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Cancer results from the accumulation of genetic mutations in a susceptible cell of origin. We and
others have also shown that injury promotes sarcoma development, but how injury cooperates
with genetic mutations at the earliest stages of tumor formation is not known. Here, we utilized
dual recombinase technology to dissect the complex interplay of the timing of Kras®?° activation,
p53 deletion, and muscle injury in sarcomagenesis using a primary mouse model of soft tissue
sarcoma. When mutations in oncogenic Kras and p53 are separated by 3 weeks, few sarcomas
develop without injury. However, the transformation potential of these tumor-initiating cells can
be unmasked by muscle injury. In the absence of Kras mutations, injury of the muscle with global
deletion of p53 results in sarcomas with amplification of chromosomal regions encompassing the
Met or Yap1 gene. These findings demonstrate a complex interplay between the timing of genetic
mutations and perturbations in the tumor microenvironment, which provides insight into the
earliest stages of sarcoma development.

Introduction

Soft tissue sarcomas arise from a mesenchymal cell of origin and represent more than 70 different tumor
types. Soft tissue sarcomas can be broadly classified as those harboring single genetic alterations such as
a translocation (i.e., simple karyotype) and those with a constellation of poorly defined genetic changes
(i.e., complex karyotype) (1). Among soft tissue sarcomas with a complex karyotype, we have previously
described a mouse model of undifferentiated pleomorphic sarcoma (UPS) arising from the muscle after
simultaneous activation of Kras®'?P and loss of p53 (2, 3).

Recently, Young et al. utilized dual recombinase technology to explore the impact of sequentially
mutating Kras and p53 in a mouse model of sarcoma (4). Dual recombinase technology utilizes 2 different
site-specific recombinases (Cre and Flp) to recombine distinct genes in a temporally and spatially restricted
manner (5, 6). In the experiments conducted by Young et al., the yeast-based Flp recombinase was used to
excise a STOP cassette flanked by FRT sites upstream of oncogenic Kras (Kras™"612P) via intramuscular
(IM) injection of adenovirus expressing a mammalian codon-optimized version of Flp (adeno-FlpO) (7).
Temporal control of p53 deletion was regulated by intraperitoneal (IP) tamoxifen administration to activate
CreER in cells throughout the mice (Rosa26<ER/ER) " thereby causing recombination of LoxP sites flank-
ing exons 2-10 of p53 (Trp53™"). A critical observation from those experiments was that the penetrance
and kinetics of sarcoma formation were significantly increased when Kras was activated at the same time
as p53 loss as compared with when the timing of Kras activation and p53 loss was uncoupled. The authors
concluded that cells harboring activated Kras in the setting of WT p53 have reduced transformation poten-
tial, which prevents sarcomagenesis when p53 is subsequently deleted.

We recently used Pax7<ER/*; Trp53%/%; Kras'S--612D’* mice to show that following systemic IP tamoxifen
administration, most muscle satellite cells remain quiescent after activation of Kras and deletion of p53 (8).
However, muscle injury in combination with IP tamoxifen was sufficient to promote sarcoma development
at the site of injury (8). Therefore, we generated Rosa26C<ER/CreER, Trp530/4, KraghSF-GL2D/+ (R2GCHER; p531,
KFRT) mice to investigate whether muscle injury might alter the fate of cells with sequential mutations of
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Kras and p53. Specifically, we wished to determine whether quiescent muscle cells harboring activated Kras
in the setting of WT p53 would become activated 3 weeks later by deletion of p53 and IM injection of a
potent inducer of muscle injury such as cardiotoxin. We report that cardiotoxin dramatically alters the fate
of Kras-mutated cells and almost fully restores their transformation potential. Similar results were obtained
if the order of gene mutations was reversed. If p53 was deleted and Kras activation occurred 3 weeks later,
then there was a delay in the kinetics and decreased penetrance of sarcoma formation. However, tumors
formed with high frequency when muscle injury and Kras activation occurred concurrently 3 weeks after
p53 deletion. In control experiments, we observed that Kras mutation is dispensable for sarcoma forma-
tion when p53 is globally deleted at the same time as an acute muscle injury with cardiotoxin. Remarkably,
no sarcomas formed when the injury was delayed until 21 days after p53 loss. We also performed exome
sequencing on Kras- and injury-induced (Kras WT) sarcomas. Kras-induced sarcomas were found to have
a very low mutational load, with no recurrent mutations. Injury-induced sarcomas also had low mutational
load, with no recurrent mutations in Ras pathway genes, but evaluation of copy number variants (CNVs)
revealed that these sarcomas harbored recurrent amplification of regions of chromosomes 6 and 9, which
include the Mer and Yap! genes, respectively.

By employing dual recombinase technology to vary the timing of Kras and p53 deletion with respect
to muscle injury, our data suggest that the mechanism of injury-induced sarcoma formation is dependent
on the timing of gene mutations and injury as well as the genetic context. In the setting of Kras activation,
injury acts as a classic promoter as previously reported (8). However, in the setting of WT Kras and global
p53 deletion, muscle injury selects for the development of sarcomas with specific chromosomal amplifica-
tions that bypass the requirement for Ras mutation. These experiments shed light on the early steps of sar-
coma development by revealing the complex interplay between the timing of cooperating gene mutations
in transformation and a tumor-promoting stimulus in the microenvironment.

Results

‘We initially repeated the elegant sequential mutagenesis experiments described by Young et al. (4). We gen-
erated R26FR; p53f; KFRT mice, which allow for systemic deletion of p53 following IP tamoxifen injection
and localized activation of Kras in response to IM adeno-FIpO injection. As described previously, R26<<ER;
p53%; KFRT mice were treated with IM adeno-FIpO to activate Kras on day 0 (4). Additionally, mice were
treated with IP tamoxifen on day 0, 10, or 21 to delete p53 in cells throughout the animal at either the same
time or after Kras activation (Figure 1A). As in the previous study, we found that sarcoma formation was
significantly less robust as the time between Kras activation and p53 deletion was extended from 0 to 21
days (Figure 1, B and C). A sarcoma formed at the IM injection site in only 9% (1 of 11) of mice when Kras
activation and p53 deletion were separated by 21 days. All mice were followed for a minimum of 100 days
after tamoxifen administration.

We recently reported that muscle injury accelerates tumor formation in a mouse model of soft tissue
sarcoma (8). R26°FR; p53f; KRT mice require an IM injection of adeno-FIpO to cause recombination of
Kras on day 0, so we considered the possibility that the IM injection causes mild muscle injury that promotes
sarcoma formation when administered concurrently with p53 deletion. Because a classic promoter would
act only in the context of both initiating genetic mutations (i.e., activation of Kras and loss of p53), injury
from the adeno-FlpO injection could explain why the rate of sarcoma formation is considerably lower when
p53 is deleted 21 days after Kras activation; any impact from injury would have resolved by the time of p53
deletion. To test this hypothesis, we treated R26°ER; p531; KFRT mice as we had previously with IM adeno-
FlpO on day 0 and IP tamoxifen on day 21. Additional groups of mice were injected on day 21 with either
IM adenovirus expressing GFP (adeno-GFP) or cardiotoxin, a component of cobra venom that induces
myonecrosis (positive control for muscle injury). IM injection of adeno-GFP on day 21 did not alter the pen-
etrance or kinetics of soft tissue sarcoma formation (Figure 1, B and C). However, treatment with IM cardio-
toxin almost completely restored sarcoma formation at the site of injection (Figure 1, B and C). We assessed
muscle histology 7 days following IM injection of adeno-FlpO to determine the extent of damage (Figure
1D). Treatment with adeno-FlpO did not cause appreciable damage to the muscle fibers as compared with
cardiotoxin (Figure 1D). We conclude that muscle injury with cardiotoxin is sufficient to restore the transfor-
mation potential of Kras-mutated cells when subsequent p53 loss is combined with muscle injury.

‘We next conducted control experiments to evaluate the requirement for Kras activation in sarcoma forma-
tion in R26“<ER; p53f; KFRT mice. Notably, it has been reported that chronic injury with cardiotoxin is sufficient
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Figure 1. Muscle injury restores the transformation potential of cells harboring activated Kras. (A) Schematic of
experiment. Rosa26 eER/CretR; Trp53f/fl; KragFsr-6120/+ (R2BCrEER; n53fl; KFRT) mice were treated with an intramuscular (IM)
injection of adeno-FIpO to activate Kras on day 0, followed by treatment with intraperitoneal (IP) tamoxifen to delete
p53 on day 0, 10, or 21. Additional groups of mice were treated with IM adeno-GFP or IM cardiotoxin on day 21in addi-
tion to IP tamoxifen. (B) There is a marked delay in sarcoma formation in R26*®; p53%; K**" mice as the time between
Kras activation and p53 deletion is extended from 0 to 21 days. Muscle injury with IM cardiotoxin, but not IM adeno-
FIpO, restores the transformation potential of Kras-activated, p53-deleted cells. (C) Bar graph presenting the same
data as in B. (D) H&E-stained muscle sections obtained from mice 7 days after the start of the experiment either with-
out treatment or with IM adeno-FlpO or IM cardiotoxin treatment. Evidence of muscle injury and repair (central nuclei
noted by arrows) was only observed after cardiotoxin treatment. Scale bar: 50 pm. TMX, tamoxifen.

to promote sarcoma formation in p53-deficient mice (no activation of Kras) (9). R26°<ER; p531; KFRT mice were
treated with IP tamoxifen alone (to delete p53 throughout the animal) and treated with IM cardiotoxin in the
hindlimb to mimic acute muscle injury (Figure 2A). Interestingly, 100% of mice developed sarcomas at the IM
injection site despite no Kras activation (Figure 2B). The median time to sarcoma formation was 47 days after
cardiotoxin in mice harboring activated Kras and 76 days in mice with WT Kras (P = 0.12 by log-rank test).
Recombination of the Kras™F¢!?P allele in the adeno-FlpO-treated mice was confirmed by PCR (Figure 2C).
The more rapid sarcoma formation noted in mice with activated Kras was replicated in an independent experi-
ment. R26FR; p53%; KT mice and R26°FR; p531 littermates were treated identically with IM adeno-FlpO on
day 0 and IP tamoxifen/IM cardiotoxin on day 21 (Supplemental Figure 1, A and B; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.123687DS1). Accelerated sarcoma forma-
tion was again noted in tumors harboring an activated Kras allele (R26°E8; p53%; KR mice), though this was
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Figure 2. Kras activation is not required for sarcoma formation in the setting of concurrent p53 loss and injury in
R26%R; p53fl; KFR™ mice. (A) Schematic of experiment. R26%tR; p53; K™ mice were either treated or not treated with
IM adeno-FIpO to activate Kras on day 0, followed by treatment with IP tamoxifen to systemically delete p53 and IM
cardiotoxin on day 21. (B) Survival curve for both treatment groups shows trend toward more rapid sarcoma formation
in mice treated with adeno-FIpO and activation of Kras. (C) Cells lines were generated from 4 sarcomas that arose in
mice following treatment with IM adeno-FIpO on day 0, and IP tamoxifen and IM cardiotoxin on day 21. PCR-based
genotyping reveals recombination of the FRT-STOP-FRT cassette upstream of Kras®™°. Controls show the expected
band sizes for recombined Kras®?, WT Kras, and unrecombined Kras®?".

again not statistically significant (Supplemental Figure 1B). The median time to tumor was 43.5 days in R26"R;
p53%; KFRT mice and 63 days in R26“ER; p53® mice (P = 0.36 by log-rank test). We conclude that Kras activation
is not required for sarcoma formation in the setting of systemic p53 loss and concurrent injury. However, sarco-
mas tend to form more quickly when the Kras allele has already been recombined and activated prior to p53 loss
and muscle injury. Of note, a reciprocal experiment was conducted in R26E%; p53%; KF*T mice to determine
whether Kras activation and injury were sufficient for sarcoma formation. No sarcomas formed in the setting of
WT p53, confirming an essential role for p53 loss in this model of sarcoma development (Figure 3, A and B).
We next explored the consequence of p53 deletion prior to Kras activation. We hypothesized that p53
deletion prior to Kras activation would be well tolerated and tumor penetrance would be ~100% following
injection with IM adeno-FIpO to activate Kras. However, there was a marked reduction in tumor pen-
etrance and an increase in time to tumor when p53 deletion preceded Kras activation by 21 days (Figure 4,
A and B). Injury with cardiotoxin fully restored tumor penetrance when coadministered with adeno-FlpO
21 days following p53 deletion, and the time to tumor also decreased such that there was not a statistical
difference compared with concurrent p53 deletion and Kras activation (Figure 4B). One possible explana-
tion for this finding is that injury with cardiotoxin eliminates the requirement for Kras activation. This was
tested by treating R26ER; p531; KFRT and R26<<ER; p53M littermates with tamoxifen on day 0, followed
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Figure 3. p53 deletion is required for sarcoma formation. (A) Schematic of experiment. R26<R; p53; KFR™ mice
were treated with adeno-FIpO (deletes Kras) on day 0, followed by IM cardiotoxin on day 0, 1, or 21. (B) Kaplan-Meier
survival curve shows that Kras mutation followed by injury does not result in sarcoma formation in the setting of
WT p53 in R26%<ER; p53f; KFRT mice.

by concurrent cardiotoxin 21 days thereafter (Figure 4C). To our surprise, none of the mice developed
a sarcoma when injury was delayed (Figure 4D). Similar experiments were conducted where injury was
delayed by 1, 3, or 7 days following p53 deletion. There was a trend toward decreasing tumor penetrance
and increased time to tumor as the time between p53 deletion and injury increased. For example, only 2
of 11 mice developed a sarcoma when injury was delayed by 3 days, and 0 of 7 mice developed a sarcoma
when injury was delayed by 7 days (Figure 4D). Therefore, a single injury to the muscle can promote sar-
comagenesis in the setting of systemic p53 deletion only if the injury occurs in close temporal proximity to
p53 loss. This result is in sharp contrast to our previous work in Pax7¢<E®*; Trp53%1; KrastS--C120/+ (P7TKP)
mice, where we showed that muscle injury acts as a classic promoter in the setting of concurrent p53 loss
and Kras activation by breaking quiescence of tumor-initiating cells (8). Specifically, muscle injury at any
time point following genetic recombination of p53 and Kras in P7KP mice resulted in acceleration of
sarcoma formation (8). The time-dependent aspect of injury on sarcoma formation following p53 deletion
alone suggested the possibility of an alternative mechanism.

We next began to investigate differences between Kras®'?P-initiated sarcomas and injury-induced sarcomas
in mice with WT Kras. In the context of p53 deletion alone, our hypothesis was that injury might replace
Kras mutation by activating the Ras signaling pathway by an alternative means. To test this hypothesis, we
treated R26ER; p53%; KFRT mice with IP tamoxifen to delete p53 along with adeno-FlpO to activate Kras
(Kras-induced) or cardiotoxin (injury-induced) (Figure 5A). We analyzed exome sequencing data from 4 Kras-
induced sarcomas and 6 injury-induced sarcomas. We first evaluated non-synonymous mutational frequency,
which was not significantly different between the groups (Figure 5B and Supplemental Figure 2A). Moreover,
there were no functional mutations found in Ras pathway genes in the injury-induced sarcomas (RAS pathway
genes pulled from KEGG database; ref. 10). The mutational frequency in the Kras-induced sarcomas was very
similar to sarcomas that arise in Trp53%1; Kras'S-"C'?P mice treated with IM adeno-Cre (11).

We next evaluated CNV frequency between the 2 groups. The frequency of genes with aberrant copy
number ratios was almost 2 times higher in injury-induced sarcomas compared with Kras-induced sarco-
mas (P = 0.019) (Figure 5C and Supplemental Figure 2B). Evaluation for recurring amplifications or dele-
tions revealed striking recurrent amplifications in a region of chromosome 6 and/or chromosome 9 (Figure
5D and Supplemental Figure 2C).
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Figure 4. Timing of Kras activation and injury determines the penetrance of sarcoma development in mice following
systemic p53 deletion. (A) Schematic of experiment. R26°R; p53f; K*'" mice were treated with IP tamoxifen (deletes

p53) on day 0, followed by IM adeno-FIpO on day 0 or 21. An additional group of mice was treated with IM adeno-FlpO and

IM cardiotoxin on day 21. (B) Survival curve reveals delayed kinetics and decreased penetrance when Kras signaling is not
activated on the same day as p53 deletion. Sarcoma kinetics and penetrance are restored to baseline when IM adeno-FIpO
and IM cardiotoxin are coadministered on day 21. ****P < 0.0001 by log-rank test. (C) Schematic of experiment. R26R; p53f;
K™RT and R26R; p53™ mice were treated with IP tamoxifen on day O, followed by IM cardiotoxin on days 0, 1, 3, 7, and 21. (D)
Survival curve shows delayed kinetics and decreased penetrance of sarcoma formation when IM cardiotoxin administration is
delayed following IP tamoxifen.

The narrowest amplified region on chromosome 6 includes the Met gene, while the chromosome 9
amplification is most notable for encompassing Yap! (Figure 6). Both Met and Yap!l have been implicated
in mouse models of rthabdomyosarcoma, so we were interested in further exploring this finding (12, 13).
Primary tumor cell lines were generated from Mez- and YapI-amplified sarcomas, and a Western blot was
performed on cell lysates to evaluate protein expression. Met and Yapl protein expression correlated with
the respective gene amplification (Supplemental Figure 3). A quantitative PCR (QPCR) assay was designed
to assay Met and Yapl amplification in a larger number of injury-induced sarcomas from an independent
cohort (Supplemental Figure 4, A and B). Injury by either cardiotoxin or application of voltage resulted
in significant amplification of Mer or Yapl, which was largely mutually exclusive (Figure 7C). Voltage was
applied by an similar approach that has been described for in vivo electroporation (11).
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Figure 5. Exome sequencing of Kras- and injury-induced sarcomas. (A) Schematic of experiment. (B) Mutation frequen-
cy/Mb plot shows that there is no statistical difference in mutational frequency between the 2 groups. (C) Frequency of
copy number variants (CNV) is increased in injury-induced sarcomas versus Kras-induced sarcomas (*P = 0.019). (D) Copy
number ratio along the length of chromosomes 6 and 9 reveals recurrent regions of focal amplification (arrows).

In our recent experiments in P7KP mice, we showed that Cre-based recombination of p53 and Kras
acts as the initiator in muscle satellite cells, and injury serves to break quiescence of the resting stem cells
to promote sarcoma formation (8). The finding that injury-mediated sarcomas have characteristic chromo-
somal amplifications raised the possibility that injury promotes sarcoma development in P7KP mice as a
consequence of Met and/or Yapl amplification. Therefore, we extracted DNA from formalin-fixed, paraffin-
embedded sarcomas to evaluate for Mer and Yapl amplifications in spontaneous (system tamoxifen treat-
ment alone) and injury-accelerated (systemic tamoxifen + IM cardiotoxin) sarcomas in P7KP mice (Figure
7B). In tumors from P7KP mice, there was no evidence for Mer or Yapl amplification in spontaneous or
injury-accelerated sarcomas expressing Kras®'?P (Figure 7C). Similar to our findings in R26E®; p531 mice,
Pax7C<ER* 5301 (P7P) mice also developed sarcomas following p53 deletion with concurrent cardiotoxin
injury in the absence of Kras activation (Figure 7A). In P7P mice, Met or Yapl amplification was also noted
in 5 of 6 injury-induced sarcomas (Figure 7C). These data support a differential role for injury in sarcoma
formation — as a promoter in the setting of activated Kras and an initiator in the setting of WT Kras.

To further test whether activation of Kras and Met/ Yap1 amplification were mutually exclusive, we per-
formed QPCR for Mer and Yap! in Kras®'?P-expressing sarcomas from R26ER; p53f; KFRT mice generated
in previous experiments. There was no amplification of either Met or Yap! in 4 sarcomas (Supplemental
Figure 5A) when Kras was activated 21 days prior to p53 deletion and injury (Figure 2C) and in 8 sarcomas
(Supplemental Figure 5B) when p53 was deleted 21 days prior to Kras activation and injury (Figure 4B).
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Figure 6. A list of the top 20 genes amplified in injury-induced sarcomas. All of the genes were on chromosomes 6 and 9. Met and YapT are high-
lighted in red. For the QPCR assay, Brcal was used as a control because it was not amplified or deleted to a significant degree across all samples.
Copy number ratio is log,, significant amplification defined as copy number ratio greater than 0.5 (proportional to red saturation), significant deletion
less than -0.5 (proportional to blue saturation).

Taken together, these experiments demonstrate that the role of injury in sarcoma development is context
dependent. In the setting of p53 deletion and Kras activation, injury functions as a promoter with no evidence
of Met or Yapl amplification. In the absence of Kras activation, injury acts on p53-deleted cells to either gen-
erate chromosomal amplifications or to select for rare tumor-initiating cells with Met or Yap! amplification.

Discussion

In this study, we utilized dual recombinase technology to explore the complex interplay between
the sequential acquisition of genetic mutations and environmental perturbation due to muscle inju-
ry in sarcomagenesis. We initiated these experiments to investigate whether injury could rescue the
p53-dependent reduction in transformation potential of Kras-activated cells over time (4). We first rep-
licated the results of Young et al. showing that delaying p53 deletion for 21 days after Kras activation
results in a dramatic reduction in sarcoma penetrance (Figure 1, B and C). Remarkably, muscle injury
at the time of p53 deletion nearly fully restored the transformation potential of Kras®'?P-expressing
cells (Figure 1, B and C), which were confirmed as the cell of origin for these sarcomas by genotyping
(Figure 2C). This finding illustrates that the fate of cells harboring activated Kras can be shaped by a
change in the microenvironment.

We also made the unexpected observation that systemic p53 deletion alone is sufficient for sar-
coma formation in the setting of concomitant injury (Figure 2B and Supplemental Figure 1B). Earlier
work had shown that chronic injury promotes sarcoma formation in p53-knockout mice (9), but here
we show that a single IM injection of cardiotoxin at the time of systemic p53 deletion is sufficient for
sarcomagenesis (Figure 2B and Figure 4D). Interestingly, delaying injury by 21 days after systemic p53
deletion abrogated the ability of injury to promote sarcomagenesis (Figure 4D). Sarcoma formation
in the absence of Kras activation suggested that muscle injury might fulfill the criteria of an initiator.
We performed exome sequencing to determine whether injury-derived sarcomas harbored mutations in
Ras pathway genes. No such mutations were found; however, we observed recurrent amplifications in
specific regions of chromosomes 6 and 9 (Figure 5D and Figure 6).

Identical amplicons of chromosomes 6 and 9 were recently described in a mouse model breast cancer
with p53 deletion (14), and the chromosome 9 amplicon has been described in mouse models of hepa-
tocellular carcinoma (15), pancreatic cancer (16), and osteosarcoma (17). The chromosome 6 amplicon
encompasses Met, a well-characterized oncogene. HGF/Met signaling has been implicated in a mouse

insight.jci.org  https://doi.org/10.1172/jci.insight.123687 8


https://doi.org/10.1172/jci.insight.123687
https://insight.jci.org/articles/view/123687#sd

insight.jci.org

RESEARCH ARTICLE

A 100
P7P mouse
, T 801
/ : o =
g o~ 2 % 60
IP Tamoxifen + IM Cardiotoxin % 2
o & 404
=p0
ES
g 204
C L] T T 1
] 100 200 300 400

Days post tamoxifen

B “Spontaneous” sarcoma
P7KP mouse with delayed kinetics (~45 days)
S
“Injury-accelerated” sarcoma
with rapid kinetics (~14 days)
C s
70
60
c 50
k=]
_g " = Met
< = Yap?
=}
©
w30
20
10 ] l
LY __I- LALL 5 '.nJLJ o - o =

123456 12345 123456 12345 12345

IP Tam + IP Tam + IP Tam + IP Tam IP Tam +
IM CTX 200V IM CTX alone IMCTX
| R2@CreERCreER: 53 oxox Pax7Creer: p53fentiox Pax7CreEr; pg3fextiox,
(P7P mice) Kragts-aizon
(P7TKP mice)

Figure 7. Met and Yap1 amplification is not seen in the setting of activated Kras. (A) Kaplan-Meier curve showing time
to tumor formation for Pax7%tR/+; Trp53"/" (P7P) mice treated with systemic tamoxifen and concurrent cardiotoxin. All

9 P7P mice developed sarcomas at the injection site. (B) Schematic summarizing results of experiments in Pax7¢R/+;
Trp53™M; Krasts-t22/+ (P7KP) mice described in Van Mater et al. (8). (C) A validated QPCR assay was utilized to determine
the degree of Met (included in chromosome 6 amplicon) and Yap1 (included in chromosome 9 amplicon) amplification

in sarcomas from mice with several different genetic backgrounds. Muscle injury in the absence of Kras mutations was
consistently associated with Met and/or Yap? amplification. QPCR was run in triplicate for each sample, and the fold dif-
ference and range are shown by incorporating the standard deviation of the AACT value into the fold difference calcula-
tion. Tam, tamoxifen; CTX, cardiotoxin; 200V, 200 V applied via an electric pulse generator to induce muscle injury (11).

model of rhabdomyosarcoma (12), and Met amplifications have been observed in human UPS (18). The
Met receptor lies upstream of Ras; thus, HGF/Met signaling represents a viable mechanism to bypass
an activating mutation in Kras. The chromosome 9 amplicon includes several intriguing genes, including
Yapl, Birc2, Birc3, and a total of 6 MMPs. Among these, Yap! is particularly interesting, as amplification of
YapI has been identified as a mechanism to bypass oncogenic Kras addiction in pancreatic cancer cells (16).
In a study of murine hepatocellular carcinoma arising from cells with deleted p53, Yap!l amplification was
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noted in tumors with c-myc activation but not in tumors with Ras or Akt mutations (15). This observation
provides further support for the notion that Yapl can function as a Ras bypass pathway in the setting of
p53 deletion. A specific role in soft tissue sarcoma is suggested by the finding that concurrent injury with
overexpression of a gain-of-function Yapl mutant in muscle satellite cells leads to rhabdomyosarcoma in
mice (13). Additionally, several reports have implicated Y4P! in human soft tissue sarcoma (19-21).

Another key finding of these studies is that the ability of injury to promote sarcoma development
depends on the spatial and temporal context of specific gene mutations within tumor-initiating cells.
For example, the reduced tumor penetrance in R26°<ER; p531; KFRT mice after a 21-day delay in Kras
activation following systemic p53 deletion could be fully restored when Kras was activated along with
muscle injury (Figure 4B). Moreover, in P7KP mice, injury 21 days after systemic activation of onco-
genic Kras and p53 deletion promotes sarcomagenesis (8). Therefore, injury promotes sarcoma develop-
ment in Kras®?P-expressing cells with p53 deletion regardless of whether the injury occurs concurrently
or 3 weeks after the gene mutations. In contrast, in sarcoma models without Kras®'?® mutation, we made
the surprising observation that concurrent, but not delayed, injury leads to sarcoma development with
systemic p53 loss (Figure 4D). Because these sarcomas, but not sarcomas initiated from Kras®??, show
amplification of Met or Yapl, the requirement for concurrent injury and p53 loss may reflect differences
in Kras versus Met or Yap1 signaling. Remarkably, concurrent injury with cardiotoxin and focal p53 loss
by IM injection of adeno-Cre into Trp53%% mice failed to generate sarcomas (0 of 12 mice) (Supplemen-
tal Figure 6). The requirement for widespread deletion of p53 for concurrent injury to cause sarcoma
formation likely reflects the fact that Mer and Yapl amplification is a rare event. Also, it is worth noting
that p53 expression is lost in both tumor-initiating cells and in the surrounding microenvironment in
R26<ER; p53" mice. The potential impact of p53 deletion in stromal cells on the phenotype follow-
ing injury is unknown. The relationship between the timing and extent of p53 deletion and the timing
of muscle injury on sarcoma formation warrants further investigation. Additionally, reports of Wnt/f-
catenin signaling in the setting of muscle injury and crosstalk with Yap1 suggest that a complex interplay
of signaling events may mediate the observed phenotype (22, 23).

It is interesting to speculate on the clinical relevance of these findings for patients. There are longstanding
anecdotal reports of injury playing a role in sarcoma formation (24). These reports led James Ewing to con-
clude that “sarcoma commonly develops after a single blow” in his 1919 textbook entitled Neoplastic Diseases:
A Textbook on Tumors. With the discovery of the genetic basis for cancer, the notion that injury contributes in a
meaningful way to sarcomagenesis largely subsided, but studies with Rous sarcoma virus in chickens (25-27)
and the phenomenon of feline injection site sarcomas (28) suggest that injury may indeed play a role in tumor
formation in certain contexts. Here, we present the most detailed set of experiments to date addressing the
role of injury in sarcoma formation in a mammalian system. Our findings suggest that injury must be con-
sidered as a potential promoter in genetically engineered cancer models. Furthermore, our results may give
clinicians pause when considering a patient’s account of injury at a site of sarcoma formation.

In summary, these studies underscore the context-dependent role for injury in sarcoma formation in a
mouse model system. In the setting of Kras activation, injury acts a classic promoter to break quiescence of
sarcoma-initiating cells. In the setting of WT Kras, muscle injury provides a permissive environment to select
for cells with specific chromosome 6 or 9 amplicons. We propose that amplified genes such as Met and Yap!
cooperate with p53 deletion to bypass the requirement for Ras pathway mutations to initiate sarcoma forma-
tion. These same gene amplifications may be attractive therapeutic targets in human soft tissue sarcomas.

Methods

Mouse experiments. Mice were maintained on amixed 129 S4/SvJaeand C57BL/6background. Rosa26<ER/*
mice and KrasfRT-STOPFRT-GL2D/+ mjce were obtained from Tyler Jacks (Massachusetts Institute of Technol-
ogy, Cambridge, Massachusetts, USA), and p53"% mice were obtained from Anton Berns (Netherlands
Cancer Institute, Amsterdam, Netherlands). Sarcomas were generated using IP injections of tamoxifen
(Sigma-Aldrich) dissolved in EtOH and diluted in corn oil (10 pl of 20 mg/ml tamoxifen per gram
body weight) (29). AASCMVFIpO (adeno-FlpO) was obtained from the University of Iowa Viral Vector
Core Facility, and it was prepared and administered as described previously (30). Cardiotoxin (Sigma-
Aldrich) was dissolved in PBS to a concentration of 40 pM, and a total of 50 pl was injected in the
gastrocnemius muscle of the mice. Voltage was applied to the muscle of R26<ER; p53f; KFRT mice as
recently described, with the exception that we utilized 200-V pulses, and no DNA was introduced (11).
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Formalin-fixed, paraffin-embedded sarcomas from Pax7°°F*’* mice were generated previously (8) and
utilized to assess Met and Yap!l amplification. Mouse genotyping was performed by Transnetyx.

Histology. Tissue samples were fixed in 10% formalin and embedded in paraffin. Sections were stained
with H&E using a standard protocol. Photomicrographs were obtained on a Leica DM5500B microscope
using Leica Application Suite software.

Cell lines. Sarcoma cell lines were generated as described previously (31) and maintained in DMEM
(Gibco) with 10% FBS and 1% antibiotic-antimycotic (Thermo Fisher Scientific). Cell lines were incubated
at 37°C with 5% CO, in a humidified cell culture incubator.

DNA isolation from cell lines/sarcomas. Freshly isolated sarcomas were placed in RNAlater solution (Invi-
trogen), and DNA was isolated using the DNeasy Blood and Tissue Kit (QIAGEN). For paraffin-embed-
ded tissue, thin sections were taken by razor blade, and DNA was isolated using the QIAamp DNA FFPE
Tissue Kit (QIAGEN).

Assessment of Kras recombination. Kras recombination in sarcoma cell lines was assessed using a PCR-
based assay as previously described (11).

Exome sequencing. Preparation and analysis of DNA was performed in an identical fashion as we
have recently described (11). In brief, sequencing utilized the Agilent Mouse All Exon kit, followed by
high-throughput sequencing on the Illumina HiSeq 2500 platform. Mutation load per Mb was calcu-
lated by dividing the count of the filtered somatic variants by the size of the exome target region (49.5
Mb). Exome sequencing data have been deposited in the European Nucleotide Archive (PRJEB21980).

Western blot. Cell pellets were resuspended in lysis buffer made of 10 ml RIPA buffer with 1 tablet
PhosSTOP (Sigma-Aldrich) and 1 tablet cOmplete Mini Protease Inhibitor Cocktail (Sigma-Aldrich).
Lysate was mixed with sample buffer (Laemmli buffer [Bio-Rad] + 5% B-mercaptoethanol) and heated
to 95°C for 5 minutes. Standard SDS-PAGE was performed with 25 pg protein before transferring
to Immobilon-FL. PVDF membranes (MilliporeSigma). The membranes were blocked with Odyssey
Blocking Buffer in TBS (Li-Cor) and stained using primary antibodies (1:500 rabbit anti-YAP anti-
body (Cell Signaling Technology, 4912), 1:1,000 rabbit anti-MET antibody (MilliporeSigma, Ab-1003),
1:20,000 mouse anti-actin (BD Biosciences, 612656)) overnight at 4°C. After washing, the membranes
were stained with secondary antibodies (1:15,000 IRDye 800CW goat anti-rabbit IgG (Li-Cor), 1:15,000
IRDye 680RD goat anti-mouse IgG [Li-Cor]) for 1 hour at room temperature. Imaging was performed
using the Odyssey CLx Imaging System and ImageStudio software (Li-Cor).

QPCR for Met and Yapl amplification. Genomic DNA was used as a template in a PCR reaction using
PowerUP SYBR Green Master Mix (Applied Biosystems). Met, Yapl, and Brcal primers were generated
using Primer 3 software, and the QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems) was
used for cycling and data analysis. Primers were as follows: Met DNA, forward: AATATCCTCCAAGC-
CGCGTA; Met DNA, reverse: TGATGGGGAATGGACAGACT; Yapl DNA, forward: CAAATGTG-
GACCTTGGCACA,; Yap! DNA, reverse: CCCTCACAGACTCAGAGTGG; Brcal DNA, forward:
CGGATGCCAAGAAGAACGAG; Breal DNA, reverse: GTTCCTGTTCTCTGAGGGCT.

Statistics. For tumor kinetics studies, Kaplan-Meier analysis was performed, and the log-rank test was
used to determine statistical significance. Mann-Whitney U test was performed to compare the means of 2
groups. Significance was assumed for P < 0.05. All calculations were performed using Prism 6 (GraphPad).
For the quantitative PCR studies expressing fold change in Met and Yap1, all samples were run in triplicate,
and the confidence interval is shown using methods described in the Applied Biosystems user manual.

Study approval. All animal experiments were performed according to a protocol approved by the Duke
University Institutional Animal Care and Use Committee (A109-13-04).
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