Integrative genome analysis of somatic
p53 mutant osteosarcomas identifies
Ets2-dependent regulation of small
nucleolar RNAs by mutant p53 protein
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TP53 is the most frequently mutated gene in human cancer. Many mutant p53 proteins exert oncogenic gain-of-
function (GOF) properties that contribute to metastasis, but the mechanisms mediating these functions remain
pootly defined in vivo. To elucidate how mutant p53 GOF drives metastasis, we developed a traceable somatic os-
teosarcoma mouse model that is initiated with either a single p53 mutation (p53R172H) or p53 loss in osteoblasts.
Our study confirmed that p53 mutant mice developed osteosarcomas with increased metastasis as compared with
p53-null mice. Comprehensive transcriptome RNA sequencing (RNA-seq) analysis of 16 tumors identified a cluster
of small nucleolar RNAs (snoRNAs) that are highly up-regulated in p53 mutant tumors. Regulatory element analysis
of these deregulated snoRNA genes identified strong enrichment of a common Ets2 transcription factor-binding site.
Homozygous deletion of Ets2 in p53 mutant mice resulted in strong down-regulation of snoRNAs and reversed the
prometastatic phenotype of mutant p53 but had no effect on osteosarcoma development, which remained 100%
penetrant. In summary, our studies identify Ets2 inhibition as a potential therapeutic vulnerability in p53 mutant
osteosarcomas.
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Somatic missense mutation of p53 is the most common
TP53 alteration observed in human cancers (Muller and
Vousden 2014). The majority of these mutations is in
the DNA-binding domain, resulting in loss of protein
function (Olivier et al. 2010; Leroy et al. 2013). In addition,
many p53 mutants have gain-of-function (GOF) activities
that are independent of loss of p53 function or their dom-
inant-negative effect on wild-type p53 (Oren and Rotter
2010). Mice expressing germline p53 mutations display
more metastatic tumors when compared with p53-defi-
cient mice (Lang et al. 2004; Olive et al. 2004). At the mo-
lecular level, several transcription factors, such as p63,
p73, SREBP, NF-Y, VDR, and ETS2, have been identified
to bind mutant p53 and drive gene expression, resulting
in increased cell proliferation, modified cell membranes,
increased cell invasion, enhanced cell survival, and me-
tastasis (Muller et al. 2009; Do et al. 2012; Freed-Pastor

Corresponding author: gglozano@mdanderson.org
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.304972.117.

GENES & DEVELOPMENT 31:1847-1857 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/17; www.genesdev.org

et al. 2012; Kalo et al. 2012; Xiong et al. 2014; Kim and
Lozano 2017). Importantly, interaction of mutant p53
with the Ets2 transcription factor was found recently to
regulate chromatin modification and thereby modulate
transcription on a whole-genome level (Do et al. 2012;
Zhu et al. 2015). While mutant p53 controls a large num-
ber of genes, and several studies have identified mutant
p53 target genes in cell lines, a comprehensive in vivo
study has not been performed.

Tumor metastasis is the main cause of cancer-related
deaths (Mehlen and Puisieux 2006). Metastatic cells ac-
quire certain phenotypic plasticity that allows them to in-
vade into the blood, survive an anchorage-independent
environment, and home in to distant organs (Chaffer
and Weinberg 2011). Increased tumor aggressiveness and
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higher metastatic potential are hallmarks of mutant p53
GOF in mouse models. Both germline mutant and
Cre-Lox-STOP-lox conditional alleles of mutant p53
(LSL-mutp53) develop tumors that display a metastatic
phenotype (Lang et al. 2004; Olive et al. 2004; Doyle
et al. 2010; Morton et al. 2010; Muller and Vousden
2014). However, most of these studies have not been
able to interrogate the potential role of mutant p53 in
the modulation of the tumor microenvironment, mainly
due to the fact that both germline and LSL-mutantp53
mouse models harbor a p53 alteration in the stromal com-
partment that is known to have a deleterious impact on
the tumor microenvironment (Patocs et al. 2007). In addi-
tion, precise evaluation of tumor cell migration and me-
tastasis in p53 mutant mouse models has not been
performed.

Recent studies have emphasized the important role of
noncoding transcripts in normal and cancer cells (Djebali
et al. 2012; Williams and Farzaneh 2012). Small nucleolar
RNAs (snoRNAs) are a well-characterized class of non-
coding transcripts 60-300 nucleotides (nt) in length that
are encoded by ~500 different loci in the human genome
(Kiss-Laszlo et al. 1996; Makarova and Kramerov 2011).
They traditionally were considered to function as guide
RNAs for the post-transcriptional modification of ribo-
somal RNAs (rRNAs). However, recent studies have dis-
covered that exosomal snoRNAs released by tumors can
bind Toll-like receptor3 (TLR3) and initiate an inflamma-
tory cascade that promotes metastasis (Fabbri et al. 2012;
Liu et al. 2016). There is a very limited understanding of
expression of snoRNAs in cancer, and no major regulator
of snoRNAs has been identified.

Here we describe a traceable somatic mouse model us-
ing a new conditional mutant p53 allele combined with
fluorescent labeling targeted to osteoblasts. Through our
ability to image micrometastasis, we show that mutant
p53 tumors display increased metastasis compared with
p53-null osteosarcomas. Moreover, we demonstrate that
mutant p53 drives the expression of a cluster of snoRNAs
through the Ets2 transcription factor. We further show
that ablation of Ets2 down-regulates these snoRNA genes
and abrogates the prometastatic phenotype of mutant p53.
To our knowledge, this is the first report showing regula-
tion of snoRNA genes in cancer by mutant p53 and the
Ets2 transcription factor. Our findings expand our under-
standing of the role of mutant p53 in metastasis, which
may have broad translational significance in the diagnosis
and treatment of tumors with mutant p53.

Results

A traceable osteosarcoma model driven by conditional
mutant p53

We sought to generate a robust traceable mutant p53-de-
pendent cancer model that would allow us to trace tumor
cells and precisely identify micrometastases. We chose to
use the osteosarcoma model because (1) it is known that
loss or mutation of p53 is sufficient to generate osteosar-
comas, and (2) metastasis to the lung is common in oste-
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osarcomas (Bielack et al. 2002). We made use of a new
mutant p53 allele, p53™"™R172H (abbreviated here as
p53"™172) " as described (Y Zhang, S Xiong, B Liu, V
Pant, F Celii, G Chau, AC Elizondo-Fraire, P Yang, MJ
You, AK El-Naggar, et al., in prep.). This allele normally
expresses wild-type p53 but, upon Cre-mediated recombi-
nation, expresses the p53R172H missense mutation. In
this model, the tumor stroma and immune system remain
wild type for p53, and therefore the premetastatic niche at
the site of metastasis is not influenced by p53 haploinsuf-
ficiency as in other models.

The targeting strategy for the p53"™172 allele was de-
signed to maintain normal p53 expression from the endog-
enous locus prior to Cre-mediated recombination (Fig.
1A). Briefly, a partial wild-type p53 cDNA encoding exons
5-11 (including the poly A signal), flanked by loxP sites,
was inserted into intron 4 of the mutant p53R172H allele.
The resulting allele expresses wild-type p53 at physiologic
levels driven by the endogenous Trp53 promoter (Y
Zhang, S Xiong, B Liu, V Pant, F Celii, G Chau, AC Eliz-
ondo-Fraire, P Yang, MJ You, AK El-Naggar, et al, in
prep.). Upon Cre-mediated recombination, the inserted
cDNA sequence is removed, and the mutant p53 locus
is identical to the germline p53R172H allele that was gen-
erated previously in our laboratory (Lang et al. 2004).

To express mutant p53R172H specifically in the osteo-
blast lineage, we used the Osx-Cre::GFP mouse (Osx-Cre)
that harbors a bacterial artificial chromosome (BAC),
which includes the tetracycline transactivator (tTA) se-
quence driving the GFP/Cre fusion protein under the con-
trol of the Osterix (Sp7) promoter (Fig. 1B; Rodda and
McMahon 2006). The specificity of Osx-Cre to osteoblasts
(and not other mesenchymal lineages) was verified previ-
ously by others (Rodda and McMahon 2006; Berman et al.
2008). Since the expression of GFP from the Osx-Cre::GFP
transgene is limited to the preosteoblast lineage and is lost
upon cell differentiation/transformation (Mizoguchi et al.
2014), we used the Rosa™ ™% (mTmG) reporter allele that
expresses membrane-localized red fluorescence in general
and green fluorescence in Cre-recombinase-expressing
cells (Fig. 1B). In order to evaluate how well the mTmG al-
lele worked, we examined Osx-Cre;mTmG mice and ana-
lyzed GFP expression in sections of long bones at 3 mo of
age. In a cross-section of the bone, the expression of GFP
(Fig. 1B, green) was present exclusively in the trabecular
osteoblasts and osteocytes, while the bone stromal cells
and hematopoietic lineages expressed tdTomato (Fig. 1B).

To delete p53 in the osteoblasts, we used a p53” allele
that has a LoxP site in introns 2 and 11 (Jonkers et al.
2001). Upon expression of Cre-recombinase, exons 2-10
are deleted, resulting in a null allele. To evaluate the func-
tionality of p53"™7? and p53" alleles before and after re-
combination, we isolated bones from Osx-Cre;mTmG,
Osx-Cre;mTmG;p53W™172* | Osx-Cre;mTmG;p53"™172/1
and Osx-Cre;mTmG;p53™" mice (three each) and, after
mechanical and enzymatic cell dissociation, separated
them by FACS-based sorting into GFP™ cells (osteoblasts)
and tdTomato” (mesenchymal stroma and hematopoietic)
cells (Fig. 1C,D). The population of osteoblasts (GFP*) was
increased in Osx-Cre;mTmG;p53“™17?M mice (26.6% +
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Figure 1. Generation of a traceable conditional mutant p53 osteosarcoma model. (A) Schematic representation of the conditional mutant
p53 allele (p53*™172). Upon Cre-mediated recombination, the wild-type cDNA encompassing the indicated exons is deleted, resulting in
expression of mutant p53R172H. (A) Polyadenylation; (F) FRT site. (B) Schematic representation of the Osx-Cre and mTmG alleles. Cre
expression is regulated by the endogenous Ostrix promoter. Recombination of mTmG switches the fluorescence from red (tdTomato) to
green (GFP). Direct fluorescence image of a longitudinal tibia section from a 3-mo-old Osx;Cre;mTmG mouse showing the osteoblasts
(green) surrounded by red stromal cells. All cells were marked with DAPI (blue). (C,D) A representative FACS analysis of isolated cells
derived from Osx;Cre;mTmG and Osx;Cre;mTmG; p53™™1 72/ showing the population of osteoblasts (green) and stromal cells. Relative
expression levels of p27 mRNA normalized to expression of Hprt mRNA as a reference gene in isolated osteoblasts (E) and corresponding
stroma (F). Statistical significance is marked with stars. (***) P <0.001 by t-test. (tTA) Tetracycline-controlled transcriptional activation;

(pCA) chicken B-actin promoter.

10%) in comparison with Osx-Cre;mTmG mice (8.3% =
1%), suggesting that p53 mutation in osteoblasts has a
proproliferative effect on osteoblasts, as described previ-
ously (Lengner et al. 2006). In order to evaluate p53 activ-
ity after recombination of p53"™172 and p53' alleles in the
osteoblasts, we isolated the osteoblasts from bones and
analyzed the expression of p21, an established p53 target
gene, in sorted cells derived from bones isolated from
mice (Fig. 1E,F). The expression of p21 was significantly
down-regulated in the osteoblasts (GFP*) derived from
Osx-Cre;mTmG;p53"™1 72/ and Osx-Cre;mTmG;p53/7/"
mice (Fig. 1E), whereas its expression in the stromal cells
from the same tissue (tdTomato*) remained comparable
with p53 wild type (Fig. 1F), suggesting that the p53 func-
tion is lost only in GFP* cells. Together, these data further
confirm the fidelity of mTmG and p53™™%172 alleles and
the functionality of the Osx-Cre transgene.

p53 mutation in osteoblasts results in metastatic
osteosarcoma

In order to study the role of mutant p53 in metastatic os-
teosarcoma, we established three cohorts of mice: Osx-
Cre;mTmG;p53™" (n=43), Osx-Cre;mTmG;p53"™172/M
(n=29), and Osx-Cre;mTmG;p53"™172/* (n=20). All co-
horts developed osteosarcoma with complete penetrance
mainly in the long bones, including the distal femur, prox-
imal tibia, and humerus, as well as the pelvis, jaw, spine,
and skull (Supplemental Fig. S1). Osteosarcoma of the jaw
was twice as frequent in Osx—Cre;meG;p53ﬂ/ﬂ as in
Osx-Cre;mTmG;p53"™172/M mice (Supplemental Fig.
S1). We also found primary osteosarcomas in the livers
and spleens of two mice without any other primary

tumors, indicative of extraskeletal osteosarcomas (Sup-
plemental Fig. S2). The histologic diagnosis of extraskele-
tal osteosarcoma is based on the observation of the osteoid
matrix and bone formation in a sarcomatous cellular
background, as specific markers are not available.
MicroCT of osteosarcomas revealed a mixed lytic and
blastic lesion with cortical bone destruction reminiscent
of human osteoblastic osteosarcoma (Fig. 2A,B). Histopa-
thology of tumors confirmed the presence of osteoid-
forming tumor cells that were mostly poorly differentiat-
ed or anaplastic (Fig. 2C), with areas of calcified bone
matrix, as demonstrated by Alizarin Red staining (Supple-
mental Fig. S3AB). Tumors derived from Osx-Cre,
p53¥m172/f mice were strongly positive for p53 staining,
as evaluated by immunohistochemistry (Supplemental
Fig. S3C). Necropsy examination revealed macroscopic
metastatic tumors in some mice (Fig. 2D,E), but, in most
of cases, multiple serial lung sections were necessary to
detect micrometastasis. In addition to tumor develop-
ment, dental malocclusion was noted in mice with the
Osx-Cre allele, and teeth had to be trimmed.

In order to evaluate tumor migration and metastasis, we
developed a tracing strategy to visualize malignant cells
by multicolor immunofluorescence imaging. Tumor cells
were readily detected by their bright-green fluorescence
surrounded by nonmalignant tissue, such as muscle and
bone marrow (Fig. 2F). We were also able to accurately vi-
sualize metastasis at both the macroscopic (Fig. 2G) and
microscopic levels (Fig. 2H) in the lungs as the main site
of metastasis as well as the liver (Fig. 2L]).

Kaplan-Meier analysis of survival showed significantly
better survival for Osx-Cre,p53"™17?/! mice (median sur-
vival 354 d) compared with Osx-Cre,p53™ mice (median
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Figure 2. Characterization of tumor phenotype, survival, and metastasis. (A) Necropsy image of an osteosarcoma of the pelvis showing a
retroperitoneal whitish mass. (B) MicroCT scan of the tumor in A showing a mass extending from the iliac crest with scattered calcifica-
tions. (C) Histopathology of a p53 mutant osteosarcoma stained with hematoxylin and eosin (H&E) showing a poorly differentiated oste-
osarcoma with osteoid formation and a high mitotic index arising from the growth plate of the tibia. (D) Representative image of
metastatic osteosarcoma nodules in the lungs. (E) H&E-stained section of the lungs from D. (F) Direct fluorescent image of an early stage
osteosarcoma in a p53 mutant mouse derived from a growth plate showing tumor cells (green) invading into the muscle (M) and bone mar-
row. (G) A macroscopic view of direct immunofluorescence of a multifocal lung metastasis showing malignant cells (green) embedded into
alveoli. (H) Microscopic view of a lung metastasis showing tumor cells (green) surrounded by normal lung tissue. (I) Direct fluorescent
image of a metastatic nodule in the liver. (J) High-magnification image of I. (K) Kaplan-Meier plot of tumor-free survival in conditional
p53 mutant and p53-null mice. (L) Kaplan-Meier plot of metastasis-free survival in conditional p53 mutant and p53-null mice.
(M) A bar chart representing the number of mice with the indicated genotypes that developed metastatic osteosarcomas (percentage).

(*) P<0.05 by t-test.

survival 320 d; P <0.03) (Fig. 2K). The survival advantage
was due to a later onset of tumor development, as there
was no difference in the slope of the lines between the
two groups. As expected, Osx-Cre,p53"™7?/* mice had
longer overall survival, with a median survival of 574
d. Analysis of metastasis-free survival did not show signif-
icant differences between p53 mutant and p53-null groups
(Fig. 2L). These data suggest that despite having a later on-
set of tumor formation, Osx-Cre,p53"™”?/ mice had a
more rapid onset of metastasis.

In order to evaluate metastatic behavior of osteosarco-
mas, we undertook a detailed processing of isolated lungs
from mice after necropsy. For each lung, 12 sagittal serial
sections of 100 um were cut and fully examined for micro-
metastasis. We also used fluorescence microscopy to
locate the pulmonary micrometastasis at single-cell reso-
lution. We found that 15 of 29 (52%) mice with p53 mu-
tant tumors (Osx-Cre;p53“™17?/) displayed metastasis
in comparison with 11 of 43 (25%) mice with p53-null
tumors (Osx-Cre;p53™, P<0.05) (Fig. 2M). Analysis
of metastatic nodules in the lungs revealed spots of
calcified bone matrix, as judged by Alizarin Red staining
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(Supplemental Fig. S3B), suggesting that metastatic cells
keep their osteogenic properties after seeding in the
lungs. Taken together, the data indicate a prometastatic
GOF role of mutant p53 and demonstrate the robustness
of the model to identify micrometastases with high
fidelity.

Mutant p53 GOF strongly up-regulates a set of snoRNAs

Mutant p53 proteins are known to have a broad effect on
gene expression (Muller and Vousden 2014; Zhu et al.
2015). We therefore asked whether mutant p53 produces
a specific gene signature that might explain the prometa-
static GOF properties of mutant p53. We compared tran-
scriptomes of eight primary osteosarcomas (four
metastasizing and four nonmetastasizing) from Osx-Cre;
p53"m172/M mice with eight tumors (four metastasizing
and four nonmetastasizing) derived from Osx-Cre;p53™"
mice. To minimize the effect of tumor heterogeneity
and eliminate sampling bias, we extracted RNA and
DNA from the same tissue for RNA sequencing (RNA-
seq) and exome sequencing, respectively. We also set up


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.304972.117/-/DC1

the RNA isolation and RNA-seq experiment to capture
short transcripts. After quality and coverage filtering,
the RNA-seq experiment yielded a mean of 23,529,331
mapped reads for each osteosarcoma sample. After map-
ping the sequencing reads to the mouse genome (mm10)
using TopHat2, we first validated that all samples derived
from p53 mutant tumors exhibited a single point muta-
tion at amino acid 172 (Supplemental Fig. S4), as expected
by reviewing the detected RNA-seq reads that were
mapped to the p53 gene. Differential gene expression anal-
ysis identified 434 genes that were differentially expressed
(twofold change; false discovery rate [FDR]-adjusted P <
0.05) between p53 mutant versus p53-null tumors regard-
less of metastases (Fig. 3A,B). In addition, p53 gene expres-
sion was significantly lower in all p53-null tumors (P <
0.001) (Fig. 3C). Strikingly, we found a cluster of 24 snoR-
NAs that were among the top 35 genes overexpressed in
p53R172H as compared with p53-null tumors regardless
of metastatic phenotype (Fig. 3D). The expression of the
identified cluster of snoRNAs was highly up-regulated
in all eight p53R172H osteosarcomas, whereas it was
barely detectable in p53-null tumors (Fig. 3E). Since the
majority of the snoRNAs resides in the intronic regions
of host genes, we asked whether they were coregulated
by the same promotors. Analysis of sequencing reads of
RNAs that were expressed using Integrated Genome
Viewer (IGV) indicated that the expression of the identi-
fied snoRNAs is independent of the expression of host
genes, suggesting that they were controlled by different
regulatory elements (Supplemental Fig. S5).

In addition to the snoRNA signature, p53 mutant tu-
mors also demonstrated a distinct gene expression profile
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comprised of 409 genes that were differentially expressed
between p53 mutant versus p53-null osteosarcomas. In
order to evaluate the functional genetic network of p53
mutant-associated genes, we performed gene ontology
(GO) analysis. We found several pathways associated
with chromatin modifications, including histone deacety-
lases and methylases (Supplemental Fig. S6), suggesting
that mutant p53 GOF is associated with epigenetic tran-
scription regulatory elements as described by others (Pfis-
ter et al. 2015; Zhu et al. 2015). Of note, the snoRNA
signature was not included in the GO analysis due to a
lack of annotation of mouse snoRNAs.

Genetic deletion of the Ets2 transcription factor
abrogates the mutant p53 prometastatic phenotype

Next, we sought to understand the mechanism by which
mutant p53 up-regulates the expression of snoRNAs.
Since mutant p53 binds other DNA-binding transcription
factors and modulates their ability to regulate genes, we
searched for potential regulatory elements of known tran-
scription factors using MotifMap. This platform provides
a genome-wide map of >380 known regulatory motifs and
is powered to assess the accuracy of identified elements
(Xie et al. 2009). We found that the Ets2-binding motif
was highly enriched in eight of the 24 snoRNAs identified
(Table 1). Since the intronically encoded snoRNAs are
highly conserved between mice and humans (Tycowski
et al. 1996), we used an available human ChIP-seq (chro-
matin immunoprecipitation [ChIP] combined with high-
throughput sequencing) data set (downloaded from EN-
CODE) and analyzed the ETS2 occupancy of human
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Figure 3. RNA-seq analysis of osteosarcoma tumors. (A) A plot smear of differentially expressed genes between p53 mutants versus p53-
null tumors. (B) A heat map representing the differential expression of genes between p53 mutants versus p53-null. (C) Relative read
counts of p53 expression in p53-null and p53 mutant tumors. (D) List of the top 35 up-regulated genes in p53 mutant versus p53-null tu-
mors. (E) Relative expression of the indicated snoRNAs in p53-null compared with p53 mutant tumors. (***) P <0.001 by t-test.
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orthologs of mouse snoRNAs. Twenty-one human ortho-
logs were aligned (Fig. 3D), and ETS2 enrichment was
found at nine of 21 identified SNORNA loci (Supplemen-
tal Fig. S7). Together, these analyses identified the Ets2
transcription factor as a strong candidate for the regula-
tion of snoRNAs. Of note, mutant p53 is known to bind
the Ets2 transcription factor and modulate its activity
(Do et al. 2012).

To determine whether snoRNAs are regulated by mu-
tant p53 via Ets2, we conditionally deleted Ets2 in mutant
P53 osteosarcomas by generating a cohort of Osx-Cre;
p53Wm 172/ ErgofM mice. Remarkably, homozygous dele-
tion of Ets2 yielded viable neonates with complete rescue
of the malocclusion phenotype of Osx-Cre mice (Supple-
mental Fig. S8). This shows that Ets2 is functionally im-
portant in osteoblasts and bone development. These
mice also developed osteosarcomas with complete pene-
trance, suggesting that loss of Ets2 is not critical for tumor
development. The survival of Osx-Cre;p53“ 172/ Ersof/M
mice overlapped with that of Osx-Cre;p53"/" mice (Fig.
4A). However, osteosarcomas derived from Osx-Cre;
p53Wm172IML sl mice showed a significant reduction
in metastasis compared with Osx-Cre;p53" ™7/ mice
(P =0.006) (Fig. 4B). Of note, sagittal sections and fluores-
cent microscopy were used to identify micrometastasis
as described for Figure 2M. These data suggest that the
mutant p53 GOF phenotype can be modulated by Ets2
deletion in vivo. More importantly, the metastatic pheno-
type of mutant p53 tumors is dampened once Ets?2 is
deleted.

In order to evaluate the effect of Ets2 loss on the mutant
p53-driven transcriptome, we performed RNA-seq analy-
sis on six tumors derived from Osx-Cre;p53"™172/L,
Ets2 mice using the same platform and criteria used
for samples derived from Osx-Cre;p53"™7* mice. On
average, 65,954,162 reads were mapped for each osteosar-
coma sample. Strikingly, the mutant p53-driven snoRNA
signature (Fig. 3D) was strongly down-regulated in tumors

derived from OSX—Cre;pSSW’”l72/f1;Et82f]/f1 mice as com-
pared with those from Osx-Cre;p53"™7?/1 mice (Fig.
4C). While not all 24 down-regulated snoRNAs had
Ets2-binding motifs within 2 kb, all were down-regulated
in the absence of Ets2. In addition to snoRNAs, we found
that 88 of 179 (49%) genes up-regulated in Osx-Cre;
p53vmI72/M tumors (as compared with Osx-Cre;p53/7/7)
were down-regulated by deletion of Ets2. In addition,
none of the 255 genes down-regulated in Osx-Cre;
p53WmI72/M tumors versus p53™7 tumors was found
down-regulated in Ets2-deleted tumors (Supplemental
Fig. S9). These data indicate that mutant p53 regulation
of approximately half of its target genes is mediated by
the Ets2 transcription factor. Functional annotation of
down-regulated genes in the absence of Ets2 identified
several pathways, including DNA methylation and his-
tone modifications, to be highly down-regulated in Ets2-
deleted tumors (Supplemental Fig. S10), suggesting that
the mutant p53 GOF may be dependent in part on the
Ets2 transcription factor.

Mutant and null p53 alleles involve distinct metastasis-
associated gene networks

We further reanalyzed the RNA-seq data with a focus on
the gene expression profile associated with metastasis,
comparing four metastasizing versus four nonmetastasiz-
ing osteosarcomas in p53 mutant mice. The same compar-
ison was performed on four metastasizing versus four
nonmetastasizing osteosarcomas with p53-null status.
Surprisingly, we observed a small transcriptome dif-
ference between metastasizing and nonmetastasizing
tumors in both p53 mutant and p53-null groups, suggest-
ing that relatively few genes are critical to the acquisition
of the metastatic capability. In p53 mutant tumors, 36
genes were identified to be significantly altered between
metastasizing and nonmetastasizing groups (Fig. 5A).
Strikingly, two members of glutamate receptors (Grik2

Table 1. Distribution of the Ets2-binding motif at selected snoRNA loci

Bayesian
branch length Transcription Distance

Location +/— score Z-score FDR factor gene (base pairs) Region

Chromosome 2: - 2.3 3.81 0.026 ETS2 SNORD%4 —886 Upstream
86,215,610-86,215,617

Chromosome X: + 0.794 3.81 0.082 ETS2 SNORA70 -183 Upstream
153,281,632-153,281,639

Chromosome 17: - 1.424 3.81 0.059 ETS2 SNORDI10O 496 Downstream
7,421,341-7,421,348

Chromosome 5: + 1.046 3.81 0.075 ETS2 SNORA13 476 Downstream
111,525,556-111,525,563

Chromosome 6: + 0.965 3.81 0.077 ETS2 SNORA38 -889 Upstream
31,697,945-31,697,952

Chromosome 14: - 1.427 3.81 0.059 ETS2 SNORA79 -252 Upstream
80,739,176-80,739,183

Chromosome 16: + 1.197 3.81 0.069 ETS2 SNORA46 —4086 Upstream
57,144,124-57,144,131

Chromosome 11: + 1.035 3.81 0.075 ETS2 SCARNA9 -3156 Upstream

93,091,171-93,091,178
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Figure 4. Characterization of conditional Osx-Cre,

and Grin2c) were on top of the list of genes that were sig-
nificantly up-regulated in p53 mutant tumors with metas-
tasis (Fig. 5A). Of note, glutamate receptor variants were
found to contribute to osteosarcoma risk in a large human
genome-wide association study (Savage et al. 2013). In
p53-null tumors, we found 25 genes differentially ex-
pressed between metastasizing and nonmetastasizing tu-
mors (Fig. 5B). None of these genes is known to be
associated with metastasis. In addition, there was no over-
lap between data sets, suggesting that metastasis in p53
mutant tumors is transcriptionally distinct from p53-
null tumors.

To further interrogate the metastasis phenotype of tu-
mors in p53 mutant and p53-null tumors, we performed
whole-exome sequencing on the same samples used for
RNA-seq. After sequencing, we first mapped sequencing
reads to the mouse genome and then manually inspected
all detected single-nucleotide variants (SNVs) in the
IGV to make sure that mutation calls are not biased by
poor read depth. We found that all four p53 mutant metas-
tasizing osteosarcomas and none of the p53-null tumors
harbored nonsynonymous mutations in Ddias (DNA
damage-induced apoptosis suppressor), Ticrr (TOPBP1-
interacting checkpoint and replication regulator), Asph
(aspartate B-hydroxylase), Nbn (Nibrin), Ggh (y-glutamyl
hydrolase), and Fanci (Fanconi anemia complementation
group I) genes. However the nonmetastasizing tumors did
not have any mutations in those genes. In p53-null tu-
mors, metastasis was found associated with mutations
in Mtusl (microtubule-associated tumor suppressor 1)
and Clec1b (C-type lectin domain family 1 member B).
These data suggest that the metastasis-associated muta-
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tions are also distinct in p53 mutant tumors. To evaluate
whether recurrent chromosomal aberrations might be as-
sociated with metastasis, we performed copy number
analysis using these DNA sequencing data. We found
that both p53 mutant and p53-null osteosarcomas dis-
played a considerable level of genome instability and
copy number aberrations. However, we did not find any
recurrent copy number changes associated with metasta-
sis in either mutant p53 or p53-null tumors (Supplemental
Fig. S11). Altogether, these results further support a dis-
tinct role of mutant p53 in driving metastasis.

Discussion

The most common p53 alterations observed in human
cancers are p53 missense mutations that exhibit GOF
phenotypes. Mice with LSL-mutantp53 have been instru-
mental in studying mutant p53 GOF in vivo. However,
the metastatic phenotype in these mice was confounded
by the presence of p53 haploinsufficiency caused by the
STOP cassette inserted into the p53 locus. Here we
describe a highly metastatic conditional somatic p53 mu-
tant mouse model that closely mimics human osteosarco-
ma with complete penetrance. Moreover, we demonstrate
that the prometastatic GOF phenotype of mutant p53 is
regulated via the Ets2 transcription factor.

Previous studies have shown that loss of p53 in osteo-
blasts can result in metastatic osteosarcoma (Berman
et al. 2008; Walkley et al. 2008). In the present study, we
generated a new mouse model harboring a single point
mutation in p53 in osteoblasts while preserving wild-
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Figure 5. RNA-seq analysis in metastatic versus nonmetastatic tumors. (A) Differentially up-regulated genes are listed in the table. The
plot smears represent the significant differentially expressed genes between metastasizing and nonmetastasizing in p53 mutant osteosar-
comas. (B) The same representation as in A for mice with p53-null osteosarcomas.

type p53 expression in all other tissues. This enabled us to
evaluate the metastatic phenotype of the p53 mutant in a
more physiologic model that more closely mimics spora-
dic osteosarcomas in humans. In our model, the p53 status
of immune cells and stroma remains wild type, so there is
no confounding effect of p53 haploinsufficiency in the cel-
lular microenvironment that might affect tumor metasta-
sis. Using a highly sensitive robust method for identifying
microscopic metastases with fluorescent reporter genes,
we demonstrated a significantly more aggressive prometa-
static phenotype associated with the p53R172H point mu-
tation in comparison with loss of p53.

Regulation of snoRNAs by mutant p53

While several studies have found evidence for the mutant
p53 GOF phenotype in vivo (Lang et al. 2004; Olive et al.
2004; Berman et al. 2008), our work represents the first
whole-transcriptome analysis of p53R172H mutant osteo-
sarcomas and identifies a novel function of mutant p53 in
the regulation of snoRNAs. Tumors with mutant p53
highly up-regulate a set of non-protein-coding snoRNA
genes that have not been recognized previously as mutant
p53 targets. snoRNAs regulate important cellular process-
es such as alternative splicing (Kishore and Stamm 2.006),
apoptosis in response to metabolic stress (Michel et al.
2011), and maintenance of open chromatin structure
through an RNA-chromatin network (Schubert et al.
2012). Several snoRNAs have been identified to be signifi-
cantly overexpressed in cancers such as non-small-cell
lung cancer, acute leukemia, and metastatic prostate can-
cer (Martens-Uzunova et al. 2012; Valleron et al. 2012).
However, the most intriguing role of snoRNA in metastat-
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ic cancer was identified recently by Liu et al. (2016). They
found that tumor-derived exosomes contain snoRNAs
that can activate TLR3, which consequently leads to che-
mokine secretion and neutrophil infiltration to establish a
premetastatic niche. Unfortunately, a comprehensive hu-
man data set that includes snoRNA transcripts as well as
P53 mutation status does not exist. Future work using
shRNA knockdown of the snoRNA genes in syngeneic tu-
mors should evaluate whether the snoRNA gene signa-
ture directly impacts metastasis in human cancer.

Mutant p53 GOF mediated by the Ets2 transcription
factor

Mutations in the DNA-binding domain of p53 abolish
binding to the p53 consensus sequence. However, previ-
ous studies show that mutant p53 can bind other tran-
scription factors such as ETS2 through direct protein—
protein interaction and drive its target genes (Do et al.
2012; Zhu et al. 2015). In this study, we found that at least
a group of snoRNAs is highly up-regulated in p53 mutant
tumors in an Ets2-dependent manner. Many of these
snoRNAs harbor the Ets2-binding sites, although some
do not. These may be regulated by downstream targets
of Ets2. Deletion of Ets2 in p53 mutant mice resulted in
a strong down-regulation of these snoRNAs. More impor-
tantly, the metastatic phenotype observed in mutant p53
tumors was significantly inhibited after Ets2 depletion,
further supporting the idea that the mutant p53 GOF phe-
notype is mediated in part by the Ets2 transcription factor.
Our data do not examine a direct role for snoRNAs in me-
tastasis, and the expression of these snoRNA genes may
simply serve as a marker for mutant p53R172H



expression. Studies in a human prostate tumor cell line
show that inhibition of Ets2 activity can strongly prevent
invasion of a human prostate tumor cell line, providing
additional data for the role of Ets2 in human cancer metas-
tasis. (Foos and Hauser 2000). Taken together, our data
strongly implicate Ets2 in the regulation of mutant p53
GOF and suggest a therapeutic potential for ETS2 inhibi-
tors to inhibit metastasis driven by mutant p53R172H.

Materials and methods

Mice

Information on the construction of the p53 wmR172H targeting
construct as well as the characterization of p53wmR172H mice
(p53"™172) has been described (Y Zhang, S Xiong, B Liu, V Pant,
F Celii, G Chau, AC Elizondo-Fraire, P Yang, MJ You, AK El-Nag-
gar, et al., in prep.). Transgenic Osx-Cre mice (Sp7-tTA,tetO-
EGFP/cre, C57BL/6J) and mTmG transgenic mice (ROSA™T/ME
129/Sv]) were purchased from the Jackson laboratory. Mice
bearing floxed alleles of the p53 gene (p53", C57BL/6]) have
been described previously (Marino et al. 2000). Ets2 floxed mice
(Ets2”!, FVB/N) has been described (Wei et al. 2009). Animals
were monitored every day for tumor formation and examined
for malocclusion on a regular basis. Upon observation of visible
masses, the tumor size was measured every few days. Tumors
were processed for histology, and freshly frozen samples were
kept at —80°C for genomic analysis. Animal studies were ap-
proved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Texas MD Anderson Cancer Center.

Tissue preparation and microscopy

Tissue preparation for hematoxylin and eosin (H&E) staining was
performed as described previously (Jackson et al. 2012). The
entire lungs were inflated with fixative and sectioned at 100 pm
serially to detect micrometastatic lesions. For fluorescent mi-
croscopy, tissues were fixed overnight with 4% paraformalde-
hyde (PFA) in PBS (Sigma, P6148). Decalcification of bone as
well as osteosarcoma tumors was performed in 14% EDTA solu-
tion under constant agitation for 3~5 d at 4 °C with refreshing
14% EDTA solution every 24 h. After decalcification, samples
were washed with PBS for 2 h and soaked in 30% sucrose in
PBS and 33 % optimal cutting temperature (OCT) compound (Tis-
sue-Tek, 4583) overnight at 4°C and then embedded in OCT. Em-
bedded tissues were cut 5 pm thick using a cryostat. Slides were
washed with PBS and soaked in 1 mM MgCl, in PBS for 30 min.
The sections were then washed with PBS and mounted with Vec-
taShield mounting medium (Vector Laboratories, H-1200). Imag-
es were captured on a fluorescence microscope (Eclipse 90i,
Nikon) equipped with a Nikon DS-Fil color camera using Nikon
Elements software. Some images were processed minimally in
Adobe Photoshop only by histogram stretching and y adjustment.
To visualize GFP in the metastatic site, the organ was removed
and placed in PBS in a six-well plate and imaged using an EVOS
fluorescent microscope.

Quantitative PCR (qPCR)

RNA was isolated from cells using RNeasy kit (Qiagen, no. 74106)
and was reverse-transcribed into cDNA using Maxima first strand
cDNA synthesis kit (Frementas). The relative amount of gene
transcripts was determined by real-time RT-PCR using SYBR
Green master mix (Bio-Rad) and run on QuantStudio 6 Flex real-
time PCR system (Applied Biosystems). The PCR protocol was
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carried out as recommended by Applied Biosystems. Standard
curves for targets and housekeeping controls were based on the
C, (threshold cycle) values, and the relative concentrations of
the standards and the relative concentrations for samples were cal-
culated from the detected C, values and the equation of the curves.
Values obtained for targets were divided by the values of house-
keeping genes (Hprt) to normalize for differences in reverse tran-
scription. Genomic contamination of the samples was checked
by “no amplification” control samples, which did not contain re-
verse transcriptase enzyme during the cDNA preparation.

RNA-seq

Barcoded Illumina-compatible stranded total RNA libraries were
prepared using the TruSeq stranded total RNA sample prepara-
tion kit (Illumina). Briefly 250 ng of DNase I-treated total RNA
was depleted of cytoplasmic and mitochondrial rRNA using
Ribo-Zero Gold (Illumina). After purification, the RNA was frag-
mented using divalent cations, and double-stranded cDNA was
synthesized using random primers. The ends of the resulting dou-
ble-stranded cDNA fragments were repaired, 5'-phosphorylated,
and 3'-A-tailed, and Illumina-specific indexed adapters were ligat-
ed. The products were purified and enriched with 12 cycles of
PCR to create the final cDNA library. The libraries were quanti-
fied using the Qubit dSDNA HS assay kit, assessed for size distri-
bution using Agilent Tapestation (Agilent Technologies), and
then multiplexed eight libraries per pool. Library pools were
quantified by qPCR and sequenced on the HiSeq 4000 sequencer
using the 75-base-pair paired-end format. The raw RNA-seq read-
outs were subsequently mapped to the mouse mm10 assembly
reference genome using TopHat2 and analyzed with DESeq2 (R/
Bioconductor package) using and adjusted P-value of <0.05 as
the significance cutoff. The pathway analysis was performed
with Ingenuity Pathway Analysis (IPA; Ingenuity, Inc.).

Mouse exome sequencing

Tllumina-compatible indexed libraries were prepared from 200 ng
of Biorupter Ultrasonicator (Diagenode)-sheared guide DNA using
the KAPA hyperlibrary preparation kit (Kapa Biosystems). The li-
braries were then prepared for capture with seven cycles of linker-
mediated PCR (LM-PCR) amplification. Following LM-PCR, am-
plified libraries were assessed for quality using the TapeStation
high-sensitivity DNA kit (Agilent Technologies) and for quantity
using the Qubit dSDNA HS assay kit (ThermoFisher) and then
multiplexed eight libraries per pool for exome capture. Exome cap-
ture was performed using the NimbleGen SeqCap EZ developer
kit. Following capture, the enriched libraries were amplified
with seven cycles of PCR. Amplified libraries were assessed for
exon target enrichment by qPCR, assessed for the size distribution
using the Agilent TapesStation, and quantified using the Qubit
dsDNA HS assay kit. Sequencing was performed on a HiSeq
4000 sequencer (Illumina, Inc.), loading 16 samples (two captures)
per lane and sequencing using the 76-nt paired-end configuration.
The raw sequencing reads were mapped to the mouse genome ref-
erence (GRCm38/mm10)with a BWA alignment tool. The aligned
data were processed and analyzed using GATK tools (Broad Insti-
tute). Somatic mutation annotations were performed with the
ANNOVAR tool. The mouse snp138 was used to filter the mouse
single-nucleotide polymorphisms (SNPs).

Copy number calculation from WES data

Copy numbers were calculated from the aligned BAM files using
the cnMOPS package (Klambauer et al. 2012). First, the total
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number of mapped reads was summarized by the mouse exon
capture target regions, and then the integer copy numbers were
calculated and followed by segmentation using the “calcInteger-
CopyNumbers” and “segmentation” functions in the cnMOPS
package (Klambauer et al. 2012). To construct the clustering
heat maps, the integer copy numbers were transformed into
[logy (ratio +0.1)], and the Euclidean distances were calculated
from the transformed data matrix, where each column represents
one sample, and each row contains the [log, (ratio +0.1)] trans-
formed data of each segment. The one-dimensional hierarchical
clustering was performed in R using the heatmap3 function avail-
able on CRAN (https://www.r-project.org) with the “ward.D2”
linkage, and the X-axis was ordered by mouse genome positions.

FACS analysis and cell sorting

Single-cell suspensions from bone and osteosarcoma tumor sam-
ples were collected and processed in the Flow Cytometry and Cel-
lular Imaging Core Facilities at the University of Texas MD
Anderson Cancer Center on a FACS Calibur flow cytometer,
and analysis was performed with FlowJo software. Sorted cells
were kept at —80°C until use.

Statistical analysis

Means, standard deviation, and 95% confidence intervals were
calculated. Student’s t-test was used for comparative analysis.
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