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Scram1 is a modifier of spinal cord resistance for astrocytoma
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Abstract Tumor location can profoundly affect morbidity and patient prognosis, even for the same tumor type.
Very little is known about whether tumor location is
determined stochastically or whether genetic risk factors
can affect where tumors arise within an organ system. We
have taken advantage of the Nf1-/?;Trp53-/?cis mouse
model of astrocytoma/glioblastoma to map genetic loci
affecting whether astrocytomas are found in the spinal
cord. We identify a locus on distal Chr 5, termed Scram1
for spinal cord resistance to astrocytoma modifier 1, with a
LOD score of 5.0 and a genome-wide significance of
P \ 0.004. Mice heterozygous for C57BL/6J9129S4/
SvJae at this locus show less astrocytoma in the spinal cord
compared to 129S4/SvJae homozygous mice, although we
have shown previously that 129S4/SvJae mice are more
resistant to astrocytoma than C57BL/6J. Furthermore, the
astrocytomas that are found in the spinal cord of Scram1
heterozygous mice arise in older mice. Because spinal cord
astrocytomas are very rare and difficult to treat, a better
understanding of the genetic factors that govern
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astrocytoma in the spine may lead to new targets of therapy
or prevention.

Introduction
Malignant intramedullary spinal cord astrocytomas are very
rare but devastating tumors, with an estimated age-adjusted
incidence of 0.05 per 100,000 (Hsu et al. 2011) and a
median survival time of less than 20 months (Milano et al.
2010). Because these tumors are so rare, very little is known
about their molecular biology and genetics. It has been
difficult to establish even basic prognostic factors and
optimal treatment because samples must be collected over
the course of decades, through periods of constantly
evolving treatment options, and from highly heterogeneous
populations (Benes et al. 2009; Harrop et al. 2009). Because
of the spinal cord anatomy, complete tumor resection must
be balanced against the morbidity caused by loss of spinal
cord function. Furthermore, radiation and chemotherapy
have not shown clear benefit in these patients.
Mouse models of spinal cord astrocytoma can help to
characterize the biology and genetics of these tumors by
allowing larger sample numbers to be collected over shorter
time frames. In addition, mouse models can be used to reduce
the heterogeneity of the population by controlling environment and diet so that hypotheses can be tested on the risk
factors for spinal cord astrocytoma and whether they differ
from brain astrocytomas. A better understanding of spinal
cord astrocytoma biology will identify directed hypotheses
to be tested in the small number of human samples and may
lead to new insights for targeted therapy of these tumors.
Very few animal models of spinal cord astrocytoma
exist. A xenograft model of spinal gliosarcoma has been
developed in the rat (Caplan et al. 2006) and a genetically
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engineered model of oligoastrocytoma has been developed
in mouse (Hitoshi et al. 2008). We use a mouse model of
astrocytoma/glioblastoma that develops tumors spontaneously in both the spine and the brain. The model carries
mutations in the Nf1 gene and the Trp53 gene linked in cis
on Chr 11 and initiates tumors through spontaneous loss of
the wild-type copies of Nf1 and Trp53 on the opposite
chromosome (Reilly et al. 2000). These Nf1-/?;Trp53-/
?cis (NPcis) mice develop astrocytoma grades II–IV
throughout the central nervous system, depending on the
strain background. NPcis mice on the C57BL/6J (B6)
background are susceptible to astrocytoma, whereas NPcis
mice on the 129S4/SvJae (129) background are resistant
(Reilly et al. 2004). This model is well suited to screening
for modifiers of astrocytoma because it has been inbred onto
both the B6 and the 129 strain and because the Nf1 and
Trp53 mutations are tightly linked, allowing the model to be
bred as a heterozygote to different strain backgrounds.
Anecdotal evidence suggests that the pathology of spinal
cord astrocytoma is similar to brain astrocytoma in patients,
although the spinal cord astrocytomas have not been rigorously studied using molecular techniques. Our observations of NPcis mouse astrocytomas suggest that tumors in
the brain and the spine are similar as well. We therefore
were interested in using this model to test the genetics of
location-specific tumor growth. We used backcross mapping and linkage analysis to identify a modifier of astrocytoma specifically affecting tumors in the spine.

Materials and methods
Mouse breeding
Mice for the mapping experiment were generated by
crossing inbred 129-NPcis females to wild-type B6 males
in the first generation to make F1(1299B6)-NPcis female
progeny. Female F1 mice were backcrossed to wild-type
129 males in the second generation, and NPcis male and
female progeny were used for mapping modifier loci. Of
the 114 backcross progeny that were bred, 88 (37 females
and 51 males) were successfully genotyped and phenotyped for binary linkage analysis. The C57BL/6J strain
(Jackson Laboratory Cat. No. 000664) and the 129S4/
SvJae strain maintained in our colony were used as the
parental strains in the backcross. Mice were maintained at
NCI-Frederick according to the guidelines and regulations
of the Institutional Animal Care and Use Committee.
Phenotyping of astrocytoma
Mice were aged and euthanized according to predetermined criteria as described previously (Walrath et al.
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2009), with the exception that only brains, spines, and
visible masses were collected for histology. Half of the
skull was fixed in Bouins and the contralateral half of the
brain was fixed in neutral-buffered formalin. The Bouinsfixed brain was trimmed along the midline sagittal plane
and cut parasagittally at the level of the eye. Three sagittal
brain sections (1 midline Bouins, 1 contralateral formalinfixed, and 1 parasagittal Bouins) were used for analysis of
astrocytoma. The spine was cut at the cervical level below
the brain stem. The entire spine was divided into ten pieces.
Four cross sections were taken at the cervical end, caudal
end, and at the thoracic and lumbar levels to divide the
remaining spine into thirds. The remaining thirds were cut
longitudinally along the midline and then again parasagittally at the edge of the spinal cord through the nerve roots,
giving rise to six longitudinal sections. All ten spinal cord
sections and three brain sections were scored for the
presence of astrocytoma grades II–IV by KMR and independently scored by the Pathology/Histology Laboratory at
Science Applications International Corporation, Inc.
(Frederick, MD). The presence or absence of astrocytoma
(of any grade) in the ten spinal cord sections was taken as a
binary trait (1 = present; 0 = absent) and used for linkage
analysis.
Genome-wide SNP genotyping
Tail DNA was prepared using the Promega Wizard SV
Genomic DNA Purification System (Promega, Madison,
WI) and concentrated by ethanol precipitation. Genomic
tail DNA was resuspended in a range of 5–155 ng/ll, with
75–150 ng/ll considered optimal. Thirty-five microliters of
DNA for each sample was sent to the Center for Inherited
Disease Research (CIDR) and genotyped using the Illumina 1440 K SNP Panel (Illumina, Inc., San Diego, CA).
This panel contains 880 SNPs polymorphic for B6 and 129.
Statistical analysis of linkage
Genotyping and phenotyping results were collated for each
sample, and binary trait interval mapping was used to
identify the locations of quantitative trait loci (QTLs).
Mapping was performed using the genetic mapping software R/qtl (Broman et al. 2003) and j/qtl (Smith et al.
2009), calculating LOD scores at genotyped markers and a
grid of 1-cM pseudomarkers along each chromosome.
Statistical significance was determined empirically by
permutation testing with 1,000 replicates, with a threshold
of 0.05 considered significant. The locus was defined by a
1.5-LOD drop from the peak LOD score at position
77.3 cM. The nearest genotyped marker, rs4225536, at
75.7 cM was used to analyze samples based on their
genotype at Scram1. Statistical analysis of contingency
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tables and survival was performed using Microsoft Excel
2008 for Mac (v12.2.9) (Microsoft Corp., Redmond, WA)
and GraphPad Prism (v4.0a) (GraphPad Software, Inc., La
Jolla, CA).

of the total exons in the gene. Expression in B6 and 129/SvImJ
was compared and genes with C1.5-fold difference were
graphed using GraphPad Prism.

Bioinformatics analysis of Scram1

Results

Polymorphisms between B6 and 129 in the Scram1 region
were searched using the SNP Wizard of the Mouse Phenome
Database (http://phenome.jax.org/SNP/), accessing data from
mouse genome build 37.1/mm9, dbSNP128, and Ensembl 48.
We considered SNPs polymorphic between B6 and either
129S1/SvImJ or 129X1/SvJ. Human synteny was analyzed
using NCBI Homology Maps Viewer (http://www.ncbi.nlm.
nih.gov/projects/homology/maps/) and NCBI Unigene (http://
www.ncbi.nlm.nih.gov/unigene), accessing mouse genome
build 37.1 and human genome build 37.2. Gene expression
data from B6 and 129/SvImJ were downloaded from http://
phenogen.ucdenver.edu/PhenoGen/index.jsp, and one probe
from each gene was chosen based on the highest representation

Spinal cord astrocytomas in Nf1-/?;Trp53-/?cis mice

Fig. 1 Spinal cord GBM in a BC(1299B6)9129-NPcis mouse. a A
cross-sectional view at low magnification with the GBM (arrows)
diffusely infiltrating one side of the spinal cord. b The high
magnification view shows densely packed irregular oblong nuclei
and a region of hemorrhage (arrows). c Low-magnification of a
longitudinal section of the same tumor, highlighting the widespread

We had noted from previous studies (Reilly et al. 2000,
2004) that mice carrying the Nf1-/?;Trp53-/?cis
(NPcis) mutations on the C57BL/6J (B6) background
develop astrocytomas and glioblastomas (GBMs)
throughout the central nervous system, including the spinal
cord (Fig. 1). The spinal cord astrocytomas show the same
features as astrocytomas in the brain, including large,
hyperchromatic, irregular nuclei; mitoses; hemorrhage; and
occasional necrosis indicative of GBM. The spinal cord
astrocytomas are diffusely infiltrative, sometimes spreading through the entire length of the spinal cord. We

extent of the tumor in the spinal cord with hemorrhage (arrows) and
regions of necrosis (arrowheads). d The high magnification view
shows a necrotic region (NR) with weakly palisading tumor cells
(arrows), blood vessels (BV) with evidence of microvascular
proliferation, and atypical mitoses (arrowheads)
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observed cases in which the spinal cord appeared to be the
primary location of the tumor. In these cases either no
astrocytoma cells were found in brain sections or the spinal
cord tumor appeared clearly focal and higher grade than
tumor in the brain, suggesting that the tumor infiltrated into
the brain from a primary tumor in the spine. To examine
the genetic factors controlling the spinal cord location of
astrocytoma, we generated backcross progeny between the
B6 strain, which is susceptible to astrocytoma, and the
129S4/SvJae (129) strain, which is resistant to astrocytoma
(Reilly et al. 2000, 2004).
F1(1299B6)-NPcis females were crossed to wild-type
129 males to generate BC(1299B6)9129-NPcis progeny
for mapping. In the cohort of 88 backcross mice, 55%
developed astrocytoma in the spinal cord. The majority of
these also had astrocytoma in the brain, although in a few
cases the astrocytoma was limited to the spinal cord. An
additional 20% of the backcross mice had astrocytoma only
in the brain.
Scram1 is located on distal Chr 5
Binary trait interval mapping identified one significant
linkage peak on the distal end of Chr 5 (Fig. 2), with a LOD
score of 5.03 and a genome-wide significance of P \ 0.004.
We have named this locus Scram1 for spinal cord resistance
to astrocytoma modifier 1. Although the inbred 129 strain is
resistant to astrocytoma, in the BC(1299B6)9129 backcross the Scram1129/129 NPcis mice develop more spinal
cord astrocytomas than Scram1129/B6 mice (Fig. 3), suggesting that the B6 Scram1 allele confers resistance to
astrocytoma in the spinal cord. Scram1 also has an effect on
total astrocytoma incidence (Fisher’s exact test, P = 0.013),
with 88% of Scram1129/129 NPcis mice developing astrocytoma anywhere in the central nervous system compared to
64% of Scram1129/B6 mice. However, the reduction in spinal
cord astrocytomas in Scram1129/B6 mice is significantly
greater than the drop in overall astrocytoma (Fisher’s exact
test, P = 0.0002), with 92% of astrocytomas in Scram1129/
129
mice being found in the spinal cord as opposed to 50% of
astrocytomas in Scram1129/B6 mice (Fig. 3).
Scram1 affects timing of spinal cord astrocytomas
We examined the effect of the Scram1 genotype on the timing
of spinal cord astrocytomas and on astrocytomas in general.
Mice were divided based on the genotype at marker
rs4225536 nearest Scram1 and plotted for spinal cord astrocytoma-free survival and total astrocytoma-free survival. The
survival curves (truncated at 12 months) are shown in Fig. 4.
The time at which mice were euthanized due to any tumor type
was taken as the date of death, and mice were censored if they
did not have astrocytoma in the spinal cord (Fig. 4a), or if they
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Fig. 2 Binary trait linkage analysis of spinal cord astrocytoma in
BC(1299B6)9129-NPcis mice. a The linkage across the genome,
with a peak on Chr 5. The dotted line shows the genome-wide
significance level of P = 0.05 based on permutation testing. b Linkage on Chr 5, with the highest peak at 77.26 cM. The horizontal
bracket below the peak indicates the 1.5 LOD support interval that
defines the Scram1 locus. The rs4225536 marker that was used for
subsequent analyses is indicated by the arrow at 75.7 cM

did not have astrocytoma in the central nervous system (brain
and spine) (Fig. 4b). In the case of spinal cord astrocytoma,
Scram1129/B6 mice were euthanized with spinal cord astrocytomas significantly later than Scram1129/129 mice (median
age of 129/B6 = 9.7 months; median age of 129/129 =
8.9 months; Fig. 4c). There was no significant difference in
the overall timing of astrocytoma at Scram1 (median age of
129/B6 = 8.8 months; median age of 129/129 = 8.5 months;
Fig. 4c). These data could be consistent with either a delay in
astrocytoma initiation in the spine or, alternatively, a delay in
spread of the astrocytoma from the brain to the spine. The
data on incidence and latency by Scram1 genotype are
summarized in Table 1.
The Scram1 locus is syntenic with human Chr 7p, 7q,
and 12q
The Scram1 locus, defined by the 1.5-LOD support interval, covers from 67.26 cM to the distal end of mouse Chr 5
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Fig. 3 The B6 allele at Scram1 affects both the overall levels of
astrocytoma and the ratio of astrocytomas found in the spinal cord
in backcross mice. The incidence of spinal cord astrocytoma
compared to all astrocytomas is shown at marker rs4225536, nearest
to the Scram1 peak. Statistically significant differences were found
between the incidence of total astrocytoma in the two groups
(Fisher’s exact test, P = 0.013), the incidence of spinal cord
astrocytoma in the two groups (Fisher’s exact test, P \ 0.0001), and
the ratios of spinal cord astrocytoma to total astrocytoma in the two
groups (Fisher’s exact test, P = 0.0002). The upward error bar
indicates the 95% CI for all astrocytomas and the downward error
bar indicates the 95% CI for spinal cord astrocytomas (dark gray).
SS indicates the 129/129 genotype at rs4225536 and SB indicates
the 129/B6 genotype

and corresponds to 129.0–152.5 Mb. The region contains
248 genes, with SNPs between the B6 and 129S1/SvImJ
and/or 129X1/SvJ strains, of which 46 genes have a
SNP that is predicted to change the coding sequence
of the protein (Mouse Phenome Database, http://phenome.
jax.org/SNP/). The region is syntenic with human Chr
12q24, 7p11, 7q22-21, and 7p22 (Fig. 5). Because spinal
cord astrocytomas are so rare, there is very little available
data on whether these regions are altered in spinal cord
tumors. A small study of two brain stem glioblastomas and
one spinal cord glioblastoma found amplification of Chr
7:69824947-qter which overlaps the region of the Scram1
locus (Sharma et al. 2010). We compared the Scram1 locus
to amplifications and deletions found in human brain
astrocytomas to determine if the region has been implicated
in astrocytoma more generally. We used the Cancer Genome Workbench Heatmap Viewer (https://cgwb.nci.nih.
gov/cgi-bin/heatmap) to examine Affymetrix SNP data
(Affymetrix, Santa Clara, CA) from the REMBRANDT
Astrocytoma Project for tumor DNA copy number changes. Human Chr 7 loci that are syntenic with Scram1 are
amplified in up to 30% of astrocytoma cases, whereas Chr
12 loci are deleted in up to 16% of astrocytoma cases
(Fig. 5). Many of the genes within the amplified and
deleted probes are polymorphic between B6 and 129
strains, suggesting that they are candidates for the Scram1
modifier gene.

Fig. 4 Scram1 modifies timing of astrocytoma in the spinal cord but not
astrocytoma overall. Samples were stratified by the rs4225536 marker
nearest the Scram1 peak. Spinal cord astrocytoma-free survival is
delayed in Scram1129/B6 (SB) mice compared to Scram1129/129 (SS) mice
(a). Astrocytomas overall are observed at the same ages in Scram1129/B6
(SB) and Scram1129/129 (SS) mice (b). p values for Kaplan–Meier
analysis are given in each panel; N.S. = not significant. Median survival
age is graphed for mice specifically with spinal cord astrocytomas and
for mice with astrocytomas anywhere in the central nervous system (c),
demonstrating that Scram1129/B6 mice have a delay in the presentation of
astrocytoma in the spinal cord

Genes within the Scram1 locus are differentially
expressed in B6 and 129 mouse brains
To gain further insight into candidate genes for the Scram1
locus, we examined publicly available gene expression
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Table 1 Incidence and latency of astrocytomas in the spine and central nervous system
Genotypea

N

Spinal cord astrocytoma
Incidence
(% ± CI)

Median age
(months)

HR [95% CI]
1.9* [1.1–3.3]

Scram1129/129, all

41

80 ± 12

8.9

Scram1B6/129, all

47

32 ± 13

9.7

Scram1129/129, M
Scram1B6/129, M

22
29

86 ± 14
34 ± 17

9.2
9.8

Scram1129/129, F

19

74 ± 20

8.5

18

28 ± 21

9.2

Scram1

B6/129

,F

All astrocyotma (spine ? brain)
Incidence
(% ± CI)

Median
age (mo)

HR [95% CI]
1.1 [0.7–1.7]

88 ± 10

8.5

64 ± 14

8.8

1.5 [0.7–3.1]

91 ± 12
62 ± 18

9.0
8.5

0.9 [0.5–1.7]

2.8* [1.1–6.7]

84 ± 16

8.5

1.4 [0.7–3.2]

67 ± 22

8.8

*P \ 0.05, Kaplan–Meier analysis
a

Genotype at rs4225536

data. Expression of genes in spinal cords of different strain
backgrounds is not currently available; however, a strain
survey of 10–12-week-old male mouse brains is publicly
available (http://phenogen.ucdenver.edu/PhenoGen/index.
jsp). In the region of Scram1, 313 genes with probe data
were examined, and of those, 124 genes showed a C1.5fold difference in expression between the B6 and the
129/SvImJ strain (Fig. 6). The majority of the genes are
expressed more highly in B6 than in 129/SvImJ, with only
26 being more highly expressed in 129/SvImJ than in B6.
Further characterization of these differences in expression
levels in the spinal cord will help prioritize the candidate
genes. These data demonstrate that preexisting gene
expression differences in the nervous system between B6
and 129 may set up the conditions for tumorigenesis in the
spinal cord versus the brain.

Discussion
Our results demonstrate that region-specific tumorigenesis
is under genetic control. The Scram1 locus on mouse Chr 5
affects the incidence and latency of astrocytoma in the
spinal cord but does not affect the latency of astrocytomas
overall. Further studies are necessary to determine whether
this is a direct effect on tumor initiation and progression
within the spinal cord, or whether tumor-initiating cells
travel down the spinal cord from the brain and Scram1
affects the ability of cells to migrate away from the brain.
This could explain the longer tumor latency if spinal cord
tumor-initiating cells take longer to reach the spinal cord in
Scram1B6/129 mice. Alternatively, a delay in initiation of
resident tumor progenitor cells within the spinal cord could
account for the longer latency.
Although we have found the 129 parental strain to be
resistant to astrocytoma overall in comparison to the B6
strain, the locus identified here has the opposite effect on
spinal cord astrocytoma, with the B6 allele providing
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Fig. 5 Synteny of human chromosomes to Scram1. The top cyan bar
represents the mouse Scram1 locus. Human chromosome segments are
shown below, with the Chr 12 segment in red and Chr 7 segments in
shades of blue. The Mb coordinates of each segment are shown at the
bottom of the diagram. The bar graph shows amplification (red) and
deletion (blue) of these regions in human brain astrocytoma samples
taken from the REMBRANDT Astrocytoma Project and visualized in the
Cancer Workbench Heatmap Viewer (https://cgwb.nci.nih.gov/cgi-bin/
heatmap). Vertical black lines show the division between the different
chromosome segments aligned to mouse Scram1, and horizontal gray
lines indicate amplification or deletion in 20% and 40% of samples. Genes
within the regions of the most frequent amplification are indicated, with
the genes that are polymorphic between B6 and 129 in red type
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b Fig. 6 Ratio of B6 expression levels to 129/SvImJ expression levels

of Scram1 genes in normal male mouse brains. Publicly available
gene expression data (http://phenogen.ucdenver.edu/PhenoGen/index.
jsp) was analyzed for genes in the Scram1 region that had C1.5-fold
difference in expression level between B6 and 129/SvImJ. Only genes
that met this threshold are shown. Red bars indicate genes that are
more highly expressed in B6 compared to 129/SvImJ and blue bars
indicate genes that are higher in 129/SvImJ. Gene symbols are listed
in alphabetical order along the y axis

resistance. This finding highlights the importance of mapping quantitative traits that are not predicted by the
parental strains, because complex phenotypes can be governed by many, often conflicting, genetic contributions that
can be uncovered in segregating crosses. This has been
observed in other phenotypes as well, for example, in a
study of anxiety (Bailey et al. 2008) where strong effects
were identified in segregating crosses of two strains with
very little phenotypic difference, and in plasmocytomagenesis (Mock et al. 1993; Zhang et al. 2009) where a
tumor resistance allele was found in a highly susceptible
strain. Further studies are necessary to determine whether
overall resistance in the 129 strain is due to the combinatorial effects of many different loci that did not reach the
threshold of statistical significance in this study. Nonetheless, the identification of Scram1 will provide insight
into the mechanisms of astrocytoma formation in the spinal
cord as we begin to understand the mechanisms underlying
its effect.
While Scram1 contains many genes that could be
involved in spinal cord astrocytoma, several are notable.
Two of the genes cause familial cancer syndromes when
mutated. Brca2 is associated with familial breast cancer
(Stratton et al. 1994) and Pms2 is associated with a form of
Turcot Syndrome that includes high-grade glioma (LucciCordisco et al. 2003). Many genes in the Scram1 locus are
important for invasion and migration of cancer cells,
including Rac1 (Ridley 2006), Mmp17 (Huang et al. 2009),
Pxn (Han et al. 2001), Trip6 (Chastre et al. 2009), and
Serpine1 (Binder and Mihaly 2008). Finally, many genes in
the Scram1 locus are important in signal transduction
pathways, including Ephb4 (Noren and Pasquale 2007),
Prkar1b (PKA) (Chen et al. 1998), Lmtk2 (Kawa et al.
2004), Epo (Cao et al. 2010; Mohyeldin et al. 2007; Peres
et al. 2011; Wang et al. 2010), and Pdgfa (Calzolari and
Malatesta 2010). Pdgfa, which encodes the Pdgfaa growth
factor, is of particular interest because its receptor, PDGFRa, has been found to be expressed in intramedullary
astrocytoma and GBM (Ellis et al. 2011), and a closely
related gene, Pdgfb, has been used to drive spinal gliomagenesis in mice (Hitoshi et al. 2008). Although Pdgfa
is polymorphic between B6 and 129, it carries only one
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polymorphic SNP in intron 2 of unknown significance
and is not differentially expressed in the brains of B6 and
129 mice. It is therefore not clear whether Pdgfa is the
acting modifier gene in the Scram1 locus that differentially
affects B6 and 129 mice. Future experiments will seek
to narrow the Scram1 region to determine which of these
many promising candidate genes modifies spinal cord
tumorigenesis.
Astrocytomas and glioblastomas are complex tumors
with many molecular and clinical subtypes. It is becoming
increasingly clear that the genetics of astrocytoma/glioblastoma susceptibility is similarly complex. The data we
present here, in combination with our previous studies
(Reilly et al. 2000, 2004), show that combinatorial genetic
effects can determine which individuals develop astrocytoma and where the tumors develop in the nervous system.
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