malignancy and
treatment resistance through selection for adaptive mutations (Walters et a/. 2011). A
previous study identified increased mutations in normal NSPCs from older mice, indicating
that genomic instability accompanies aging (Bailey et a/. 2004). Here we seek evidence for
age-dependent genomic instability in normal NSPCs and Tr-NSPCs by quantifying two
markers of genomic instability, yH2AX expression and micronuclei formation, indicative of
mutagenic DNA strand breaks and gross chromosomal aberrations, respectively
(Sedelnikova et al. 2004; Fenech et al. 2011). As shown in Figure 3A, 3mo NSPCs lacked
detectable -yH2AX protein in contrast to the robust levels detected in 18mo NSPCs. In
accord, the fraction of NSPC nuclei containing yH2AX was markedly increased in 18mo
NSPCs compared with 3mo NSPCs (6.6% vs 1.4%; p=0.02, Fig. 3B). Similar age-dependent
differences were also noted for micronuclei counts in non-transformed NSPCs (Fig. 2S).
Although transformation greatly increased the absolute degrees of genomic instability, age
dependent disparities noted in normal cells persisted. The fraction of Tr-NSPCs cells with
YH2AX foci was 60% vs 22% respectively for 18mo Tr-NSPCs and 3mo Tr-NSPCs
(p=0.0001, Fig. 3C,D) and as shown in Fig 3E the fraction of cells with micronuclei was
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also significantly greater in 18mo Tr-NSPCs (8.7% vs2.8%; p=0.035). The mean number of
micronuclei per aberrant binucleate cell was also greater in 18 compared to 3moTr NSPCs
(1.23 vs 1.0, respectively; p=0.045; Fig.3F). Of note, in the aberrant 3moTr NSPCs, no cells
had more than one micronucleus. In contrast, 12/78 (15%) of aberrant 18moTr NSPC's
contained multiple (up to 8) micronuclei (Fig.3G, H). Consistent with increased yH2AX
foci and micronuclei formation in aged transformed NSPCs, cytogenetic analysis revealed
significant increases in the mean number and percentage of 18mo Tr-NSPCs with chromatid
breaks (Fig. 3S). /n toto, these results strongly suggest that increased genomic instability is
associated with aging in both normal and transformed NSPCs.

Resistance to clinically utilized genotoxic agents increases with NSPC age

Increased patient age inversely correlates with response to radiation and alkylating agent-
based chemotherapy (Rosenblum et a/. 1982; Barker et al. 2001; Stupp et al. 2009). With
this in mind, we assayed the sensitivity of 3mo and 18mo Tr-NSPCs to radiation and the
methylating agent temozolomide (TMZ), both standard components of post-operative
glioma therapy (Mrugala & Chamberlain 2008). As shown in Figure 4A, irradiation with 20
Gy vy-rays, a near maximal singlefraction stereotactic radiation dose, produced 40% survival
in 3mo Tr-NSPCs compared to 80% survival in 18mo Tr-NSPCs (p=0.005). The radiation-
induced reduction in survival in 3mo Tr-NSPCs was accompanied by a significant 1.9-fold
increase in the number of apoptotic (7.e., Annnexin V expressing) cells (p=0.026), while no
change in apoptotic cell fraction was detected in 18mo Tr-NSPCs (Fig. 4B). These results
indicate that 18mo Tr-NSPCs are intrinsically more radioresistant than the 3mo Tr-NSPCs.
Similarly, 3mo Tr-NSP Cs were significantly more sensitive than 18mo Tr-NSPCs to TMZ
at doses greater than 100 pM (Fig. 4C). Of note, these differences in response to genotoxic
stress were not reflected in differential activity of O8-methylguanine-DNA
methyltransferase (MGMT), the sole mammalian repair activity that removes O°-
methylguanine from DNA (Silber et al. 2012) or Apel,the major mammalian abasic site
endonuclease central to repair of abasic sites and single-strand breaks containing oxidized
deoxyribose moieties (Abbotts & Madhusudan 2010). Together, these results demonstrate an
age-dependent increase in Tr-NSPC resistance to clinically utilized genotoxic agents that
mimics the worse clinical outcome that accompanies aging in human gliomas based on
mechanisms other than differential MGMT or Apel activity.

Proliferation, growth and resistance to hypoxia increase with NSPC age

We previously reported an association between increased Ki-67 labeling index and shorter
survival of 18mo vs 3mo Tr-NSPC derived tumors in same-aged hosts (Mikheev et al.
2009). To determine whether these /n vivo differences are intrinsic to transformed cell age
we analyzed cell cycle characteristics and cell culture doubling times. Based on FACS
analysis, the %S-phase fraction of 18mo vs 3mo Tr-NSPCs was significantly increased
(53% vs 35% respectively; p=0.000015) while the %G1 was higher in 3mo Tr-NSPCs (51%
vs 39%; p=0.002). Cell doubling times for 18mo and 3mo Tr-NSPCs were 19.4 vs 23.3
hours, respectively (data not shown). Unlike proliferation and cell growth, no significant
age-dependent differences were noted in neural differentiation potential (Figure 4S).

Intra-tumoral hypoxia strongly influences glioma proliferation, invasion and treatment
response (Jensen 2009). Therefore, we quantified age-dependent differences in BrdU
incorporation and cell survival in response to hypoxic stress. BrdU incorporation at
normoxia was slightly higher in 18mo vs 3mo Tr-NSPCs (46% vs 37% Fig. 5B) although
this difference did not reach statistical significance. After incubation for 48 hr at 1% O,
while the BrdU labeling index of 3mo Tr-NSPCs decreased significantly from 37% to 27%
(p=0.01) while the BrdU labeling index increased in 18mo Tr-NSPCs from 46% to 66%
(p=0.029; Fig. 5B). With prolonged hypoxic stress (7 days at 1% O,) only 24.7% of 3mo Tr-
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NSPCs were viable (compared to normoxic controls) (p=0.04) compared to 75.4% of 18mo
Tr-NSPCs (Fig. 5C). Likewise, the difference in survival of stem-like cells isolated from
tumors generated by 18mo Tr-NSPCs vs 3mo Tr-NSPCs was nearly identical to the parental
transformed cells prior to implantation (70% vs32%; p=0.016; Fig. 5D). These data indicate
that differential tolerance to hypoxic stress distinguishes young and aged Tr-NSPCs, both /n
vitroand in vivo, and suggests that the resistance to hypoxia that characterizes increasing
malignancy in human gliomas is promoted by age-related changes intrinsic to progenitor
cells.

Tr-NSPC aging recapitulates age-dependent changes in response to hypoxia observed in
human gliomas

To explore the potential clinical relevance of age-dependent responses to hypoxic stress, we
examined the expression of HIF-1-regulated hypoxia response genes (HRGs) in age-defined
cohorts of human malignant glioma patients extracted from a public database (Phillips et al.
2006). The 87 HRGs used for this analysis have HIF-1 response elements and validated
responsiveness to hypoxia (Table 2S) (Benita ef a/. 2009). The median survivals of the age-
defined cohorts of grade 111 and 1V malignant gliomas (< 40 vs = 55 years old) were
significantly different (145 weeks vs 70 weeks, respectively; p=0.036, Fig. 6A). Strikingly,
among 23 differentially expressed HRGs, 19 were upregulated in the older cohort indicating
an age-related upregulation of HRGs (Fig. 6B and Table 1). To eliminate the influence of
lower grade tumors (15/29 grade 111 in young cohort vs only 2/15 grade 111 in aged) we
repeated the analysis considering only grade IV GBM patients and found a similar
upregulation in HRG expression in the aged patient cohort (Table 1). Our analysis indicates
that increased expression of genes that promote resistance to hypoxia accompanies older age
and might contribute to greater malignancy in human gliomas.

We next examined the effect of hypoxia on expression in 3mo and 18mo Tr-NSPCs of a
sub-set of HRGs found to be upregulated in malignant gliomas from patients = 55 years old
(r.e., VEGFA, FN1, HK2, LDHA, ADMand LOX). As shown in Figure 6C, incubation at
1% O, for 48 hours increased expression of all genes from 3- to 33-fold in 3mo and 18mo
Tr-NSPCs. Notably, the relative fold-changes in expression for all genes except LOX were
2- to 5-fold higher in 18mo than in 3mo Tr-NSPCs (Fig. 6C). Since HRGs can be regulated
through HIF-1-independent mechanisms, we determined whether the age-dependent
differences in HRG expression reflected different levels of HIF-1 activity in 3moTr and
18moTr NSPCs. As illustrated in Figure 6D, after incubation for 8 hours in 1% O,
normalized luciferase reporter activity was approximately 2.4-fold higher in 18mo than in
3mo Tr-NSPCs (22-fold vs 9-fold; p=0.02). These data indicate that hypoxic stress
recapitulates in Tr-NSPCs age-dependent changes in HRG expression associated with
greater malignancy observed in human gliomas and provide additional evidence that age-
related changes intrinsic to glioma progenitor cells play a predominant role in determining
tumor malignancy.

DISCUSSION

It has long been appreciated that aging is strongly associated with increasing malignancy in
human gliomas (Curran et a/. 1993; Ohgaki & Kleihues 2005; CBTRUS 2009). The
underlying mechanisms by which age promotes aggressive clinical behavior in the most
common primary brain tumors, however, remain to be elucidated. The paucity of animal
models that replicate the age-dependence of glioma malignancy greatly limits investigation
of aging mechanisms that promote a more aggressive phenotype. Contrary to clinical
experience, early rodent studies demonstrated increased animal survival with age after
glioma induction from carcinogen or oncogenic virus exposure (Perese 1964; Copeland &
Bigner 1977). By contrast, recent studies using syngeneic implants of established glioma
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cell lines made landmark observations that agerelated decreases in immune competency
(Wheeler et al. 2003) and recruitment of endogenous neural progenitors (Glass et al. 2005)
contributed to decreased survival in older hosts. While these seminal studies provided new
insight into the role of host factors in age-dependent malignancy, many questions remained.
In particular, the relative impact of aging in glioma cells of origin vs the host has been
heretofore untested.

Here we describe for the first time a syngeneic mouse glioma model that reproduced
malignant features characteristic of human gliomas in older patients as evidenced by gross
morphology, histology, aggressive behavior and gene expression. Importantly, our model
permits separate examination of the effects of progenitor cell and organismal aging on tumor
malignancy. Our findings implicate progenitor cell age as a predominant determinant of
aggressive behavior in gliomas, as convincingly demonstrated in the two-fold reduction in
median survival produced by 18mo compared to 3mo Tr-NSPCs when implanted into young
as well as aged hosts (Fig. 1). Accordingly, our data also demonstrated age-dependent cell
intrinsic increases in hallmarks of glioma malignancy, including greater invasiveness,
insensitivity to radiation and temozolomide and resistance to hypoxia. Moreover, older Tr-
NSPCs replicate the enhanced expression of HRGs that accompanies aging in human
gliomas and display evidence of increased genomic instability, a driving force of malignant
progression (Shiras et al. 2007; Walters ef al. 2011), attesting to the clinical and
physiological relevance of our model. /n foto, our findings indicate that aging is
accompanied by specific changes in glioma progenitor cells that foster malignancy and that
our model has utility as a tool to investigate age-related mechanisms that drive glioma
malignant progression. We are aware of only one other study where aging in presumed cells
of origin was investigated (Vicente-Duenas ef a/.). In this study, implantation of transformed
B cell precursors from 18mo compared to 3mo animals significantly reduced survival in
same-aged hosts (Vicente-Duenas ef a/.) while host age (4mo vs 18mo) had no impact on
survival after implantation of a syngeneic B-cell leukemia cell line. Therefore, using an
experimental paradigm nearly identical to our prior report (Mikheev ef al. 2009) Vicente-
Duenas (2010) reproduced the differential effects of aging in cells of origin versus the host.
Together, these results and our current and previously reported findings suggest that cell
intrinsic aging may be a determinant of malignancy in cancers other than glioma.

Our data suggest that genomic instability and hypoxic stress responses may be potentially
interrelated mechanisms central to aging-related gliomagenesis and malignancy. For
instance, we confirmed prior observations of an aging related increase in genomic instability
in normal NSPCs (Bailey et al. 2004) and extended this observation to their transformed
progeny. In mouse brain, age-related genomic instability was first demonstrated as loss of
heterozygosity at specific loci in 20mo but not 2mo cultured NSPCs (Bailey et a/. 2004). In
accord, we found increased abundance of yH2AX foci and micronuclei accompanying aging
in both normal and transformed NSPCs. yH2AX foci are indicative of double-strand breaks,
clastogenic DNA lesions produced by oxidative free radicals that lead to gross chromosomal
alterations as evidenced in our study by micronuclei formation. Our observation of elevated
numbers of yH2AX foci with age in normal and transformed NSPCs is in accord with
previous reports of yH2AX in aging tissues (Sedelnikova et a/. 2004), and consistent with
an increased tolerance of accumulating DNA lesions produced by endogenous oxidative
stress over the cell’s lifespan. The vast majority of oxidative DNA damage consists of
single-strand breaks and altered or missing bases which, if unrepaired, interact with DNA
replication to form double-strand breaks. Importantly, resistance to hypoxia in older
progenitors is accompanied by greater proliferative potential and viability (Fig.5), implying
greater tolerance to double-strand breaks and their precursors.

Aging Cell. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Mikheev et al.

Page 7

Regarding hypoxia, the greater tolerance to hypoxia and even increased proliferation
displayed by 18mo compared to 3mo Tr-NSPCs has precedent in our earlier report of a
comparable age-dependent increase in resistance to hypoxic insult in untransformed NSPCs
(Stoll et al. 2011). These findings suggest that the acquisition of hypoxic phenotypes or
tolerance of hypoxia in glioma may reflect intrinsic changes in normal progenitor cells that
occur during aging. Greater hypoxic tolerance in 18mo Tr-NSPCs corresponded to increased
HIF-1 activity (Fig. 6) which is linked to enhanced angiogenesis, tumor cell invasion, and
treatment resistance in human gliomas (reviewed in (Jensen 2009)). Activation of HIF
expression also fosters self-renewal, proliferation and survival in glioma stem cells /n vitro
(Mathieu et al)) and increases the likelihood of tumor initiation when progenitors are
implanted in host animals (Li ef a/. 2009). The observation of greater hypoxiadriven
expression of HRGs in 18mo Tr-NSPCs that are also upregulated in more malignant human
gliomas from older patients (Fig. 6B) supports the relevance of differential activation of
HRGs as a mechanism contributing to age-dependent glioma malignancy. Accordingly,
other human glioma studies have identified a correlation between hypoxic signaling and
tumor grade (Dreyfuss et al. 2009) and poor prognosis in grade 1V GBM patients (Flynn et
al. 2008).

Together our data indicate that aging related increases in genomic instability and hypoxic
tolerance occur in both normal and transformed NSPCs. This suggests the possibility that
carry over and possible amplification of these pre-existing properties from normal to
transformed cells contributes to the differential malignancy related to aging. These
observations also underscore a central unanswered question; namely, how might these
factors interact to promote aging and malignant phenotypes in NSPCs? Tolerance of DNA
damage has been suggested as a mechanism to deal with prolonged genotoxic stress and
reduced DNA repair capacity in aging NSPCs (Kenyon & Gerson 2007). Therefore, in aging
NSPCs, increased resistance to hypoxia may promote genomic instability leading to a
“mutator phenotype” enhancing genetic diversity and malignant potential (Beckman & Loeb
2005). Conversely, genomic instability with aging may serve to select for hypoxic
phenotype. For instance, by generating molecular diversity, increased genomic instability in
normal or transformed NSPCs could promote selection of cells in the aging neurovascular
stem cell niche or hypoxic tumor microenvironment, respectively. Of note, reduced VEGF
signaling of neural stem/progenitor cells in the aging microvascular niche (Bernal &
Peterson, 2011) is linked to reduced neurogenesis with aging. If retained after malignant
transformation these differences in cell intrinsic hypoxic tolerance acquired during normal
aging would presumably contribute to accelerated selection and tumor growth and
malignancy as observed in this model.

Relevant to our findings of age-dependent increases in genomic instability, hypoxia has
pleiotropic effects on DNA damage and repair and cell survival linked to genomic instability
and treatment resistance (Wilson & Hay 2011) (Bristow & Hill 2008). Increased expression
of HRGs that promote survival under hypoxic stress are therefore likely to confer resistance
to genotoxic agents such as we observed for radiation and temozolomide (Fig. 4). In accord
with this supposition is the observation that cytotoxic therapies for glioma are significantly
less effective with increasing patient age (Rosenblum et a/. 1982; Grant et al. 1995; Stupp et
al. 2009). However, elevated expression of HRGs may afford new therapeutic targets for
older glioma patients as evidenced by the finding that older GBM patients are significantly
more responsive to the VEGF inhibitor bevacizumab than younger patients (Nghiemphu et
al. 2009), presumably due to increased expression of the HIF1 regulated gene VEGF.

In summary, we have developed a syngeneic mouse model using transformed NSPCs that
permits investigation of the relative contribution of progenitor cell and organismal aging to
the development of malignancy in human gliomas. Our model recapitulated hallmark
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features of human glioma malignancy and demonstrated a primary importance of aging in
presumed glioma progenitor cells, as opposed to the host. A caveat of our observations is
that they derive from a single model system. Since aging neural phenotypes can be strain
specific future studies are warranted in additional strains to validate the current findings and
conclusions. Additional studies of interest would be to define the effects of additional
specific transformation paradigms and progenitor cell sub-types on age-dependent
malignancy. Our current data provide the basis for these future studies by dramatically
demonstrating for the first time the potential importance of considering both the cell of
glioma origin and host in modeling aging-dependent glioma malignancy. Such models will
facilitate the delineation of mechanisms responsible for the age dependence of aggressive
tumor behavior and potentially serve as clinically relevant surrogate to evaluate the efficacy
of new therapies in young and old glioma patients.

Experimental Procedures

Key experimental procedures are described below; additional details are available as
supplemental information.

Isolation, propagation and transformation of NSPCs

Experiments were performed according to procedures approved by the University of
Washington Institutional Animal Care and Use Committee (IACUC). Adult neural stem and
progenitor cells (NSPCs) were isolated from forebrains C57BL/6 mice, propagated in serum
free proliferation media (EGF and FGF supplemented) and transformed by retroviral
transduction with HPV18 E6E7 viral oncogenes and Ha-RasV12 at the fourth passage as
previously described (Petit ef a/. 2007), (Mikheev et al. 2009). Equal MOls of each
retrovirus were added to the same number of cells of each age under antibiotic selection to
ensure similar efficiency of transformation. Pools of selected cells of the same passage
numbers in log growth were used for syngeneic transplants.

Intracranial injection, histology and whole brain imaging

Equal numbers of transformed 3mo or 18mo NSPCs pre- labeled with EGFP were implanted
into young 3mo (n=8 implanted with 3mo and 18mo Tr-NSPCs, respectively) or 20mo aging
(n=10 and 7 implanted with 3mo and 18mo Tr-NSPCs, respectively) C57BI mice as
described (Mikheev et al. 2009; Mikheeva et a/. 2010). Animals were sacrificed when
displaying terminal indicators (excess weight loss, moribund or neurologic signs). The
interval from implant to sacrifices was recorded as overall survival. After perfusion with 4%
paraformaldehyde (PFA) paraffin embedded sections of from 22 randomly selected animals
(6 each from young and old hosts implanted with 3mo Tr-NSPCs and 5 each from young
and old hosts implanted with 18mo Tr-NSPCs) were cut and processed for hematoxylin and
eosin (H&E) staining. Tumor grade and histology features were qualitatively scored
according to WHO criteria for human glioma by an experienced surgical neuropathologist
(D.E.B.) blinded to the sample identity (see supplement for details of histologic analysis).
Significant differences were determined as p < 0.05 using Fisher’s exact test. Global patterns
of tumor growth were analyzed in brains from randomly selected three-month old hosts
implanted with 3mo Tr-NSPCs (n=3) and 18mo Tr-NSPCs (n=4) cells using confocal laser
scanning microscopy (Fluoview-1000) as previously described (Mikheeva et al. 2010).

Invasion Assay

Invasion assays were performed as previously described (Mikheeva et al. 2010) (Elias et al.
2005) using matrigel coated filters.
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YH2AX detection

A yH2AX rabbit polyclonal antibody (#2577, Cell Signaling Technology, Inc, Danvers,
MA) was used to detect H2AX protein in western bots and nuclear foci by
immunocytochemistry. At least 600 cells were counted to determine the yH2AX labeling
index in each of two independent experiments.

Micronucleus and cytogenetic analysis

Briefly, cells were treated for 24 hours with cytochalasin B were analyzed for the presence
and number of micronuclei per binucleate cell according to published methods (Baliga et a/.
2007). Cytogenetic analysis of fifty metaphase spreads was performed for each culture as
previously described (Schwartz et al. 1999).

Cell cycle (FACS) analysis, cell growth and differentiation

Isolated nuclei stained with DAPI were analyzed using BD Influx cell sorter (BD
Biosciences) followed by cell cycle analysis using Multicycle AV software (Phoenix Flow
Systems, San Diego CA). The doubling times were calculated by counting viable cell
numbers (Vi-cell, Beckman Coulter, Inc) in cultures at log-growth phase using a linear
regression on the log-scale plot using the following formula doubling time= log2/slope.
Differentiation potential was determined by quantifying MAP2 + cells (neurons), GFAP+
cells (astrocytes) and CNPase + cells (oligodendroglia) after growth in lineage specific
differentiation media as previously described (Stoll et a/. 2011) and supplemental
information).

Cellular responses (viability, apoptosis and proliferation) to gentoxic (irradiation, TMZ) or
hypoxic stress

After irradiation with 20Gy (1Gy/min) from a Cs137 source, cells were assayed after 48
hours for percent viability by quantitation of reduced Alamar Blue (resazurin) reagent
(O'Brien et al. 2000) and percent apoptosis at 16 hours by AnnexinV-Cy5 FACS. Cell
viability 24 hours after exposure to different concentrations (0, 20, 100, 400, 1000 uM) of
the alkylating drug TMZ was quantified as above using Alamar blue. Proliferation in
response to a 48 hour exposure to hypoxia (1% O,) was quantified by counting at least 600
cells after immunostaining with anti-BrdU antibody (Santa Cruz #32323) to obtain BrdU
labeling indices. Longer-term effects of hypoxia (7 days at 1% O») on viability were
quantified using the Alamar Blue assay on both primary transformed cell cultures and cells
isolated from tumors propagated using the same protocols outlined above.

Bioinformatics analysis of microarray data

The age-dependent distribution of hypoxia regulated genes (HRGs) with HIF-1 response
elements (Benita et a/. 2009) was analyzed in age-defined malignant glioma patients (<40
yrs; >55yrs) extracted from a public gene expression database (NCBI GEO repository
GSE4271 (Phillips et al. 2006)). Survival data for each age group was used to determine
differences in median survival by age while significance of age-dependent differentially
regulated HRGs was defined using established statistical methods (see supplemental
information for details).

Quantitative RT-PCR

RNA isolation, reverse-transcription, thermocycling and relative quantification were carried
out as previously described (Mikheeva et a/. 2010). A summary of primer pairs used for
each gene is provided in supplemental data (Table 4S).
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HIF-1 promoter reporter assay

After an 8-hour incubation in 1% O2 cells, HIF1 activity was measured in cells co-
transfected with HIF-1 luciferase reporter (Bhattacharya et a/. 1999) and galactosidase
expression plasmid according to published protocols (Mikheev ef a/. 2000).

Data analysis and statistics

An unpaired Student’s £test was used to compare labeling index (BrdU and yH2AX),
viability, apoptosis, micronuclei index and HIF-1 activity. Median survival of tumor-bearing
animal cohorts and of glioma patient cohorts (Phillips et al. 2006) was compared by Kaplan-
Meier analysis using Prizm4 statistical software (GraphPad Software, La Jolla, CA).
Differences in histologic features between age-groups were determined using Fisher’s exact
test with significance defined as p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Progenitor cell ageisa predominant deter minant of malignant phenotype

Equal numbers of transformed NSPCs isolated from 3 or 18mo mouse forebrains (3mo Tr-
NSPCs (Tr) and 18mo Tr-NSPCs, respectively) were implanted into the brains of 3 and 20
mo syngeneic mice to determine the effect of progenitor cell and host age on survival (A and
B) and tumor histology and grade (C). Survival curves (A) for each progenitor cell and host
animal age combination revealed that 18mo Tr-NSPCs significantly shortened survival in
both 3mo and 20 mo hosts while host age had no significant effect on survival (B). (C)
Representative H&E histology of 3mo Tr-NSPC (top row) and 18mo Tr-NSPCs (bottom
row) tumors at 4x (left), 20x (middle) and 40x (right) (enlarged image Fig. 1S). Features of
multinodular (arrowheads) and fascicular growth (dashed lines) were common in 3mo Tr-
NSPC generated tumors while multifocal diffuse invasion (long arrows), increased
microvasculature (short arrows) and diffusely invasive growth (gradual transition shown
from larger to smaller asterisk) in 18mo Tr-NSPC generated tumors (summary Table 1S).
(D) Summary of tumor grade analysis.
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Figure 2. Tumor invasivenessincreases with progenitor cell age

(A) Representative comparisons of maximum point projection whole brain images of tumor
growth patterns derived from compiled laser scanning confocal microscopy. (A) Left panel,
3mo Tr-NSPCs formed compact tumors with only local invasion (not seen at this power; see
Fig. 1C); right panel, 18mo Tr-NSPCs formed tumors that showed pronounced distant
invasion as well as areas of hemorrhage, both features of greater malignancy. (B) The
number of cells that invaded through a matrigel coated filter was 42% greater for 18mo
compared to 3mo Tr-NSPCs. Representative filters used for quantitation of invasion shown.
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Figure 3. Age dependent activation of yH2AX expression and increased micronuclei formation
(A) Western blot showing differential yH2AX protein content in normal 3 and 18mo
NSPCs. (B) Quantification of yH2AX immunopositivity in cultured normal 3mo and 18mo
NSPCs. (C) Quantification of yH2AX foci in 3mo and 18mo Tr-NSPCs. (D) Representative
photomicrographs demonstrating detection of yH2AX foci in 3mo and 18mo Tr-NSPCs.
Bottom row- higher magnification of areas designated above (arrows indicate foci). (E)
Percentage of binucleate cells containing micronuclei (“Micronuclei index™) was
significantly greater in 18mo compared to 3mo Tr-NSPCs (8.7% vs 2.8%, p=0.035) [pooled
from a 1000 cells counted for each age in two separate experiments]. (F) Frequency of
single or multiple micronuclei in aberrant binucleate cells by age. (G, H) Appearance of
binucleate cells without micronuclei (left panel) or with micronuclei (right panel, arrows) for
3mo and 18mo Tr-NSPCs, respectively. Multiple micronuclei (right sided panel of 3H) were
only detected in 18mo Tr-NSPCs.
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Figure 4. Resistance to genotoxic stressin Tr-NSPCsincreases with age

(A) Comparison of cell viability assayed by reduction of Alamar Blue in 3mo and
transformed 18mo Tr-NSPCs 48 hr after irradiation with 20 Gy of 137Cs y-rays. (B)
Activation of apoptosis assessed by FACS analysis of Annexin V immunoreactivity in 3mo
and transformed 18mo Tr NSPCs 48 hr after irradiation with 20 Gy of 137Cs y-rays. (C)
Viability measured as reduction of Alamar Blue in 3mo and 18mo Tr-NSPCs incubated for
24 with the alkylating agent temozolomide (TMZ). Each data point represents an average of
6 replicates.
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Figure 5. Resistance to hypoxiain Tr-NSPCsincreases with age
(A) Quantitation of histograms (left) from FACS demonstrated an increased S-phase fraction
of 18mo Tr-NSPCs cultured at normoxia. (B) BrdU incorporation in 3mo and 18mo Tr-
NSPCs cultured for 48 hours in normoxia (21% O5) or hypoxia (1% O5). (C,D) Cell
viability after exposure to chronic hypoxia (7days in 1% O5) assayed by reduction of
Alamar Blue of (C) 3mo and 18mo Tr-NSPCs and (D) tumor derived glioma stem-like cells
isolated from tumors formed from 3mo and 18mo Tr-NSPCs. Cell viability in hypoxia was
normalized to cell counts at 21% O,.
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Figure 6. Increased hypoxia response gene (HRG) expression is associated with increased

malignancy in older glioma patientsand isreplicated in older Tr-NSPCs

(A) Kaplan-Meier survival analysis from a public database (Phillips et a/. 2006)
demonstrates shorter median survival of older (= 55y0) vs younger (< 40yo) malignant
glioma patients (70 vs 145 weeks; p=0.036). (B) Scatter plot demonstrating that nearly all

HRGs (adapted from (Benita ef a/. 2009)) are upregulated in aging vs youn

g patient cohorts

(enlarged image Fig 5S, summary in Table 1). The relative expression of HRGs is shown as
log, of old/young plotted against log, average intensity. HRG probe sets with significant
differences (7.e., > 1.5x expression change, p<0.05) are indicated by a red “X” as opposed to

those lacking significance (orange “X”). (C) Expression of selected HRGs

upregulated in

older gliomas were quantified by gRT-PCR in 3mo and 18mo Tr-NSPCs after 48 hr
exposure to hypoxia (1% O,). Fold elevation is relative to cells grown in 21% O,. (D)
Activation of a HIF-1a luciferase reporter gene is greater in 18mo than 3mo Tr-NSPCs

exposed to 1% O, for 8 hr.
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Age-dependent differential expression of hypoxia response genes in malignant glioma patients

Probeset 1D Foldlctzjhange P.Value Gene$
old vs

y(oung)* Symbol
215446_s_at 4.39 4.8E-05 LOX
202912_at 4.05 9.0E-05 ADM
210095_s_at 3.76 1.7E-04 IGFBP3
210512_s_at 3.53 1.2E-03 VEGFA
202718_at 3.49 4.2E-03 IGFBP2
212464 s at 2.65 4.7E-05 FN1
204846_at 2.42 9.5E-04 CP
208691 _at 2.40 7.6E-05 TFRC
217028_at 2.37 2.9E-03 CXCR4
200650_s_at 2.26 3.2E-05 LDHA
202627_s_at 2.21 1.9E-03 | SERPINE1
201170_s_at 2.15 5.6E-04 BHLHE40
205463_s_at 1.88 2.8E-03 PDGFA
202934 _at 181 4.7E-03 HK2
201426_s_at 1.63 5.9E-03 VIM
227068_at 1.60 8.4E-03 PGK1
209357_at 1.55 1.2E-02 CITED2
201029_s_at 1.52 3.4E-03 CD99
213931_at 1.51 1.1E-02 1D2
209735_at -1.55 3.9E-02 ABCG2
202364 _at -1.59 6.0E-04 MXI1
204285_s_at -1.65 3.6E-02 PMAIP1
214091 _s_at -1.81 4.1E-02 GPX3
Uniqueto grade IV GBM
203939_at 1.70 3.37E-02 NT5E
222847_s_at 1.50 1.35E-02 EGLN3

*
Age >=55 vs<=40 years old (p<0.05, cut off difference =1.5 fold)

Table 1

Page 19

$—Genes with age dependent differential expression when combined grade 111 and IV are included in the analysis. Genes shown in bold also showed

age dependent regulation when only grade IV tumors were included in the analysis.
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