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Figure 3. Linkage analysis of resistance to GEM PNST in (C57BL/6J x A/J) x
C57BL/6J-NPcis and C57BL/6J x (A/J x C57BL/6J)-NPcis backcross progeny.
A, LOD plot across all autosomes for backcross progeny. Blue, progeny of
(C57BL/6J x AlJ)-NPcis fathers and wt C57BL/6J mothers. Red, progeny of
(C57BL/6J x AlJ)-NPcis mothers and wt C57BL/6J fathers. B, linkage was found
to chromosome 15 (LOD = 2.6, P = 0.05) for NPcis™! progeny. Red bars under
the peak, syntenic regions of human chromosomes 15p13-15 and 8q22-24.

C, linkage was found to chromosome 19 (LOD = 3.0, P = 0.02) for NPcisP*
progeny. Green bars under the peak, syntenic regions of human chromosomes
11912-13 and 9g21.

C57BL/6] X A/]J-NPcis fathers to wt C57BL/6] mothers and
compared the NPcis® progeny to the NPcis™' progeny of
C57BL/6J X A/J-NPcis mothers crossed to wt A/] fathers. In this
experiment, the A/] strain background is inherited from the
opposite parent as the NPcis mutant mouse chromosome 11,
controlling for imprinted effects in the strain background as
opposed to imprinted effects linked to mouse chromosome 11. In
the reciprocal backcrosses, increased susceptibility to GEM PNSTs
is again associated with inheriting NPcis mutant chromosome 11
from the father, not the A/J strain background (P = 0.0002, n?
test; Table 1). This evidence shows that the effect of the reciprocal
crosses on tumor susceptibility is not due to the mitochondrial
genome or to the maternal influences on the embryo because
these effects would be dependent on strain differences. We
conclude that an imprinted locus on mouse chromosome 11
affects susceptibility to GEM PNST.

Because the F1 crosses showed that polymorphic modifier
loci can affect the susceptibility to GEM PNSTs (Fig. 2) and the
reciprocal crosses showed that an imprinted locus on mouse
chromosome 11 can also affect susceptibility to GEM PNSTs
(Table 1), we wanted to determine whether there was any genetic
interaction between the imprinted locus and the polymorphic loci
responsible for the strain-specific effects. We identified the poly-
morphic modifier loci by binary trait linkage analysis of backcross
progeny (14, 19). We chose the A/J strain as the resistant test strain
because of the availability of the genome sequence for comparison
to C57BL/6] (23), as well as the availability of chromosome

substitution strains (24), to aid in future refinement of the modifier
loci. We backcrossed C57BL/6] X A/]-NPcis to wt C57BL/6] mice
and phenotyped the backcross progeny for the presence or absence
of GEM PNSTs when the mice were sacrificed due to tumor burden.
A total of 254 backcross progeny were phenotyped and genotyped
at 105 simple sequence length polymorphism markers with an
average sweep radius of 8 cM. Binary trait linkage analysis of the
pooled backcross progeny found no significant linkage of simple
sequence length polymorphism markers to resistance to GEM
PNSTs. However, when the backcross progeny were split into
NPcis™* and NPcis®™ progeny, significant linkage was found on
two different chromosomes (Fig. 3) using a permutation test
to determine the genome-wide adjusted significance threshold
(P value) of 5% or less.

In NPcisP*" backcross progeny, resistance to GEM PNSTs maps to
the simple sequence length polymorphism marker D19Mit59 at the
proximal tip of mouse chromosome 19 (P = 0.02 by permutation
test for genome-wide significance). We have named this locus nerve
sheath tumor resistance (Nstr) QTL 1 or Nstrl. Progeny that are
homozygous for the C57BL/6] allele at Nstrl are more likely to
develop GEM PNSTs, consistent with the presence of a resistance
allele in the A/J strain (Table 2). Interestingly, this locus has
no effect on the resistance of NPcis™" backcross progeny (Fig. 3;
Table 2).

In NPcis™" backcross progeny, resistance to GEM PNSTs maps
to simple sequence length polymorphism marker D15Mit111 on
mouse chromosome 15 (P = 0.05 by permutation test for genome-
wide significance; Fig. 3). NPcis™" progeny that carry the A/J allele
at this locus are less likely to develop GEM PNSTs (Table 2), again
consistent with the presence of a resistance allele in the A/J strain
(Table 2). We have named this locus nerve sheath tumor resistance
(Nstr) QTL 2 or Nstr2. Whereas Nstrl on mouse chromosome
19 has little effect on NPcis™" progeny, Nstr2 has little effect on
NPcis?* progeny (Fig. 3; Table 2).

If a polymorphic modifier gene acts cell-autonomously and
dominantly to block tumor formation, the allele responsible for
the resistance is more likely to be lost when tumors form than
the allele that does not confer resistance (25). To determine
whether Nstrl and Nstr2 are lost in tumors and are likely to act
within the tumor cell during initiation, we characterized 20 of the
rare GEM PNSTs from the resistant C57BL/6] X A/]-NPcis

Table 2. Affected NPcis backcross mice by genotype

Progeny D15Mit111 D19Mit59
n  With GEM n With GEM
PNST* (%) PNST* (%)
NPcis”™, B6/A° 76 44 (58%) 58 25 (43%)
NPcis*™, B6/B6” 66 44 (67%) 72 54 (87%)
NPcis™, B6/A° 52 12 (23%) 52 21 (40%)
NPcis™, B6/B6° 57 31 (54%) 48 18 (38%)

*With GEM PNST for a given genotype.

CB6/A indicates mice heterozygous for C57BL/6] and A/J at the
specified marker.

bB6/B6 indicates mice homozygous for C57BL/6] at the specified
marker.
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background for allelic imbalance on mouse chromosome 15 and
19 (Fig. 4). MPNSTs are known to involve hyperproliferation of
many stromal cell types, in addition to the tumor cells (1). We
used quantitative methods to assess allelic imbalance because we
expect the tumor samples to be contaminated with significant
numbers of nontumor cells. Quantitative real-time PCR was used
to analyze allelic imbalance at 110 single-nucleotide polymor-
phisms throughout the genome’ and densitometry of ethidium
stained gels was used to further analyze 15 simple sequence
length polymorphism markers on mouse chromosomes 15 and
19 to confirm the results (Supplementary Fig. S1). We found no
allelic imbalance on mouse chromosome 15 in the region of
Nstr2. In the genome-wide single-nucleotide polymorphism scan
for allelic imbalance, mouse chromosome 15 was the least
affected of any chromosome, with 6 of 13 tumors analyzed
showing small regions of allelic imbalance (Fig. 4). None of the
tumors showed loss at simple sequence length polymorphism
marker D15Mitl11. Allelic imbalance was found on mouse
chromosome 19, with 9 of 20 tumors examined showing
imbalance. Of the nine cases of allelic imbalance at the simple
sequence length polymorphism marker D19Mit59, four showed
reduction of the A/J allele, consistent with loss of a resistance
modifier allele from the A/J strain. On mouse chromosome 19, we
observed allelic imbalance in tumors from both NPcis®® mice
(3 of 7 tumors examined) and NPcis™" mice (6 of 13 informative
tumors examined). Although one might expect Nstrl to be
altered only in NPcis®™ tumors because NPcis™ backcross
progeny do not show linkage to Nstrl, the allelic imbalance
measures the end state of the tumor whereas the linkage to
Nstrl in the backcross progeny measures the rate-limiting
step in tumorigenesis. Loss of Nstrl occurs in GEM PNSTs from
both NPcis?* and NPcis™* but may only be rate limiting to
tumorigenesis in NPcis?®* progeny. These data on allelic
imbalance suggest that Nstrl shows allelic imbalance in roughly
half of tumors examined with equal preference for loss of the
A/J allele and the C57BL/6] allele.

We have used a haplotype prediction approach (26) to
confirm that Nstrl and Nstr2 carry polymorphic regions,

?'S. Tsang, Z. Sun, . Diehl, K. Reilly, and D. Munroe, in preparation.

consistent with our observations of different strain phenotypes,
and to focus on regions of likely modifiers within the mapped
loci. We have compared these regions to syntenic regions of the
human genome to see if they are implicated in human MPNST
tumorigenesis. Using available haplotype maps,” we have looked
for regions where the resistant A/J] strain has a different
haplotype from the susceptible C57BL/6] and 129 strains
(Supplementary Fig. S2). On mouse chromosome 15 between
D15Mit201 and D15Mit151, three regions fit this pattern at 37.67,
41.92, and 44.57 Mb. At 41.92 Mb, A/J shares a haplotype with
DBA/2J, another resistant strain, and at 44.57 Mb, A/] shares a
haplotype with CAST/EiJ, which is similarly resistant.
addition, these regions are syntenic with human chromosome
8q22-23. Human chromosome 8q has been found to be amplified
in MPNSTs (27, 28); a translocation between chromosome 5q11
and chromosome 8q22 (29) and a translocation between
chromosome 5q13 and chromosome 8q23 (30) have been
reported in MPNST; and amplification of chromosome 8q22
has been observed in an MPNST (31). Whereas these alterations
are not common events in human MPNSTs, as might be
expected for alterations in a highly penetrant tumor suppressor
gene or oncogene, they are consistent with the presence of a
low-penetrance polymorphic modifier gene. These data suggest
that the syntenic regions of mouse chromosome 15 and human
chromosome 8q22-23 contain a polymorphic modifier gene that
affects GEM PNST and MPNST tumorigenesis.

A similar analysis of haplotype structure on mouse chromosome
19 between the centromere and D19Mit109 found one candidate
region at 5.22 Mb, very close to the peak at DI19Mit59
(Supplementary Fig. S2). At this location, the A/J strain shares a
haplotype with DBA/2]. This region also overlaps with MtesI,
a modifier of breast cancer metastasis identified in mice (32).
Interestingly, this region is syntenic with human chromosome
11q13, a region found to be specifically deleted in two MPNSTs
(30, 33) and specifically amplified in one MPNST (33). In addition,
translocations between human chromosome 11q13 and chromo-
some 15p11 (30), chromosome 19p13 (34), and chromosome 19q13
(30) have been reported. Taken together, these data are consistent
with the presence of a polymorphic modifier gene affecting both
GEM PNSTs and MPNSTs on proximal mouse chromosome 19 and
human chromosome 11q13.

In
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Discussion

The data we present here, together with our previous data (10),
show that NPcis mice are more susceptible to GEM PNSTs or
more susceptible to astrocytoma depending on whether the NPcis
mutation is inherited from the father or the mother, respectively.
We confirm here that these effects are independent of strain
background and are therefore linked to inheritance of mouse
chromosome 11 rather than to strain-specific factors such as
maternal cytoplasm or mitochondria. The effect of mouse
chromosome 11 on susceptibility is likely due to changes in dosage
of monoallelically expressed genes during tumor initiation. An
imprinted gene expressed from the wt mouse chromosome 11 may
be lost when the wt copies of Trp53 and NfI are lost during tumor
initiation. An imprinted gene expressed from the NPcis mutant
chromosome 11 may be reduplicated through subsequent genome
instability after loss of Trp53. Alternatively, the chromatin marks
that maintain the silenced chromosome at the imprinted locus may
change the genomic stability on mouse chromosome 11, such
that the imprinted chromosome is more or less likely to be lost or
mutated. Recent data in NPcis mice have shown increased loss of
wt mouse chromosome 11 when the genome is hypomethylated
through mutations in Drmtl (35). This raises the possibility that
the differential methylation on the two parental chromosomes at
imprinted loci may affect their rates of loss. Whether the imprinted
locus drives the loss of wt Trp53 and NfI or whether the mutation
at Trp53 and NfI drives the loss or duplication of the imprinted
locus remains to be determined. However, this distinction has
important implications for targeting therapies against imprinted
genes, depending on whether the effect of the imprinted locus is
through effects on chromatin structure or through effects on gene
dosage.

The reciprocal effect of mouse chromosome 11 inheritance on
susceptibility to astrocytoma and GEM PNST is interesting and
raises questions about the nature of the imprinted gene causing the
effect. A recent study has identified 37 candidate imprinted genes
on mouse chromosome 11 using a bioinformatics approach (36),
in addition to the two confirmed imprinted genes on mouse
chromosome 11, Grb10 (37, 38) and U2afI-rsI (39). It is possible
that there are two unrelated imprinted genes on mouse chro-
mosome 11 affecting astrocytoma and GEM PNSTs independently,
with opposite imprinting. Alternatively, a single imprinted gene on
mouse chromosome 11 may act as an oncogene in one tissue type
and as a tumor suppressor gene in the other, such that, for
example, loss of the paternal chromosome leads to increased
tumorigenesis in one tissue and reduplication of the paternal
chromosome leads to increased tumorigenesis in the other.
Another possibility is that a single gene is expressed from different
parental chromosomes in the two tissue types but has a similar
function (as an oncogene or tumor suppressor gene) in the two
tissues. In the example of an imprinted tumor suppressor gene, loss
of the wt paternal mouse chromosome 11 would lead to increased
astrocytoma whereas loss of the wt maternal mouse chromosome
11 would lead to increased GEM PNST. It is interesting to note
that Grb10 has been shown to be expressed from the paternal
chromosome in the brain and from the maternal chromosome in
other organs in a highly isoform-specific manner (37, 38). Finally,
differences in gene silencing on mouse chromosome 11 between
the two tissues types may cause sequestering of the maternal or
paternal chromosome. This may lead to differences in the mutation
rate or kinetics of chromosome loss for a particular parental

chromosome, leading to a secondary effect on the rate of mutation
of the wt copies of NfI and Trp53.

The importance of epigenetic changes in human cancer is now
well established (see ref. 12 for review) with changes in dosage
levels of imprinted genes such as IGF2 (40, 41) affecting the rate of
tumorigenesis. The monoallelic expression of imprinted genes acts
similarly to the first “hit” in Knudson’s two-hit model of cancer
(42), with the second hit occurring either through epigenetic
mechanisms (loss of imprinting) or through genetic mechanisms.
An example of genetic changes acting to alter imprinted gene
expression was first shown in human rhabdomyosarcomas (43)
where maternal human chromosome 11p15 is preferentially lost
and paternal human chromosome 11pl5 is duplicated. More
recently, susceptibility to succinate dehydrogenase D (SDHD)-
linked paraganglioma was found to be inherited by paternal
transmission of the mutant SDHD gene. Because SDHD is
biallelically expressed, it has been proposed that a linked imprinted
gene on human maternal chromosome 11 is lost when the wt allele
of SDHD is lost. In this way, inheritance of SDHD mutation from
the father has a long-distance effect on a linked imprinted gene.
Our data in the NPcis mouse model show a very similar effect, with
concomitant loss of the wt copy of Trp53 and NfI with another
imprinted locus on mouse chromosome 11.

We have analyzed here for the first time the genetic interaction
between an imprinted locus and polymorphic loci and its effects on
cancer susceptibility. The imprinted locus on mouse chromosome
11 interacts epistatically with a network of other loci to affect
resistance to GEM PNSTs. In the case of NPcis®™ mice with
increased susceptibility to GEM PNSTs, a locus on chromosome 19
on the A/J strain background acts to increase resistance. In the
case of NPcis™" mice with reduced susceptibility, a locus on
chromosome 15 on the A/J strain background further increases the
resistance to GEM PNST. The relevance of these results to human
NF1 patients is supported by the overlap of these loci with regions
altered in MPNSTs. Consistent with these loci being low-
penetrance modifiers for MPNST susceptibility, we see evidence
for changes in these genomic regions in a relatively low number of
mouse and human tumors. However, the observation that these
regions are translocated in multiple human tumors suggests that
these rearrangements are not random. Identification of modifiers
of NF1 in mouse models will allow these modifiers to be tested
directly in human association studies, specifically in cases where
tumors can be tested for the change in expression of candidate
imprinted genes. These data show that polymorphic modifier genes
affect tumorigenesis under very specific conditions. The under-
standing of these conditions will allow for more accurate risk
assessment in the future and genetic counseling for individuals at
high risk for cancer.
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