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Gene fusions involving members of the RAF family of protein kinases have recently been identified as characteristic
aberrations of low-grade astrocytomas, the most common tumors of the central nervous system in children. While it has
been shown that these fusions cause constitutive activation of the ERK/MAPK pathway, very little is known about their
formation. Here, we present a detailed analysis of RAF gene fusion breakpoints from a well-characterized cohort of 43 low-
grade astrocytomas. Our findings show that the rearrangements that generate these RAF gene fusions may be simple or
complex and that both inserted nucleotides and microhomology are common at the DNA breakpoints. Furthermore, we
identify novel enrichment of microhomologous sequences in the regions immediately flanking the breakpoints. We thus
provide evidence that the tandem duplications responsible for these fusions are generated by microhomology-mediated
break-induced replication (MMBIR). Although MMBIR has previously been implicated in the pathogenesis of other dis-
eases and the evolution of eukaryotic genomes, we demonstrate here that the proposed details of MMBIR are consistent
with a recurrent rearrangement in cancer. Qur analysis of repetitive elements, Z-DNA and sequence motifs in the fusion
partners identified significant enrichment of the human minisatellite conserved sequence/x-like element at one side of the
breakpoint. Therefore, in addition to furthering our understanding of low-grade astrocytomas, this study provides in-
sights into the molecular mechanistic details of MMBIR and the sequence of events that occur in the formation of genomic
rearrangements.

[Supplemental material is available for this article. The sequence data from this study have been submitted to the

European Nucleotide Archive (http://www.ebi.ac.uk/ena/) under accession nos. FR799511-FR799553.]

Genomic rearrangements are genetic aberrations in which the
gross structure of one or several chromosomes has been altered.
These events may be copy number neutral, as is the case for balanced
translocations and inversions, or result in chromosomal segments
being lost or gained, as in deletions and duplications, respectively
(Gu et al. 2008). Genomic rearrangements affecting the germline
play a role in the creation of genetic variation, the development of
functionally divergent genes, and, ultimately, speciation (Feuk et al.
2006; Fan et al. 2008; Kitano et al. 2009). In addition to their evo-
lutionary significance, germline genomic rearrangements are re-
sponsible for a group of human diseases known collectively as ge-
nomic disorders (Stankiewicz and Lupski 2010), which includes
a number of cancer-predisposition syndromes. The role of genomic
rearrangements in carcinogenesis is not restricted to these pre-
disposition syndromes, with somatically acquired changes to chro-
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mosome structure present in a wide range of cancers (Stratton et al.
2009). Some of these rearrangements are believed to be early, per-
haps even initiating, events (Greaves and Wiemels 2003), while
others are linked to tumor progression (Maher et al. 2006).

One possible consequence of genomic rearrangements is the
creation of in-frame gene fusions. Characteristic fusions arising
from chromosome translocations are found in leukemias, lympho-
mas, and sarcomas (Mitelman et al. 2007). Gene fusions have also
been identified in several adult carcinomas, such as prostate cancer
(Tomlins et al. 2005), adenoid cystic carcinomas (Persson et al.
2009), and small-cell lung cancer (Pleasance et al. 2010). In addition
to these neoplasms, two gene fusions, KIAA1549-BRAF at 7q34 and
SRGAP3-RAF1 at 3p25, have recently been identified in low-grade
astrocytoma, the most common form of brain tumor in children
(Jones et al. 2008, 2009; Forshew et al. 2009; Sievert et al. 2009).

We believe that these RAF gene fusions represent a powerful
model for investigating genomic rearrangements for several rea-
sons. Firstly, they occur in the majority of pilocytic astrocytomas,
the most common subgroup of low-grade astrocytomas (Forshew
et al. 2009; Lawson et al. 2010). Secondly, they are formed by
tandem duplications rather than translocations. Tandem duplica-
tions have previously been identified as important rearrangements
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in several specific tumors (Nakao et al. 1996; Fenstermaker et al.
1998). However, recent next-generation sequencing studies sug-
gest that tandem duplications may be of widespread significance as
they were found to be both common in lung cancers (Campbell
et al. 2008) and the major cause of non-amplified in-frame gene
fusions in breast cancer (Stephens et al. 2009). Thirdly, the dis-
covery of two fusion genes on separate chromosomes allows us to
directly compare different regions of the genome, while the exis-
tence of five known KIAA1549-BRAF fusion variants facilitates the
analysis and identification of local factors. Finally, pilocytic as-
trocytomas appear to have a relatively stable genome, exhibiting
few additional copy number changes (Jones et al. 2006). Therefore,
RAF fusions in low-grade astrocytomas may also be used as a model
for investigating the mechanisms that cause germline tandem
duplications and events in carcinogenesis that occur prior to the
onset of genomic instability.

Here, we present a detailed analysis of 43 low-grade astrocy-
tomas with RAF gene fusions in which we identify common
properties of their breakpoints, investigate local and global factors
to explain their relative frequencies, and discuss possible mecha-
nisms for their formation.

Results

Relative frequencies of RAF gene fusion variants cannot
be explained by intron size alone

Our tumor cohort of 43 pediatric low-grade astrocytomas includes
all known KIAA1549-BRAF variants (Tatevossian et al. 2010) and
one of the two reported SRGAP3-RAF1 fusion genes (Table 1;
Supplemental Table S1; Forshew et al. 2009). One variant of the
BRAF fusions (KIAA1549-BRAF exon 16-exon 9) was found to
occur more frequently than the others (27/42), a finding that is
concordant with previous studies (Jones et al. 2008; Sievert et al.
2009; Lawson et al. 2010). One potential explanation for this dis-
parity in fusion frequency is intron size. The introns associated
with the overrepresented fusion variant, KIAA1549 intron 16
(8869 bp) and BRAF intron 8 (6723 bp), are the largest of all introns
involved in the formation of KIAA1549-BRAF fusions. However,
this alone cannot explain the discrepancy as the observed fre-
quencies of KIAA1549-BRAF fusion variants are still significantly
different from the expected distribution even when intron sizes are
taken into account (P = 0.021, x*-test).

RAF fusion breakpoints are not clustered within introns

We used PCR and sequencing analyses to map the exact intronic
positions of the DNA breakpoints for 42 samples. Despite numer-

Table 1. Summary of RAF gene fusion variants and pathology

RAF gene fusion variants in Number per
low-grade astrocytoma tumor type
KIAA1549-BRAF exon 16-exon 9 27 PAs

KIAA1549—-BRAF exon 15-exon 9 6 PAs, 1 PMA, 1 PMG

KIAA1549-BRAF exon 16-exon 11 4 PAs
KIAA1549-BRAF exon 18-exon 10 2 PAs
KIAA1549-BRAF exon 19-exon 9 1PA
SRGAP3-RAF1 exon 11-exon 8 (contains 1PA

internal duplication of SRGAP3 exon 11)

(PA) Pilocytic astrocytoma; (PMA) pilomyxoid astrocytoma; (PMG) pilo-
myxoid glioma.

ous attempts using different primers and PCR conditions, the
breakpoint of an additional tumor sample, PA28, could not be
identified. The distribution of breakpoints from 41 tumors with
KIAA1549-BRAF fusions is depicted in Figure 1. No discernible
clustering of breakpoints was identified within any of the introns
(Supplemental Fig. S1).

Sequence alignment identifies distinct categories
of fusion breakpoint

In 40 samples the fusions appeared to have been produced by
simple rearrangements, whereas the remaining two (PA27 and
PA30) were created by complex rearrangements, as indicated by
the presence of large insertions. Sequence alignment of the simple
breakpoints revealed the existence of three distinct categories. In
6/40 simple rearrangements, we observed a seamless transition
from one sequence to the next, with a clearly defined breakpoint
(Fig. 2A). The second category (n = 6) is defined by the presence of
short inserted (also known as non-templated) sequences at the
breakpoint that match neither reference sequence (Fig. 2B). We
ensured that these insertions were not, in fact, germline SNPs or in-
dels by sequencing the unrearranged alleles of KIAA1549 and
BRAF. The final category, which includes the majority of tumors
(n = 28), is characterized by breakpoint microhomology—the
presence of one or more base pairs of sequence homology at the
breakpoint junction that could be assigned to either gene (Fig. 2C).
In our tumor cohort, insertions and breakpoint microhomology
ranged from 1 to 6 bp and 1 to 5 bp in length, respectively. The
sequence alignment for each tumor sample is shown in Supple-
mental Figure S2.

Breakpoint and flanking microhomology are significantly
enriched, whereas large regions of homology are uncommon

To determine whether the observed microhomology could have
arisen by chance, we randomly generated five sets of 500 break-
points within KIAA1549 intron 16 and BRAF intron 8. Only 643/
2500 (25.7%) simulated breakpoints exhibited microhomology,
with a mean of 0.36 bp per junction, whereas 28/40 (70%) simple
RAF gene fusions contained breakpoint microhomology, with a
mean of 1.78 bp per junction. Therefore, the distribution of micro-
homology in the simulated breakpoints differed significantly
from the observed distribution in the 40 fusions caused by simple
rearrangements (P = 3.8 X 10~'%, Mann-Whitney U Test) (Supple-
mental Fig. S3).

In addition, several samples exhibited flanking micro-
homology, which we defined as the presence of =3 consecutive
homologous nucleotides within *+10 bp of, but not overlapping,
the breakpoint (Fig. 2D). Flanking microhomology was found at
3/6 breakpoints with insertions, 5/28 of those with breakpoint
microhomology, and 3/6 with neither insertions nor breakpoint
microhomology. Although flanking microhomology was not sig-
nificantly enriched in all of the fusions caused by simple rear-
rangements (11/40, 27.5%) relative to the five control sets, we
would not expect enrichment in those samples that possess
breakpoint microhomology of equivalent size as both types of
microhomology most likely perform the same function of medi-
ating interactions between the fusion partners. Therefore, after
excluding those samples with =3 nucleotides of breakpoint
microhomology from the tumor and control sets, flanking
microhomology was found to be significantly enriched in the
observed breakpoints (11/28, 39.3%) compared to four of the five

506 Genome Research
www.genome.org



Breakpoint analyses of RAF fusions in brain tumors

PA23  PA24PA22 PMA1 PA38  PA1 PA19  PA35 PA6 PA20 PAB PA13 PA10 PA42 PA29
PA4 PA21 'A2Y PA3T [PA34 |PA36 PA32
Emsl J l l lEx.ﬂi J'l fﬂ l hmsu J 1 lsx.ﬂ Ex.18 Ex19
I T I I IIA27 I I ]I
PA2 PA11|PA12 |PA26 PA16 | PA14 | PAS
PA4D PA39 PMG4 PA7 PA17 PA41 PA33 PA3 PAS PA18
I I
10,000 bp
PA33  PA36 PAB PA3  PA32 PA14 PA11 PA19  PMG4 PA21PA34PA38 PA24 PA25

PA2T PA41

Ex. 10 Ex. 11

PTZ

1T
T

PA10 PMA1  PA2 PA16 PA7 PA29 PA4 PAS PA40 PA12

VTITIT L by
LI

PAS

PAS PA26

10,000 bp
Figure 1.

sets of simulated breakpoints (P < 0.05, Fisher’s exact test; odds
ratio 1.7-2.3). As with the insertions, we sequenced the normal
KIAA1549 and BRAF alleles to confirm that these regions were not
breakpoint microhomology masked by germline SNPs or in-dels.

We analyzed the reference genome sequence (GRCh37)
within =2 kb of each simple breakpoint for the presence of larger
regions of homology (>100 bp) between KIAA1549 and BRAF. All
the regions identified were caused by Alu repeats. It has previously
been suggested that Alu repeats within 300 bp of the breakpoints
may mediate recombination (Bailey et al. 2003). However, this was
the case in only 5/40 samples with simple rearrangements (Sup-
plemental Table S2). Moreover, there are no segmental duplica-
tions (regions of >1 kb in size with =95% homology) in KIAA1549,
BRAF, SRGAP3, or RAF1.

Complex rearrangements create a subset of RAF gene fusions

The two RAF gene fusions caused by complex rearrangements were
KIAA1549-BRAF exon 16-exon 11 (PA27) and SRGAP3-RAF1 exon
11-exon 8 (PA30). Our initial characterization of the SRGAP3-
RAF1 fusion identified an internal tandem duplication of SRGAP3
exon 11, which enables the resultant fusion gene to be in-frame
(Forshew et al. 2009). We successfully sequenced both DNA
breakpoints and the entire 1063-bp insertion. The majority of
the insertion mapped to a contiguous sequence starting within
SRGAP3 intron 10 and ending in SRGAP3 intron 11, which differed
from the reference genome by only three SNPs (152271205,
1s35647176, and rs11131157) and one in-del (rs35966925). In-
sertions were present at both the SRGAP3 intron 11-intron 10
breakpoint (2 bp, AA) and the SRGAP3-RAF1 intron 11-intron 7
breakpoint (20 bp, TTCATCATCATCATCATTAT). We hypothesized
that the latter insertion had not been created by the random ad-
dition of nucleotides but was instead generated from a DNA tem-
plate, with the most likely candidate a 19-bp region within the
SRGAP3 intron 10 (Fig. 3A).

The KIAA1549-BRAF complex rearrangement in PA27 con-
tains a 67-bp insertion that could not be mapped to a single
genomic locus. We were able to identify several ways in which
this fusion could have been created, one of which is depicted in
Figure 3B.

Distribution of DNA breakpoints for 41 KIAA1549-BRAF gene fusions.

Repetitive elements and non-B DNA conformations
are not significantly enriched in the fusion partners

Repetitive elements, fragile sites, and regions of non-B DNA have
all been associated with the formation of genomic rearrangements
(Arlt et al. 2006; Bacolla et al. 2006; Wells 2007; de Smith et al.
2008). There are no known common or rare fragile sites at 7q34 or
3p25 (Rebhan et al. 1997). We analyzed the presence of both re-
petitive elements and Z-DNA in KIAA1549, BRAF, SRGAP3, and
RAF1 and compared their distribution to 1000 control genes. After
correction for multiple testing, none of the calculated empirical
P-values were significant at the 5% level (Supplemental Table S3).

In addition to this analysis, we compared the distribution of
these elements within the relevant introns of KIAA1549 and BRAF
(Supplemental Table S4). The majority of repetitive elements tested
were observed at higher frequencies in introns other than KIAA1549
intron 16 and BRAF intron 8 and so cannot explain the prevalence of
the KIAA1549-BRAF exon 16-exon 9 fusion variant. The only ex-
ceptions were L2 repeats and long terminal repeats (LTRs), which
were observed exclusively in KIAA1549 intron 16 and BRAF intron 8.

The human minisatellite conserved sequence/x-like element
is significantly enriched at the KIAAI549 side of the breakpoint

A number of common motifs have previously been shown to be
significantly enriched at the breakpoints of genomic rearrange-
ments (Abeysinghe et al. 2003). We identified 39 motifs that are
associated with gene rearrangements, mutations, DNA cleavage,
replication, and site-specific recombination and so could poten-
tially be involved in the formation of RAF gene rearrangements in
low-grade astrocytomas (Supplemental Table S5). For the 41 tu-
mors with KIAA1549-BRAF fusions, we tested for enrichment of
a given motif in the region *25 bp of the breakpoint at: (i) the
KIAA1549 side of the breakpoint only, (ii) the BRAF side only, (iii)
either side, and (iv) both sides. Only one motif, the human mini-
satellite conserved sequence/x-like element, was found to be sig-
nificantly enriched (P = 0.040, Fisher’s exact test). This motif was
overrepresented at the KIAA1549 side of the breakpoint only, oc-
curring in 4/41 (9.8%) tumor samples (PA7, PA15, PA17, and PA39)
compared to 52/5000 (1.0%) 50-bp control sequences.
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Figure 2. Categories of simple RAF gene fusion breakpoints. Fusion sequences aligned with KIAA1549 (green) and BRAF(yeIIow). (Blue) Nucleotides that
align to neither reference gene (insertions); (red) nucleotides that align to both reference genes (microhomology). (A) Seamless transition with defined
breakpoint. (B) Insertion. (C) Breakpoint microhomology. (D) Flanking microhomology only.

Discussion

Although the significance of genomic rearrangements is widely
appreciated and, in some cases, their effects largely understood,
our knowledge of the mechanisms that create them remains in-
complete. Our results not only provide evidence for the involve-
ment of specific processes in the formation of RAF gene fusions
in low-grade astrocytomas, but they also allow greater insight into
the general underlying mechanisms.

Until recently, most of the proposed mechanisms have fo-
cused on the incorrect repair of DNA double-strand breaks (DSBs)
(Hastings et al. 2009b). The two main pathways that carry out DSB
repair in eukaryotes are homologous recombination and non-
homologous DNA end joining (NHEJ). Although homologous re-
combination is believed to be less error-prone than NHE] (Khanna
and Jackson 2001), errors in either of these processes can cause
genomic rearrangements.

Homologous recombination repairs DSBs by using another
section of DNA, most commonly the corresponding allele on the
sister chromatid (Kadyk and Hartwell 1992), as a template. If ho-
mologous recombination occurs between two paralogous se-
quences of DNA, instead of between two alleles, genomic rear-
rangements are created. This process is known as non-allelic
homologous recombination (NAHR) (Fig. 4A). It is estimated that
NAHR requires at least 200 bp of homology between the invading
strand and the template (Rubnitz and Subramani 1984; Reiter
et al. 1998), which is the case in only 5/40 simple rearrangements
among our cases. Furthermore, segmental duplications and
breakpoint clustering, which are both commonly associated with
NAHR, are absent. Therefore, we are confident that NAHR is not
the predominant mechanism of RAF gene fusion formation in low-
grade astrocytomas.

Unlike NAHR, NHE] does not require a template and so is the
favored mechanism of DNA DSB repair during Go, G1, and early S
phases (Takata et al. 1998). However, NHE] repair pathways can
also operate in G, and late S phases, and play a crucial role in
repairing physiological DSBs such as those incurred during V(D)J
recombination (Grawunder et al. 1997; Wilson et al. 1997; Wu

et al. 2008). NHE] primarily causes genomic rearrangements by
ligating DNA ends from different DSBs together (Fig. 4B). There-
fore, NHE] does not require large regions of homology, may use
breakpoint microhomology, and can create insertions due to the
random addition of nucleotides by DNA polymerase p (POLM)
(Lieber 2008). Although these characteristics are consistent with
the observed attributes of the simple breakpoints, it is extremely
unlikely that NHE]J could have generated the complex rearrange-
ments as this would require more than three DSBs being repaired
incorrectly in the same region. Therefore, a more parsimonious
explanation is provided by the recently proposed replication-based
mechanisms.

The first of these replication-based mechanisms to be pro-
posed was fork stalling and template switching (FoSTeS) (Lee et al.
2007), which is based on a suggested mechanism of gene ampli-
fication in Escherichia coli (Slack et al. 2006). In this model a ge-
nomic rearrangement is created by a replication fork stalling and
the nascent lagging strand dissociating and invading one or mul-
tiple adjacent replication forks (Fig. 4C). Although such a mecha-
nism is theoretically capable of producing both simple and com-
plex rearrangements and would explain the formation of copy
number changes following inhibition of replication (Arlt et al.
2009), FoSTeS has yet to be validated experimentally, and so several
significant questions concerning its molecular details remain
unanswered. Importantly, it has been shown that the induction of
fork stalling events in yeast does not result in the formation of
segmental duplications (Payen et al. 2008).

An alternative replication-based model is break-induced rep-
lication (BIR). This mechanism was first proposed to have evolved
in yeast as a means of maintaining ploidy following DNA breakage
(Morrow et al. 1997) but has now been implicated in telomere
maintenance and genomic rearrangement formation in both
humans and yeast (McEachern and Haber 2006; Bauters et al. 2008;
Deem et al. 2008). Unlike FoSTeS, BIR requires an unpaired DSB
end, which may be produced by the collapse of a replication fork,
the erosion of telomeres, or the separation of two DSB ends.
Classical BIR requires large regions of homology, comparable to
those necessary for NAHR; however, it has recently been proposed
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Breakpoint analyses of two complex rearrangements. The figure is not to scale. In both panels, microhomology (red); insertions (blue). Genes

are depicted by their orientation on the minus strand. (A) Complex rearrangement in PA30. (Purple) RAFT; (beige) SRGAP3 intron 9; (green) intron 10;
(light blue) intron 11; (orange) intron 12. Exons are numbered and represented by black rectangles. (i) Sequence alignment showing the SRGAP3 intron
11-intron 10 breakpoint. (ii) Sequence alignment for the SRGAP3-RAF1 breakpoint. (iif) Schematic representation of the region on chromosome 3p25
prior to duplication. (iv) The three template switching events that may have given rise to the complex breakpoint in PA30. (v) Observed complex
rearrangement. (B) Complex rearrangement in PA27. (Light green) KIAA1549; (yellow) BRAF; (pink) AT-rich region. (i) Sequence alignment showing the
KIAA1549-BRAF breakpoint in PA27. (ii) Schematic representation of the region on chromosome 7q34 prior to duplication. (iii) The five template
switching events that could have generated the complex breakpoint in PA27. (iv) Observed complex rearrangement.

that an alternate RadS1-independent pathway may exist that
could use microhomology to anneal single-stranded DNA (Hastings
et al. 2009a). This process is known as microhomology-mediated
break-induced replication (MMBIR) (Fig. 4D).

Although MMBIR is only speculative at present, with no di-
rect experimental evidence in humans or yeast, our findings are
almost entirely consistent with such a model. Of the 40 RAF gene
fusions formed by simple genomic rearrangements, 34 (85%) con-
tained either breakpoint or flanking microhomology that could

mediate MMBIR. In addition to this, simple rearrangements ac-
count for the vast majority of RAF gene fusions (95%), which is
similar to studies of BIR in yeast, where template switching was
observed in only 20% of cases (Smith et al. 2007). Unlike other
studies that have reported large interspersed duplications and de-
letions (Lee et al. 2007; Vissers et al. 2007), the complex rear-
rangements we detected were <2 kb in length and directly adjacent
to the breakpoint. Although it is possible that the interspersed
copy number changes observed by other groups could occur by
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MMBIR (Hastings et al. 2009a), the experimental evidence from
BIR in yeast has shown that most template switching events occur
up to 10 kb from the initial site of strand invasion (Smith et al.
2007), a characteristic that is shared by our findings. Furthermore,
it has previously been suggested that MMBIR can occur during
mitosis and generate rearrangements ranging from several mega-
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bases to a few hundred base pairs in length (Zhang et al. 2009).
Therefore, of the currently proposed mechanisms, we believe that
MMBIR is most likely to be responsible for the formation of RAF
gene fusions in low-grade astrocytomas.

Our study is not only the first to illustrate that MMBIR is
consistent with a specific recurrent rearrangement in cancer, it also
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has implications concerning the mechanism itself. The first of
these is our discovery that flanking microhomology is enriched at
the DNA breakpoints. Several studies have previously demon-
strated that breakpoint microhomology is overrepresented at the
junctions of pathogenic genomic rearrangements, including those
associated with cancer (Bignell et al. 2007; Vissers et al. 2009).
However, none, to our knowledge, have investigated the presence
of microhomology at sites that do not directly overlap the break-
point. Therefore, it is possible that in many cases the reported
extent of microhomology between junction sequences in genomic
rearrangements is an underestimate. Even our definition may
prove too conservative because it fails to consider microhomology
from alternative alignments (Supplemental Fig. S4). In order for
flanking microhomology to mediate MMBIR, it must be present on
the unpaired DSB end. Of the 11 simple rearrangements exhibiting
flanking microhomology, eight samples had it on the KIAA1549
side, two had it on the BRAF side, and one had a region on each
side. By using this principle, other studies may be able to verify
whether replication fork collapse consistently occurs at one side of
the breakpoint.

The only motif that we found to be significantly enriched at
the fusion breakpoints was the human minisatellite conserved
sequence/x-like element. This motif was present in the region *25
bp of the KIAA1549 junction in only four tumor samples and so
clearly cannot be an absolute requirement for the creation of these
tandem duplications. Despite this, it is still possible that, in a mi-
nority of cases, the x-like element plays a role in RAF gene fusion
formation. The x element was initially identified as a mediator of
prokaryotic recombination, specifically altering the activity of the
RecBCD enzyme (Lam et al. 1974; Dixon and Kowalczykowski
1993). However, it has now been identified as a recombination
hotspot involved in the formation of many eukaryotic genomic
rearrangements, including several oncogenic translocations
(Krowczynska et al. 1990; Jaeger et al. 1993; Lopez-Correa et al.
2001; Abeysinghe et al. 2003). It is possible that this is due to the
x-like element acting as a recognition site for V(D)J recombinase
(Wyatt et al. 1992) and so increases the likelihood of NHE] oc-
curring. This could, therefore, indicate that NHE] is responsible for
the simple rearrangements we observed or, conversely, that x-like
elements may also mediate MMBIR.

Another observation that furthers our understanding of
MMBIR is the presence of inserted nucleotides at the breakpoints
of complex rearrangements. Small insertions are often considered
to be a defining characteristic of NHEJ, as DNA polymerase . is

capable of template-independent synthesis under physiological
conditions (Gu et al. 2007). However, the presence of inserted
nucleotides at both of the SRGAP3-RAF1 breakpoints, along with
similar findings in a previous study (Zhang et al. 2009), could ei-
ther suggest the involvement of DNA polymerase n (POLM) in
MMBIR or be indicative of additional template switching events.
In the case of the latter, adjacent nucleotides may have been in-
corporated using another template but are not identified as in-
sertions due to breakpoint microhomology. It is, therefore, possi-
ble that some or all of the rearrangements that we designated as
simple with small insertions may, in fact, be complex.

Several other factors further complicate the identification of
complex rearrangements. PA28, the single sample in which we
were unable to identify the fusion breakpoint, may contain a
complex rearrangement. Our failure to amplify and sequence the
junction here may be due to the presence of a large insertion.
Another possibility, which could affect a greater number of sam-
ples, is that we may have been unable to identify interspersed
duplications or deletions. To reduce the likelihood of this, we an-
alyzed the region of gain and its neighboring segments for gains or
losses in 38 samples using the Affymetrix 6.0 data from our pre-
vious investigation (Forshew et al. 2009). We did not identify any
potential interspersed duplications or deletions using this ap-
proach; however, we cannot conclusively eliminate this possibility
as the template for inserted sequences could theoretically come
from anywhere in the genome, and very small regions of copy
number change may not be detectable using the Affymetrix 6.0
array.

In addition to investigating the mechanisms capable of cre-
ating RAF gene fusions, we aimed to explain their relative fre-
quencies by analyzing the local DNA sequence. Using this ap-
proach, we were unable to identify significant enrichment of
repetitive elements or Z-DNA in KIAA1549, BRAF, SRGAP3, or RAF1
that could account for the specificity of fusion partners. This is not
particularly surprising as either the promoter or a specific protein
domain of KIAA1549 and SRGAP3 may be necessary for the asso-
ciated RAF gene fusion to provide a growth advantage (Tatevossian
et al. 2010). Our intronic analysis indicates that, of the repetitive
elements tested, only L2 repeats and LTRs could potentially ac-
count for the discrepancy in KIAA1549-BRAF fusion variant fre-
quency; however, the significance of the contribution made by
these elements remains to be established.

Itis also important to note that a sequence-based explanation
for the uneven distribution of RAF gene fusion variants may not

Figure 4. Schematic representations of postulated mechanisms for the formation of genomic rearrangements. In all panels, 3’ ends are represented by

half arrows. (A) Non-allelic homologous recombination. (i) A DSB occurs. (ii) The DNA ends are resected by exonucleases leaving 3’ single-stranded DNA
(ssDNA) overhangs. (iii ) One of the 3’ ssDNA ends invades a paralogous sequence (blue and orange boxes) and is extended by DNA synthesis. (iv) Strand
invasion and extension of the second DNA end occurs, resulting in the formation of a double Holliday junction. (v) The Holliday junctions are resolved in
the opposite sense producing a reciprocal duplication and deletion. (B) Non-homologous DNA end joining. (i) Two DSBs occur in sister chromatids or
homologous chromosomes. (ii) The Artemis—-DNA-dependent protein kinase catalytic subunit (DNA-PKcs) complex resects the DNA ends. (iii) Incorrect
DNA ends are brought together by the Ku protein, and may anneal through microhomology. The Artemis—DNA-PKcs complex cleaves the flaps. (iv) DNA
polymerase N\ or p (POLL or POLM) adds nucleotides to fill the gaps, and the NHEJ1-XRCC4-DNA ligase IV (LIG4) complex ligates the DNA ends,
producing a reciprocal deletion and duplication. (C) Fork stalling template switching. (i) A replication fork stalls after encountering a DNA lesion (black
square) on the template strand. (ii) The lagging strand from the stalled replication fork anneals to the template strand of another replication fork using
microhomology. (iii) The invading strand is either extended by DNA synthesis or ligated to the 5" end of the preceding Okazaki fragment. (iv) The FoSTeS
model predicts that the lagging strand returns to the original template, allowing normal DNA replication to resume. Prior to this occurring, the lagging
strand may invade multiple different replication forks (not shown). (D) Microhomology-mediated break-induced replication. (i-iii) Formation of a simple
rearrangement by MMBIR. (i) An unpaired DSB end undergoes 5’ resection. (ii) The 3’ overhang uses microhomology to anneal to a non-paralogous
section of DNA. (iii ) No subsequent template switching events occur. (iv-viii ) Formation of a complex rearrangement by MMBIR. (iv,v) Strand invasion
occurs as in the creation of a simple rearrangement. (vi) The extended end dissociates as the low-processivity replication fork collapses. (vii) The 3’ end
anneals to a second template. For tandem duplications this is upstream of the original break. (viii) Further template switching events may occur (not
shown) until ultimately a fully processive replication fork is formed that goes to completion or collides with a replication fork moving in the opposite
direction.
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exist. Several other factors could explain this disparity, with one
such possibility being variation in the local chromatin architec-
ture. A previous study identified depletion of histone H1 and
hyperacetylation of histone H3 within intron 5 of the RUNX1 gene
(Stuardo et al. 2009). All of the chromosome 21 breakpoints asso-
ciated with the RUNX1-RUNX1T1 (formerly known as AML1-ETO)
fusion gene, which is created by a t(8;21) translocation and com-
monly associated with acute myeloid leukemia (Miyoshi et al.
1991), are restricted to this intron. Similar histone modifications
could result in an open chromatin conformation specifically
within KIAA1549 intron 16 and BRAF intron 8. Stuardo et al.
(2009) also found that the same histone modifications were pres-
ent in a hematopoietic cell line but absent in a cervical carcinoma
cell line. Therefore, local chromatin architecture could provide an
explanation for the specificity of KIAA1549-BRAF and SRGAP3-
RAF]1 fusions to low-grade astrocytomas.

In addition to local chromatin configuration, it may also
prove useful to consider the chromatin architecture of the entire
duplicated region. All of the putative mechanisms we have dis-
cussed above require interaction between the two halves of the
breakpoint. There is currently some debate as to whether this
spatial proximity occurs before or after DNA breakage; however,
several recent studies have provided evidence in support of the
“contact-first” model (Lever and Sheer 2010). If this is the case for
the RAF gene fusions found in low-grade astrocytomas, it is pos-
sible that investigating the interaction between KIAA1549 and
BRAF using fluorescent in situ hybridization (FISH) and chromatin
conformation capture methodologies may prove informative in
identifying the cell of origin for low-grade astrocytomas.

It is also of interest to consider the possibility that the in-
teraction between KIAA1549 and BRAF may be transient, with
their spatial proximity either restricted to a specific stage of de-
velopment or induced by cell signaling pathways. A recent ex-
ample of the latter is that androgen signaling has been shown to
induce spatial proximity between TMPRSS2 and ERG, two genes
that fuse together in ~50% of prostate cancers (Lin et al. 2009;
Mani et al. 2009). Alternatively, spatial proximity could be re-
stricted to a certain stage of the cell cycle. Investigating this could,
in turn, help confirm that MMBIR is the mechanism of fusion
formation as one would predict the fusion partners to interact
within S phase, possibly with both genes being replicated in the
same replication focus.

In conclusion, while it is currently not possible to observe di-
rectly the sequence of events involved in the formation of genomic
rearrangements due to technological limitations, we have, through
detailed analysis of the breakpoint sequences, been able to identify
key features of the underlying mechanism. Furthermore, our find-
ings provide a framework for future investigations into the gener-
ation of both cancer-specific gene fusions and genomic variation.

Methods

Tumor tissue and control samples

Low-grade astrocytomas (WHO Grade I-II) from 43 patients aged
1-20 yr were studied. Of these samples, 33 were included in our
previous study (Forshew et al. 2009) in which they are denoted by
the same identifiers used here. Clinical information and molecular
analysis for individual tumors can be found in Supplemental Table
S1. Tissue samples were obtained at surgery prior to adjuvant
therapy. Samples were fully anonymized to the researchers, and
access to tissue and clinical data were in accordance with In-
stitutional Review Board and MREC guidelines: St Jude Children's

Research Hospital (USA) XPD07-107/IRB and Tissue Resource Re-
quest No 07-007; Newcastle (UK) REC ref No 2002/112; Blizard
Institute of Cell and Molecular Science (UK) ICMS/PR/09/77.
Pooled control DNA was obtained from the blood of 21 male vol-
unteers.

Extraction and preparation of nucleic acid

Tumor DNA was extracted from fresh frozen tissue using the
QIAamp DNA mini kit (QIAGEN). RNA was extracted using TRIzol
(Invitrogen) and eluted into RNAse-free water using the RNeasy mini
kit (QIAGEN). cDNA was synthesized using random hexamers and
the SuperScript First-Strand ¢cDNA synthesis system (Invitrogen).
Genomic DNA was whole genome amplified using the REPLI-g
whole genome amplification kit (QIAGEN). Control DNA was
extracted from each individual blood sample using the Chemagen
magnetic bead blood purification system (Chemagen AG).

Detection of fusion breakpoints in cDNA and genomic DNA

The cDNA of all tumor samples was screened by PCR for the
presence of RAF gene fusions prior to their admission into the
study. For detection of the DNA breakpoints, primers were
designed at ~500-bp intervals throughout the appropriate introns
of KIAA1549, BRAF, SRGAP3, and RAF1 (Supplemental Table S6).
Tumors with the same fusion variant had their whole genome
amplified DNA pooled and were analyzed by PCR using all relevant
primer combinations. This process was then repeated for the
pooled control DNA to allow the identification of non-specific
products. Primer combinations that produced tumor-specific
products were tested on individual tumor samples, and the
resulting products were analyzed in both directions by direct
Sanger sequencing on either a 3100 Genetic Analyzer or a 3730
DNA Analyzer (Applied Biosystems). Results were analyzed using
Sequence Scanner Software v1.0 (Applied Biosystems). For those
tumors where the breakpoints failed to amplify, we repeated the
aforementioned assay using the Extensor Long Range PCR Kit
(Thermo Fisher Scientific) instead of Platinum Taq DNA poly-
merase (Invitrogen).

Bioinformatics analyses

The assembly of the human genome used was GRCh37. The sta-
tistical significance of fusion variant frequency was tested using
a x2-test. The intronic distribution of breakpoints was analyzed as
follows: For each intron, we randomly distributed as many simu-
lated breakpoints throughout the intron as we observed in our data
set. By repeating this process and indexing the breakpoints, we
established 95% confidence intervals for the expected location of
successive breakpoints. Additionally, we carried out a Kolmogorov-
Smirnov test against the null hypothesis that the locations are
drawn from a uniform distribution across the intron.

To test for the enrichment of microhomology, five control
sets of 500 simulated breakpoint pairs, with one breakpoint
randomly situated in BRAF intron 8 and the other located in
KIAA1549 intron 16, were generated, and, for each breakpoint pair,
the extent of microhomology was determined. The statistical sig-
nificance of differences between the simulated and observed
sample distributions was tested by a Mann-Whitney U-test. The
significance of flanking microhomology was tested by a Fisher’s
exact test.

The Human Genome Segmental Duplication Database
(Cheung et al. 2003) (http://projects.tcag.ca/humandup/) was used
to check KIAA1549, BRAF, SRGAP3, and RAF1 for segmental dupli-
cations. The search for large regions of homology was conducted
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using BLASTN 2.2.22+ (Altschul et al. 1997) (http://blast.ncbi.
nlm.nih.gov/).

Alist of 1000 randomly selected, non-overlapping, autosomal
human genes between 100 kb and 250 kb in length was generated
using the BioMart tool on the Ensembl genome browser (http://
www.ensembl.org/biomart/). Analysis of repetitive elements within
the control genes and fusion partners was carried out using the table
browser tool on the UCSC genome browser and the RepeatMasker
software (Smit et al. 1996) (http://www.repeatmasker.org). Zhunt
online (Ho et al. 1986) (http://bioinfo.cgrb.oregonstate.edu/zDNA/)
was used to detect possible regions of Z-DNA. Empirical P-values,
with Bonferroni correction, were used to test the differences in the
number of repetitive elements and Z-DNA within the fusion
partners relative to the set of control genes. Empirical P-values were
calculated by (r + 1)/(n + 1), where n is the number of replicate
samples and ris the number of replicates with a test statistic greater
than the actual value (North et al. 2002).

The analysis of common motifs, on either strand, within =25
bp of fusion breakpoints was carried out using fuzznuc, which is
available as part of the European Molecular Biology Open Software
Suite (EMBOSS) (Rice et al. 2000). A set of 10,000 DNA sequences of
50 bp in length was generated from the list of 1000 control genes
and tested for the same common motifs with fuzznuc. This was
subdivided into two sets of 5000 sequences that were used as
separate control sets for KIAA1549 and BRAF. The statistical sig-
nificance of motif enrichment at the breakpoints was tested using
a Fisher’s exact test with Bonferroni correction at the 5% signifi-
cance level.
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