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Abstract
Osteosarcoma (OS) is the most common primary malignant bone tumor, with
metastatic disease responsible for most treatment failure and patient death. A better
understanding of the metastatic disease state is needed to improve patient survival. The
studies presented here explore a variety of questions surrounding metastatic OS.
A literature search of the PubMed database was conducted to compare the
prevalence of metastatic OS at diagnosis across countries. The average prevalence of
metastasis at diagnosis increased as Human Development Index score (HDI) decreased,
with an 18% global average. In countries with medium/low HDI, where more barriers to
accessing healthcare exist, the higher prevalence of metastasis may result from treatment
delay or an artificially inflated prevalence due to patients with less severe symptoms not
presenting to clinic.
Canine OS is a naturally occurring, spontaneous disease with more rapid disease
progression and greater incidence than human OS. An understanding and utilization of
studies on metastatic OS in dogs could help identify new treatment strategies to improve
patient outcomes in humans and dogs. We evaluated the similarities of metastatic OS
between the species by comparing risk factors for having metastatic OS at diagnosis
between pet dogs from our veterinary clinic and pediatric patients in the Surveillance,
Epidemiology, and End Results database. Here we build on current knowledge of canine
OS by showing that primary tumors in similar anatomical locations metastasize at
comparable rates in both species.
A Sleeping Beauty mutagenesis screen previously conducted in our laboratory
identified Slit-Robo GTPase- Activating Protein 2 (SRGAP2) as a potential suppressor of
ii

OS metastasis. SRGAP2 controls phenotypes in neurons supporting the hypothesis that it
may suppress migration in the context of cancer. Although the effects of SRGAP2 in OS
were not consistent across all cell lines, they tended to support this hypothesis.
Additionally, expression levels of other genes in the Slit-Robo pathway were
significantly altered in a subset of mouse and human OS, and SRGAP2 protein
expression was lost in a subset of primary tumor samples. SRGAP2 and other axon
guidance proteins likely play a role in OS metastasis, with loss of SRGAP2 contributing
to a more aggressive phenotype.

iii
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Chapter 1: Introduction

NORMAL OSTEOGENESIS
Human bone is composed of three main cell types: osteoclasts, osteoblasts, and
osteocytes. Osteoclasts arise from hematopoietic progenitors that function to reabsorb
bone (Figure 1). Osteoblasts have a mesenchymal origin and secrete new osteoid, bone
matrix rich in type I collagen that is later mineralized. Osteoblasts that become embedded
within the osteoid matrix further differentiate into osteocytes. 1-4 Osteocytes function in
balancing bone formation and resorption through signaling with osteoclasts and
osteocytes and in mineral homeostasis. 1
Osteogenesis, bone formation, occurs through two distinct processes:
intramembranous ossification and endochrondal ossification. Flat bones of the skull and
the lateral aspect of the clavicle develop through intramembranous ossification, a
processes by which bone is formed directly from mesenchymal precursors. For all other
bones in the human skeleton, a cartilage framework composed of chondrocytes is first
generated and later replaced by bone cells through the process of endochrondal
ossification. 1-4 Bone is a dynamic organ, constantly growing in the first and second
decades of human life and remodeling for the remainder of life. 1, 2 After birth,
significant growth occurs at primary growth sites in the skull, ribs, vertebrae, pelvis, and
especially at the ends of long bones. 5
During bone maturation, long bones are comprised of a hollow shaft of mature
bone, the diaphysis; a flared, cone-shaped region below the growth plates, the
1

metaphysis; a zone of bone formation, the growth plate; and a rounded end above the
growth plate, the epiphysis (Figure 2). 2 Within the growth plate there are four zones of
chondrocyte activity: a reserve/resting zone comprised of stem-like cells, a proliferating
zone, a hypertrophic zone where chondrocytes enlarge in circumference, and a calcifying
zone where chondrocyte death and matrix mineralization occurs. 6 Following vascular
invasion, ingrowing osteoblasts generate new bone within the zone of mineralized
cartilage, which is subsequently remolded by osteoclasts and osteoblasts.

6

OSTEOSARCOMA
Osteosarcoma (OS) has a mesenchymal origin and likely arises from cells
committed to the osteogenic lineage. It is unknown at what stage during differentiation
cells become cancerous, but it is believed to occur in the process of differentiating from
mesenchymal stem cells to osteoblasts, possibly from preosteoblasts (Figure 1). 7-9 OS
have a distinct radiographic and histological presentation. Most OS break through the
cortex before diagnosis, giving the affected bone a periosteal elevation visualized by a
plain radiograph, referred to as Codman’s triangle (Figure 3A). Histologic specimens
reveal pleomorphic spindle cells with a high degree of cellular atypia and malignant
osteoid, unmineralized bone matrix secreted by osteoblasts that is a defining
characteristic of OS (Figure 3B). 7, 8
OS can be categorized based on a number of features, including its location in
relation to the bone and histologic characteristics of the background matrix. Lesions
arising from bone surfaces, presumably from the periosteum, include parosteal,
periosteal, and high-grade surface lesions. Subtypes arising from the intramedullary space
2

include conventional, telangiectatic, small cell and low-grade. 7-9 Tumor grade reflects
the differentiation state of the cancerous cells. A lower grade lesion is typically less
aggressive and more highly differentiated. The choice of treatment for OS is governed by
tumor grade.
Most research is conducted on conventional OS, which are high-grade,
intramedullary subtypes including: chondroblastic, fibroblastic and osteoblastic variants.
Surface lesions and more rare intramedullary lesions often have distinguishing genetic
features and are studied independently of conventional OS.

8, 9

Cancer staging is used to characterize the extent of tumor dissemination.
Although all conventional OS are high grade, they present at different stages. The
Enneking system is most commonly used. All conventional OS are stage II (high grade)
or stage III (distant metastasis present). 8 Stage II can be further broken down to IIA
(intracompartmental, remains within the bone) and IIB (extracomparmental, extends
beyond the bone into nearby structures but has not metastasized to regional or distant
tissues).

8, 10, 11

EPIDEMIOLOGY OF OSTEOSARCOMA
Osteosarcoma (OS) is the most prevalent primary malignant bone tumor in many
countries, with a peak incidence in adolescence and often a second smaller peak starting
in the sixth decade of life (Figure 4). 12-18 Incidence rates of OS are consistent worldwide
among individuals ≤24 years and relatively similar among other age groups, ranging from
1.7-4.6 cases per million depending on age and gender. 15 Although it is a rare tumor,

3

with only 900 new cases reported annually in the United States, it represents 3.4% of all
childhood cancers and 56% of malignant bone tumors in children. 10, 19
The Surveillance, Epidemiology, and End Results (SEER) Program is a valuable
tool used to analyze cancer epidemiology. The program collects cancer incidence and
survival data from population- based cancer registries in the United States. With the latest
expansion in 2000, 18 registries are now included, covering approximately 28 percent of
the US population. Analysis of this data revealed that at all ages, males are affected more
frequently than females (1.22 average), particularly in patients younger than 20 years and
older than 60 years. Within the pediatric population, the peak incidence for females
occurs at a younger age than for males (age 12 years vs. 16 years). Within the adult
population, 9.5% of patients have Paget’s disease prior to the development of OS, and
24% of patients have at least one other cancer prior to the development of OS. 16 For
these patients, prior malignancies may be driving the formation of OS. 16
There is some evidence of variation in OS incidence with race and ethnicity
among and within countries. 15, 16 However, with the small sample sizes available due to
the rarity of OS, the statistics are not overwhelming.
Chapter 2 of this thesis describes a global analysis of the rate of metastatic disease
at diagnosis found an 18% (95% CI: 15%, 20%) average global pooled proportion of
metastasis at OS diagnosis. The United Nations’ human development index (HDI) value
for each country, which is based on the population’s average life expectancy, years of
schooling, and gross national income, was used to group studies. Studies were
categorized into groupings defined by the United Nations as very high HDI, high HDI,
and medium/ low HDI. The average prevalence of metastasis at diagnosis increased as
4

HDI groupings decreased, with very high HDI, high HDI, and medium/ low HDI groups
found to be 15% (95% CI: 13%, 17%), 20% (95% CI: 14%, 28%), and 31% (95% CI:
15%, 52%), respectively. 20

CLINICAL PRESENTATION, TREATMENT, AND PROGNOSIS OF
OSTEOSARCOMA
Patients most commonly present to clinic with pain and swelling at the tumor site.
7, 8, 10

The pain may initially be experienced with activity and progress to pain at rest, and

it is typically reproducible with palpation. 10 In younger patients, osteosarcoma (OS)
typically originates in the metaphyses of long bones. The distal femur, proximal tibia, and
proximal humerus are most frequently affected. 21 The extremity is still a common site
for OS in older patients, but there is a significant shift to more axial skeleton tumors,
particularly in the pelvic region.

21-23

Systemic symptoms commonly experienced with other cancer types, such as fever
and weight loss, are rare for patients presenting with OS. Changes in laboratory values
are not sensitive or specific enough to be a definitive diagnostic tool: alkaline
phosphatase (ALP) is elevated in 40% of patients and lactate dehydrogenase (LDH) is
elevated in 30% of patients. 10 A plain radiograph of the affected bone and adjacent joint
is the best tool for discovering OS, with the visualization of Codman’s triangle being
highly suggestive of OS (Figure 3A). A biopsy to pathologically confirm OS and a
computed tomography scan of the thorax to identify macroscopic metastatic lesions are
also performed before treatment is initiated.

8, 10

5

The 5-year survival rate of patients with localized disease at diagnosis was around
20% before high-dose chemotherapy was added to OS treatment regiments, with deaths
occurring due to metastatic disease. 8, 24 The 80% of patients initially presenting with
localized disease who died from OS developed metastases after treatment despite
successful management of the primary tumor through limb amputation. 7, 8 Dissemination
of the disease likely occurred in these patients prior to diagnosis even though metastatic
lesions were not visualized at diagnosis. 7 Therefore, it is postulated that around 80% of
patients diagnosed with localized OS have micrometastases in their lungs.
With the introduction of higher dose, multiagent chemotherapy in the 1970’s, the
5-year survival rate of patients with localized disease at diagnosis was dramatically
boosted to 60%. 24 Today patients most commonly receive a combination of high-dose
methotrexate, doxorubicin, cisplatin, and ifosfamide. Other agents are sometimes used,
but no significant survival advantage has been found. Most centers administer
neoadjuvant chemotherapy before surgery and adjuvant chemotherapy after. 7, 8 Currently
over 80% of patients receive limb sparing surgeries and reconstructions, compared to
amputations that were the original surgical option. Surgical resections are usually wide
rather than radical, which preserves neighboring healthy tissue for better reconstruction
without a known survival disadvantage.

8

Despite combined therapies and advanced surgical techniques, survival has not
improved over the past four decades and treatment failure is still experienced by over
30% of patients with localized disease and 80% of patients with metastatic disease within
5 years of diagnosis. 10, 16, 25-27 Metastatic disease is commonly the cause of patient death
from OS, as it is most often incurable with current treatment options and requires
6

palliation. 28 Lungs are the major site of metastatic dissemination, harboring metastasis in
90% of patients with advanced disease. Other bones are the second most common site of
metastasis. 7, 8 Older age, 17, 22, 29 axial tumor location, 17, 22, 29-35 and greater tumor size
13, 22, 34

have been reported by a number of research groups to increase risk of metastatic

disease and worsen survival outcomes.
Across all age groups, OS of the axial skeleton (chest region, vertebral column,
and pelvic region) have the worst survival outcomes and constitute 7% of OS in patients
<20 years, 18% of OS in patients 21-59 years, and 28% of OS in patients 60+ years. 16
This is likely due to the tendency of axial tumors to metastasize at a greater rate. Within
the United States population, 17% of appendicular OS and 23% of axial tumors
metastasize prior to diagnosis. 23 Independent of location and disease stage (localized vs.
regional vs. distant), age is a large factor in determining prognosis. 16, 22 The 5 year
survival rate for patients ages 60+ is around 60%, 40%, and 1% for localized, regional,
and distant disease as compared to 80%, 70%, and 30% for patients ages 0-24 (Figure 5).
16

ETIOLOGY OF OSTEOSARCOMA
A limited number of risk factors have been consistently shown in osteosarcoma
(OS). Therapeutic radiation, specific inherited syndromes, and Paget’s disease of the
bone increase the likelihood of developing OS. Although they account for only a small
fraction of OS occurrences, they provide valuable insight into the complex etiology of
OS. 7, 8, 10, 24

7

Two notable hallmarks of cancer that influence the development of OS are
sustained proliferation and genome instability. 7, 36 The combination of abundant growth
signals and mutations acquired through genomic instability is fertile soil for tumor
development.
In younger patients, conventional OS typically originate in the metaphyses of long
bones during puberty, a time of high cellular activity. The earlier peak incidence
observed in females compared to males (age 12 years vs. 16 years) correlates with the age
of greatest adolescent bone growth in the different genders. 16 OS is rarely seen in
pediatric patients outside the periods of high bone growth and does not peak again until
the sixth decade in life, strongly suggesting a relationship between growth plate activity
and the development of OS. 16, 23 In patients 60+ years in age, 10- 20% develop OS as a
consequence of Paget’s disease, characterized by excessive breakdown and formation of
bone and disorganized bone remodeling. 7, 8, 16 The proliferation signals that are abundant
in these areas of high cell proliferation provide opportunities for malignant bone cells to
grow and form tumors.
A number of inherited disorders are associated with increased rates of OS, and
many affected proteins are involved in maintaining chromosomal stability or in DNA
replication: Li-Fraumeni syndrome (TP53), retinoblastoma (RB1), Rothmund Thomson
syndrome (RECL4), Werner syndrome (WRN), Bloom syndrome (BLM), and Diamond
Blackfan anemia (multiple ribosomal proteins). 9, 21, 37 Alterations affecting the p53
pathway, with the majority being direct mutations of TP53, have been reported in over
90% of human OS biopsies. 37, 38 Mutations or pathway disruptions of RB1 in human OS
samples and biopsies have also been reported by a number of research groups. 9, 37, 38
8

However, beyond these genes there is very little overlap in the gene lists of potential OS
drivers generated from cell lines and human biopsies. A general theme that remains is the
disruption of genes involved in maintaining chromosomal integrity.

9, 21, 37-40

Osteosarcoma has a high tendency for aneuploidy, chromothripsis, and kataegis,
all indicative of chromosomal instability. OS is characterized by complex karyotypes
with aneuploidy, cells having an abnormal number of chromosomes. 21 Chromothripsis is
a further complication that can result in tens to hundreds of genome rearrangements
involving one or more chromosomes in a single catastrophic event. 41 Chromosomes are
shattered into numerous pieces and randomly pieced back together. Two to three percent
of all cancers have chromothripsis signatures, but bone cancers including OS have a
markedly higher percentage of 20-25. 38, 41 Kataegis is a reflection of more localized,
hypermutable regions of the genome and was found in 50% (n=17/34) of OS samples in a
whole-genome sequencing study of OS. 38

MODELS OF OSTEOSARCOMA
A major limitation to studying osteosarcoma (OS) is its low incidence compared
to other tumor types. Coupled with significant heterogeneity of tumors between patients
and even within tumors themselves, limited human samples for study makes it difficult to
determine the genetic drivers of the disease and is a large contributor to the general lack
of overlap between candidate drivers identified by research groups. Models of OS in
other species can be highly advantageous in providing additional samples for study and
also the ability to test therapeutic options in pre-clinical trials.

9

Cell Lines
Validation of potential drivers of primary and metastatic OS is often performed
using cell lines created from naturally occurring OS. The cell lines can be studied for
response to therapies targeting specific proteins or pathways, or they can be genetically
modified to investigate specific genetic changes. Effects on various primary tumor and
metastatic properties, such as proliferation, migration, and invasion can be evaluated in
vivo via injections of cells or xenografts into mice or other hosts and in vitro.
The most commonly studied OS cell lines created from human and mouse tumors
include SaOS, HOS, U2OS, MG63, and murine K12 (BALB/c). Through in vivo
passaging in mice or chemical/ viral transformation, more aggressive forms of these cell
lines were created. One study compared gene expression profiles of four human and two
mouse primary cell lines to their aggressive derivatives: SaOS2/LM5 (in vivo selection),
Hu09/M132 (in vivo selection), HOS/143B (Ki-ras transformed), MG63/M8 (in vitro
subcloning), murine Dunn/LM8 (in vivo selection), and murine K12/K7M2 (in vivo
selection). 40, 42 Remarkable heterogeneity was observed among the different OS cell line
pairs, with a great variability in the number of genes potentially involved in malignancy
progression. The difference in gene variability between the primary cell lines and their
aggressive derivatives ranged from 1% in MG63/M8 to 8% in K12/K7M2. There was
also a significant difference in the expression of osteoblastic marker genes, which may
have resulted from malignant transformation occurring at different stages of osteoblastic
commitment. 40

10

Canine Osteosarcoma
Canine OS is similar to human OS in spontaneous occurrence, genetic
aberrations, clinical presentation, biological behaviors, and metastatic progression. 43, 44
Like in humans, OS is the most common primary bone tumor in dogs but with a much
higher incidence: >10,000/ year compared to 1,000 per year in humans in the United
States. 43 The greater number of spontaneous OS cases with faster disease progression
offers the ability to study the disease and treatment strategies over a shorter time period.
Osteosarcoma represents 85% of bone tumors in dogs. 43 Dogs present to clinic
with lameness and swelling at the tumor site. On radiograph, the lesions are nearly
indistinguishable from human OS, with osteolytic and osteoproliferative elements. 45 The
classic ‘Codman’s triangle’ (Figure 3A) is a distinguishing feature of human and canine
OS. 43, 44 Definitive diagnosis is also made in dogs through histological evaluation of a
biopsy. Fifteen percent of dogs have radiographically detectable pulmonary or osseous
metastases at presentation. Death from metastatic disease will occur in 90% of canine
patients before 1 year if not given chemotherapy, compared to 80% before 2 years in
humans. 8, 43, 44 Dogs are also believed to have disseminated disease at diagnosis that
cannot be detected on radiograph. Due to lung metastases being a soft tissue disease, only
nodules that are 6-8 mm can be clinically detected.
The best treatment for dogs is amputation or limb sparing surgeries with adjuvant
chemotherapy. With chemotherapy, amputation does not serve any benefit over limb
sparing surgeries, which is also observed in human treatment. Numerous chemotherapy
agents, such as cisplatin, doxorubicin, and carboplatin, have been used as a single agent
or in combination. 43 An increased median survival time is observed with any
11

chemotherapy treatment from 103-175 days to 262-450 days. 46 One and 2 year survival
rates increase from 11-20% and 2-4% to 31-48% and 10-26%, respectively. 46
Seventy-five percent of canine OS develops in the appendicular skeleton, which
compares to 90% in the appendicular skeleton of pediatric patients. 43 Additionally, like
pediatric human OS, some studies observe a 1.5:1 greater incidence in male dogs than
females, but there is disagreement among studies. 43 A small early peak incidence is
sometimes observed around 18-24 months, but the greater peak incidence is at 7-9 years
with a median of 7 years. 43, 44, 46, 47 Compared to human OS, with the greatest peak
incidence in adolescence, the disease in dogs occurs in older dogs after growth plate
closure. However, OS development may still be associated with growth in dogs. The
most common tumor site for canine OS is in weight bearing bones adjacent to lateclosing physes, where there is greater cell turnover. 48 Large and giant breed dogs are
generally more affected with OS, and the forelimbs, which bear more body weight, are
affected twice as frequently as the rear limbs. 43, 44, 48 In a review of 1462 cases of canine
OS, dogs <15 kg accounted for only 5% of OS cases. Fifty-nine percent of the tumors in
small dogs were located in the axial skeleton, further suggesting that weight-bearing is a
significant factor in influencing tumor location in larger breeds. 49
Although it is a contributing factor, size alone cannot account for the high
incidence of OS in certain breeds. In a study evaluating four large and giant breeds of
dogs in Norway, the overall lifetime risk was 2.3%. However, this varied from 8.9% in
Irish wolfhounds to 0.2% in Labrador retrievers. Additionally, two breeds of the same
size and stature, Leonbergers and Newfoundlands, had significantly different lifetime
risks of 5.3% and 0.9%, respectively, for developing OS. 47 The inheritance of mutations
12

that predispose humans to OS only accounts for a small fraction of human OS. However,
many domestic dog breeds have narrow genetic diversity as a consequence of selective
breeding practices, which may increase the hereditability of OS in dogs. It has also been
observed that mixed breeds have a lower risk for other cancers, which may also be true
for canine OS. 49
Canine OS is characterized by abnormal karyotypes with complex chromosomal
changes, as is observed in human OS. 44 Genome wide expression profiles of canine OS
are more similar to human OS than any other human cancer and are generally
indistinguishable from pediatric OS profiles. 50 Several recognized genetic drivers of
human OS have also been found to have altered gene expression in spontaneous canine
OS and cell lines derived from canine tumors, including Tp53, Rb1, ezrin, and Her2. 43, 44,
46

Twenty-four to 47% of canine OS were found to have missense mutations in Tp53,

including loss of heterozygousity in 18%. 43 The Rb pathway has been found to be
dysregulated in several canine OS cell lines, with copy number loss in 29% of 38 OS
samples tested. 51 The presence of high ezrin staining in primary tumors was associated
with a significantly shorter median disease free interval, 116 days compared to 188 days
with low staining. 43 Although miRNA analysis has been limited in canine samples, some
studies show they likely play a role in canine OS. 50
In a disease with complex chromosomal and genetic alterations, genomes with
less diversity may reduce the background noise from passenger mutations that do not
play a role in the disease process. Evaluating the genetic, epigenetic, and miRNA profiles
of canine OS provides this advantage in addition to increased sample sizes. Utilizing
canine OS is highly advantageous because it is genetically relevant and offers a unique
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opportunity to pilot new therapies given the similar response to current therapies in
humans and canines.

Murine Models of Osteosarcoma
Although spontaneous OS is rare in mice, murine models offers the ability to
create OS with various genetic backgrounds and further study the behavior and drug
response of patient tumors or established cell lines implanted into a mouse host.
Extensive research using murine models of OS and mice as hosts of human, murine, and
canine cell lines has been conducted.
The most commonly used backgrounds for murine models of OS are a conditional
Trp53 null allele (Trp53fl/fl), structural mutation (LSL-Trp53R172H), or DNA contact
mutation (LSL-Trp53R270H). The floxed Trp53 allele is deleted in the tissue of interest
with the expression of cre-recombinase driven by a tissue specific promoter. Conversely,
the mutated alleles are expressed in the tissue of interest after the lox-stop-lox (LSL)
cassette is removed by cre-recombinase driven by a tissue specific promoter. The point
mutations create dominant negative forms of the protein, which are more potent than a
Trp53fl/fl null allele. Mice expressing Trp53R172H in all cells develop OS with the highest
penetrance of 50% and a high incidence of metastasis to the lungs. 52 The ability of the
p53 loss or mutation alone to cause an oncogenic transformation of bone into OS agrees
with observations from many other research groups in p53’s role in OS formation. When
comparing the genomic alterations within primary OS tumors from mice with the mutated
LSL-Trp53R172H allele to tumors from mice with a Trp53fl/fl null allele, a co-amplification
of Myc/PvtI and a homozygous deletion of Nlrpl, a key regulator of programmed cell
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death, were found in the aggressive tumors. 53 Another group also found changes in
translational regulating genes, extracellular matrix proteins, inflammatory related genes,
and the wingless/int (Wnt) signaling pathway when comparing the two groups. 54
Several genetically engineered mouse models of OS have been created with other
genes modified in addition to a Tp53 null or mutated allele. RB1 is another gene
frequently mutated in human OS. The conditional loss of Rb alone in osteoblast
precursors is not sufficient to induce OS, but it cooperates with OS development in mice
with conditional loss of p53 by decreasing disease latency and increasing penetrance. 55
Heterozygous expression of Prkar1α led to increased expression of receptor activator of
nuclear factor KB Ligand (RANKL) and induced earlier tumorigenesis and shortened the
lifespan of mice with a single deletion of Rb1 and Trp53. 56 Deletion of RANKL in
osteoclasts and blocking the action of RANKL with an antagonist led to a reduction in
metastasis. The LSL-Trp53R172H background was also used to increase the penetrance and
incidence of OS in a Sleeping Beauty mutagenesis model that identified new potential
drivers of OS. 57

SLEEPING BEAUTY MUTAGENESIS SCREEN IDENTIFIED
POTENTIAL GENETIC DRIVERS OF OSTEOSARCOMA
DNA transposons are small fragments of DNA that can mobilize within the
genome through a cut and paste mechanism with the assistance of transposases.
Reconstruction of the Sleeping Beauty (SB) transposon and subsequent alterations to
generate a mutagenic transposon vector (T2/Onc) have allowed cancer researchers to
perform forward genetic screens. 58, 59 Random insertion of mutagenic SB transposons in
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somatic cells produces mutations leading to tumor development, which has been
successfully used to model and identify candidate genes in colorectal, liver, brain,
pancreatic, and bone cancer in mice. 57, 60-62
The target integration sequence for the SB transposon is a TA dinucleotide.
Integration is relatively unbiased, with the exception of the donor chromosome on which
the SB transposon concatemer is located. The donor chromosome preference is taken into
consideration when analysis is performed for SB tumorigenic screens. Most SB screens
are now conducted in a tissue specific manner, via a cre-lox system. The SB transposase
(R26-LSL-SB11) is transcribed and translated only after removal of a lox-stop-lox
cassette by cre-recombinase expressed in specific tissues. The transposases then bind the
IR/DR sites flanking transposons (T2-Onc), which are present in a concatemer of 25- 300
copies on one of various chromosomes, and move them in a copy and paste fashion to TA
dinucleotide sequences. The transposons have the ability to promote gene transcription
with the murine stem cell virus promoter and splice donor sequences, or terminate gene
transcription with polyadenylation and splice acceptor sequences (Figure 7).
Our laboratory established an accelerated murine osteosarcoma (OS) model with a
conditional SB transposon mutagenesis system activated in osteoblasts via an osteoblast
specific Osterix- cre recombinase transgene (Osx1-tTA-TRE-cre) (Figure 7). 57, 63 Loxstop-lox cassettes are excised under control of Osterix- cre recombinase expressed in
osteoblasts. Our OS model includes the addition of a conditional p53 pathway deficient
background (LSL-Trp53R270H) that significantly accelerates tumorigenesis. Osterix-cre
recombinase also removes the lox-stop-lox cassette from the LSL-Trp53R270H in
osteoblasts.
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The quadruple transgenic mice (Osx1-tTA-TRE-cre; R26-LSL-SB11; LSLTrp53R270H; T2/Onc) develop OS with an average latency of 12.5 months and a
penetrance of 75% as compared to 17 months and 60% in LSL-Trp53R270H controls and
20 months and 25% in SB mutagenesis alone controls. Importantly, the predilection sites
of primary tumors are more similar to human OS as compared to other murine models;
>40% arise in the hind or forelimbs, as most human OS is appendicular in origin. 7 SB
tumors also resemble human OS in gross anatomy, histological appearance, and presence
of collagen, the major constituent of osteoid in human OS. 57
Ligation mediated polymerase chain reaction (LM-PCR) and next generation
sequencing was performed on DNA isolated from 119 primary tumors and 134 metastatic
nodules. The transposon locations were used to identify 232 regions with recurrent
transposon insertion sites, termed common insertion sites (CIS), in independent animals
using TAPDANCE software. 64 Within these regions, 26 candidate oncogenes and 196
candidate tumor-suppressor genes were identified. Analysis of recurrent SB integration
sites revealed insertions in genes that are altered in many cancers, such as Pten, Eras,
Nf1, and Nf2, validating the screen, and novel genes not previously reported. The gene
Srgap2 had the second most transposon insertions behind Pten in metastatic nodules.
SRGAP2 was chosen for validation as a gene protective against OS metastasis (Chapter
4).

BIOLOGY OF OSTEOSARCOMA
Osteosarcoma (OS) is characterized by complex chromosomal changes and
numerous alterations of the genome. There is dramatic heterogeneity not only between
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tumors from different patients, but also within tumors themselves. With OS being a rare
tumor, generating a large pool of samples to identify statistically significant OS drivers
within the complex chromosomal backgrounds is a great challenge. Additionally, OS
does not have a benign, pre-malignant state like some other cancers, such as colorectal
cancer, which presents additional challenges to detecting early drivers of OS formation. 39
However, considering that most patients have disseminated disease at diagnosis and that
the majority of patient deaths are a result of metastatic disease, identifying genes
involved in metastatic progression may be prove most useful.
Several research groups have performed gene expression analysis on a
combination of mesenchymal stem cells, osteoblasts, primary OS tumor samples, and
metastatic nodules from human patients. When comparing copy number alterations and
gene expression between mesenchymal stem cells, osteoblasts, and OS cells from
primary tumors, the OS cell of origin could not be determined because the osteoblasts
and mesenchymal stem cells were more similar to one another than OS cells. 39 One of
the most significant differences observed was a gain of minichromosome maintenance
complex 4, a replicase helicase with a role in maintaining genomic stability, in OS
samples. 39 However, minimal overlap was found with other published gene lists.
Another group performing genome wide expression profiling in tumors from patients
younger than 40 years of age identified a large set of genes with differential expression.
The most notable was the down regulation in the Wnt signaling pathway, which is a
major pathway regulating gene transcription and plays a role in bone development.

65

Extracellular matrix receptor interaction and cell adhesion molecules were also identified
when metastatic and non-metastatic primary tumors were compared. 66
18

Single nucleotide polymorphisms (SNPs), which are differences in the genome at
the level of a single nucleotide, are the most common form of genetic variation. Although
most do not alter gene expression or protein function, a subset of changes can give rise to
biological effects. 21 Several SNPs have been identified that may play a role in OS
development, including SNPs within TP53, MDM2, FAS, endostatin, and TNFα. 21, 67
Mouse double minute 2 homolog (Mdm2) regulates p53 activity, Fas receptor activation
induces programmed cell death, endostatin prevents tumor growth and expansion by
inhibiting the formation of new blood vessels, and tissue necrosis factor α (TNFα) is a
pro-inflammatory cytokine with important roles in cellular proliferation and
differentiation and is a component of the receptor activator of nuclear factor κB ligand
(RANKL) pathway, which plays a role in bone formation. In a genome wide association
study, a SNP was found in the nuclear factor I/B gene (NFIB) that predisposed
individuals with OS to have more aggressive, metastatic disease.

68

NFIB is a site-

specific DNA binding protein that regulates gene expression, which varies depending on
cell type. Decreased expression of NFIB in human OS cell lines inversely correlated with
increased invasion and migration potential in vitro.
Other factors may influence gene expression without direct alteration to the
genome. Two notable examples are micro-RNAs (miR) and epigenetic changes. MiRs are
short non-coding RNA typically 20-22 nucleotides in length that regulate more than 60%
of the genome post-transcriptionally. 50, 69 They bind to the 3’ untranslated region of
target messenger-RNA (mRNA) and limit the level of protein translation through
targeting mRNA for degradation or blocking access of machinery for translation. 69, 70
MiRs have been shown to have a role in oncogenesis in numerous cancers and likely also
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have a role in OS formation and metastasis. Several miRs have been associated with
increased metastasis (miR-181, miR-874, miR-145, miR-370, miR-17), chemoresistance
(miR-16, miR-140, miR-215), and increased proliferation (miR-874, miR-370). 69-73
The methylation status of genes influences levels of transcriptional activity.
Methylated DNA immunoprecipitation and expression profiling can be used to identify
differences in genome methylation. One group made cell lines from one patient’s primary
OS tumor and a metastatic lesion. 74 They identified 18 genes in the metastatic lesion that
were hypomethylated and had increased protein-level expression and 8 genes that were
hypermethylated and showed decreased protein-level expression compared to the primary
tumor. They further studied IRX1, which promoted migration and invasion in OS cells
both in vitro and in vivo. Other research groups have found pathogenic methylation in
genes involved in the p53 and Rb pathways, such as CDKN2A encoding cyclin dependent
kinase inhibitor p16INK4a and the Mdm2 inhibitor p14ARF.

50

Although many studies have been performed to understand the biological drivers
of OS, the overlap in gene lists remains minimal. Pathway analysis can provide broader
insight into the mechanisms of OS formation and metastasis. A few pathways that are
known to play significant roles in other cancers have been studied in the context of OS,
including p53, Rb, Notch, Wnt/β-catenin, FasL, and receptor tyrosine kinases. As
previously discussed, the role of p53 and Rb in OS has been well established through
work in human, canine, and murine OS models.

9, 21, 37, 38, 43, 51, 52, 55, 75

Dysregulation in notch has been found in many solid tumors and T-cell leukemia.
76

In some cancers, Notch signally contributes to disease progression by promoting

growth, survival, motility, neo-angiogenesis, drug resistance, invasion, and metastasis. In
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other cancers, such as myeloid malignancies and neuroblastoma, it functions as a tumor
suppressor. 76 There is some evidence that Notch is activated in human OS and may play
a role in tumor invasion and metastasis. 7, 76
The Wnt/β-catenin pathway has also been reported by many groups to have a role
in OS development and metastatic behavior. However, there is conflicting evidence of
whether up regulation or down regulation is the contributing factor. 7, 77, 78 Further, the
binding of Wnt to co-receptors LRP5 and frizzled generates signaling that is important in
bone formation. 77 Both Notch and Wnt pathways are involved in skeletal development
and would be challenging targets for therapeutics considering that OS occurs in the
pediatric population at a time of high bone growth. 79
FasL is only expressed in the lungs, small intestines, testes, and the anterior
chamber of the eye. The binding of Fas to FasL induces an apoptotic cascade. Fas+ B and
T cells undergo apoptosis when entering the FasL+ organs, which are immune privileged
sites. Interestingly, OS cell lines that express Fas on their surface will not survive in
lungs with FasL+ epithelial cells. Re-expression of Fas in a metastatic derivative of
SaOS2 with initially low expression of Fas decreased the ability of the cell line to
established metastasis in the lungs of mice with FasL+ cells. 80 Therapeutically,
aerosolized but not oral gemcitabine also induced upregulation of Fas and the regression
of OS lung metastases that are already established.

80

Receptor tyrosine kinases contribute to the progression of many cancers. There is
some evidence that overexpression of human epidermal growth factor receptor 2 (HER2),
platelet derived growth factor (PDGF), and vascular endothelial growth factor (VEGF)
correlates with metastasis and overall prognosis in OS. However, a functional
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contribution for many has not been shown. 81 For example, HER2 has been relatively
well studied in OS. Trastuzumab, a monoclonal antibody targeting the extracellular
domain of HER2, is used in the treatment of HER2+ breast cancer. The insulin-like
growth factor receptor is known to play a role in resistance to treatment with
trastuzumab. Trastuzumab alone has minimal effects on OS cell lines, but in combination
with an IGF-1R antibody, significant growth inhibitory effects greater than either alone
were observed. However, studies in patient samples show conflicting results as to
whether HER2 is a positive or negative prognostic indicator. Additionally, in a clinical
trial of patients with newly diagnosed metastatic OS receiving methotrexate, doxorubicin,
cipsplatin, ifosfamide, and etoposide +/- trastuzumab (depending on HER2 staining of
biopsies), no difference in event-free and overall survival was found between the two
treatment arms. 82
Expression of the cytoskeleton linker ezrin is correlated with an increased risk of
malignant/ metastatic cancers and has been extensively studied in the context of OS
metastasis. 83 It acts as a membrane organizer and a linker between the plasma membrane
and the cytoskeleton, influencing cell shape, cytokinesis, phagocytosis, and drug
resistance. 7, 83, 84 Ezrin is expressed in the early stages of metastasis and helps cells adapt
to a secondary microenvironment while prolonging cell survival. 83, 85 Comparing the
expression levels of ezrin within human and murine OS cell lines, ezrin was notably
increased in all aggressive derivatives of the primary OS cell lines: SaOS2/LM5,
Hu09/M132, HOS/MHOS (MNNG chemically transformed), MG63/MG63.3, murine
Dunn/LM8, and murine K12/K7M2. 86 Interestingly, in another comparison of the cell
lines, the 143B derivative of HOS had a decreased expression of ezrin. 40 The mouse
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lines K12/K7M2 consistently had the greatest difference in expression, with a 70 fold
difference reported in one study. Knockdown of ezrin in K7M2 significantly diminished
metastasis from forming in the lungs after intratibular and tail vein injections. 87 In
human and canine patients, higher staining of ezrin correlates with worse outcomes.
Treatments targeting ezrin likely will not help against established metastases because
ezrin is only expressed in early stages of metastasis, but they will block the further
development of metastases after treatment initiation.

MECHANISMS OF METASTASIS
Metastasis is the dissemination of a primary tumor to distant tissues in the body
and is responsible for as high as 90% of cancer associated mortality. 88, 89 Traditionally
the process of metastasis was thought to occur through selective pressure within the
primary tumor with only the “fittest,” most malignant cells surviving and disseminating
throughout the body. 88 However, several characteristics required for the metastatic
processes, such as migration and invasion, do not specifically benefit the primary tumor
and make this theory less probable. While genes have multifunctional roles and may
benefit both the primary tumor and malignant cells that seed metastatic lesions, additional
acquired genetic mutations and interactions with the microenvironment likely are the
main contributors to cells gaining metastatic potential. 88-90
Six recognized steps constitute the process of metastasis. Cells must (1) locally
invade surrounding tissue, (2) enter microvasculature of the lymph or blood systems,
intravasation, (3) survive in circulation, (4) exit the lymph/ bloodstream, extravasation,
(5) survive in a new microenvironment, (6) proliferate to form macroscopic secondary
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tumors, colonization (Figure 6). 7, 88-90 The establishment of micrometastasis via steps 15 is under extensive study and may occur early or late in primary tumor formation, which
may also depend on the tumor type. 88 Under the early metastasis model, cells leave the
primary tumor earlier in tumorigenesis and diverge genetically at distant sites.
Conversely, in the late metastasis model, cells acquire the genetic changes required to
successfully navigate the metastatic process from the primary tumor and are genetically
similar to the primary tumor. In theory, these cells should respond to similar therapeutic
interventions.
Cells can remain dormant for a number of years, survive initial chemotherapy,
and then reactivate to form recurrent secondary disease. 88, 89 Dormancy can be in the
form of proliferation, where cells are arrested in the G0 phase of the cell cycle, or in the
form of tumor mass, where there is a balance of proliferation and apoptosis so that the
micrometastasis remain too small for detection. 90 Events that allow cells to break
dormancy are still under review. If cells remain dormant and later acquire a phenotype
necessary to break dormancy, these changes could also contribute the chemotherapy
resistance and still support the “early” metastasis model.
The time between primary tumor diagnosis and clinical detection of metastatic
nodules is termed latency. Latency can vary dramatically between tumor types, ranging
from years/ decades for breast carcinomas to months for lung adenocarcinomas. 90 One
explanation for this difference is whether cells leave the primary tumor early or late
during tumorigenesis. If metastatic cells from lung adenocarcinomas leave the primary
tumor later in the evolutionary stage of the primary tumor and acquire genetic changes
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necessary for colonization prior to establishing residence in a distant organ, they will be
able to form macrometastsis more readily. 88
Alternatively, the cell type may dictate metastatic potential. For example,
melanocytes that retain expression of the transcription factor SNAI2/SLUG required for
neural crest cell migration are migratory in nature and do not need to acquire this feature
of metastasis, allowing them to metastasize more readily. 90 Interactions with cells and
membrane components of microenvironments also play a large role in growth signaling
and promoting cellular transitions, such as epithelial to mesenchymal transitions (EMT)
of malignant carcinoma cells. 88 The new microenvironment of distant tissues may
significantly effect the latency of malignant tumor cells. Microenvironments more similar
to the site of the primary tumor may provide a more hospitable environment for
malignant cells to grow into macrometastasis that are clinically detectable. 90 These
questions are under extensive study and likely vary between tumor types.
Another interesting phenomenon of tumor metastasis is the selection of secondary
tissue of residence. The principal site(s) of metastasis vary among tumor type and may be
restricted to one organ or several different organs. For example, breast tumors commonly
metastasize to the bone, lungs, liver and brain whereas sarcomas, including OS,
metastasize primarily to the lungs. 88, 90 The accessibility of organs, circulation layout,
and organ-specific homing may all play a role in tissue specificity. 89 The bone marrow is
a common site of metastasis for many tumor types, and tumor cells have relatively easy
access through fenestrations in the capillary walls. 89, 90 In contrast, malignant cells must
overcome more obstacles to access the lung parenchyma. Cells must be permitted to
move through the endothelial cells, basement membrane, and adjacent alveolar cells.
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Specific mediators of transendotheial migration must be expressed for cells to pass
through. 90 The brain is even less permissive, requiring passage through the blood-brain
barrier. 37
The circulation layout also likely plays a critical role in tissue of metastatic
predilection. Blood from the colon drains into the portal system and is first passes
through the liver. Colorectal carcinomas almost exclusively metastasize to the liver. 89
Conversely, the lungs are the first capillary system experienced by most other cancer
types and are a common site for sarcoma cells to take residence. Although circulation
patterns do not account for all sites of metastasis, there is clearly an influence on organ
infiltration. Finally, tissue specific homing via the expression of specific surface proteins
seems to play a role in the dissemination process. 89 There is clear clinical evidence that
organ preference does occur and that multiple factors influence the secondary organ of
residence.
Intratumoral heterogeneity has been well established in a number of cancer types
and provides insight into some of these questions. 89, 91-94 When primary tumors are
sectioned and sequenced, distinct clonal populations emerge and genomic aberrations
within metastatic lesions have been traced to subclonal populations within primary
tumors. Evolutionary histories can be formed to analyze the clonal expansion of the
primary tumors. These studies have revealed that some cancers, such as pancreatic
cancer, have a linear trajectory course with a single clonal population continuing to
evolve into metastatic cells, whereas other cancers, such as renal cell carcinoma, have a
branched lineage with metastatic cells branching off earlier in the primary tumor
evolution. 91, 92 The observations suggest that pancreatic cancer follows a “late”
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metastasis model, with metastatic cells acquiring nearly all genetic aberrations from the
primary tumor. Conversely, renal cell carcinoma follows an “early” metastasis model,
where the metastatic cells leave the primary tumor and continue to evolve and acquire
genetic changes. 95 Another finding in pancreatic cancer gives evidence that organ
predilection of malignant cells is determined to some extent within the primary tumor.
Pancreatic metastases from different organs shared specific genetic aberrations, and
therefore a closer evolutionary history, with distinct clonal population within the primary
tumor. 92
The concept of cancer stems cells (CSC) also arises from the observation of
intratumoral heterogeneity. Cells within a tumor have differing tumor initiating potential.
CSC have the ability to seed new tumors when experimentally implanted into animal
hosts, whereas the bulk of a primary tumor does not. The CSC have many of the
biological traits of high-grade malignancies, including motility, invasiveness, and
heightened resistance to apoptosis. 89 In theory, if these cells were to leave a primary
tumor, only they would have the ability to form new tumors at distant sites if capable of
metastasis.
The proportion of CSC within the bulk of the primary tumor has been found to
vary between tumor type, for example 25% in colon cancer and 12-60% in breast. 88
However, it is also believed that cells can transform into CSC. The sampling time of a
tumor would then greatly effect the perceived portion of a primary tumor that has the
ability to form secondary tumors. Some theorize that a “stem state” exists where cells can
reversibly acquire stem-like phenotypes. Others postulate that clonal expansion and
increasingly more aggressive subclonal populations can generate more cells with the
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ability to initiate secondary tumor growth. 88 And further, others suggest that cellular
transitions, such as the epithelial-mesenchymal transition (EMT), can produce cells with
CSC properties.
EMT is a well-described process by which epithelial cells lose epithelial
properties, such as cell-cell adhesion, and assume a meshenchymal phenotype that
includes enhanced migratory capacity, invasiveness, and elevated resistance to apoptosis.
EMT can be induced by the microenvironment, generating CSC at the periphery of a
tumor, well poised for migration away from the primary tumor and invasion into the
surrounding tissue. 89 The extracellular matrix and non-cancer cells within the local
microenvironment of a tumor have both been shown to promote a metastatic phenotype.
96, 97

For example, macrophages expressing α4 integrin were shown to bind VCAM-1

and provide survival signals enhancing establishment of metastases in breast cancer cells.
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METASTASIS IN OSTEOSARCOMA
Osteosarcoma (OS), like other sarcomas, disseminates via the bloodstream to
primarily seed the lungs with malignant cells. 7, 8 Twenty percent of OS patients have
clinically detectable metastatic lesions, macrometastases, at diagnosis, and based on
survival outcomes before the introduction of chemotherapy, an estimated 80% of patients
with localized disease at diagnosis have metastases too small for clinical detection,
micrometastases.

7, 8, 22, 24

The average latency for OS micrometastases is 2-3 years,

suggesting that the cells are more poised to break dormancy than other types of cancers,
such as breast cancer that has a significantly long latency of years-decades. 24
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There are several possible factors that could influence the shorter latency of
disseminated OS breaking dormancy and forming macrometastases. Malignant OS cells
may leave their primary tumor later than other types of cancers and thereby acquire a
more aggressive phenotype prior to dissemination, osteoblast precursors may be
intrinsically more capable of forming metastatic lesions, or the microenvironment of the
lungs may be more similar and permissive to malignant osteoblasts. Regardless of the
underlying cause of dissemination and breaking dormancy, the 5-year survival rate of
patients with metastases, either at diagnosis or later developed, is only 30%. 16 Current
therapies of metastectomy and non-specific chemotherapy are ineffective and targeted
therapeutics are needed to improve OS survival outcomes.

THESIS STATEMENT
This work explores a variety of questions regarding metastatic OS, which is
presented in three data chapters. In Chapter 2, we hypothesized that diagnostic delay or
tumor biology drives metastases development prior to OS diagnosis. To test this
hypothesis, a literature search of the PubMed database and meta-analysis was conducted
to compare the prevalence of metastatic disease at the time of OS diagnosis between
countries. Comparing across countries provided information on ethnicity, which may
effect tumor biology, and different health care systems, which may effect diagnostic
delay. Our analysis found the average prevalence of metastasis at diagnosis increased as
Human Development Index (HDI) score decreased. In several studies from countries with
very high HDI, diagnosis delay did not impact the prevalence of metastatic OS at
diagnosis, suggesting there is a biological baseline for metastatic OS at diagnosis, which
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is observed in countries with very high HDI. In countries with medium/ low HDI, where
there are more barriers to accessing healthcare, the higher prevalence of metastasis may
result from treatment delay or an artificial prevalence inflation due to patients with less
severe symptoms not presenting to clinic.
In Chapter 3, we hypothesized that similar risk factors influence the presence
of metastatic OS at diagnosis in dogs and humans. Patient data for dogs diagnosed
with OS at our veterinary clinic and pediatric patients documented with OS in the
Surveillance, Epidemiology, and End Results database was compared to test this
hypothesis. Univariate analysis and unconditional logistic regression models were
generated to identify associations between key clinical factors and presenting with
metastatic OS at diagnosis in humans and dogs. We found that primary tumor size and
location, gender, and Hispanic origin are independently associated with presenting with
metastatic disease in human osteosarcoma (OS) patients under 30 years of age, but only
primary tumor location is independently associated with presenting with metastatic
disease in canine OS patients. Several other risk factors showed trends towards statistical
significance in canines, but our study was limited the number of canine patients and the
availability of tumor size. This work builds on the current knowledge of the canine model
of OS by showing that primary tumors in the same anatomical location metastasize at a
similar rate to human OS.
In Chapter 4, we hypothesized that loss of Slit-Robo GTPase Activating
Protein (SRGAP2) increases metastatic behavior of osteosarcomas. Our hypothesis
was based on a Sleeping Beauty mutagenesis screen previously conducted in our
laboratory that identified Srgap2 as a potential suppressor of OS metastasis. Further,
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SRGAP2 induces phenotypes in neurons that support the hypothesis that SRAGP2 may
suppress migration in the context of cancer. SRGAP2 was knocked out or conditionally
overexpressed in the human OS cell lines HOS and 143B and murine OS cell lines K12
and K7M2. Proliferation, migration, anchorage independent growth, and in vivo
metastatic potential following tail vein injections were evaluated for all cell lines.
Although the effects of SRGAP2 expression on cell behavior were not consistent across
all cell lines, they tended to support the hypothesis. RNA sequencing and
immunohistochemistry of human OS tissue samples were used to further evaluate the
potential role of the Slit- Robo pathway in OS. We found that expression of SRGAP2 and
other genes in the Slit-Robo pathway were significantly altered in a subset of human
osteosarcoma samples. This work supports the hypothesis that SRGAP2 and other axon
guidance proteins likely play a role in OS metastasis, with loss of SRGAP2 contributing
to a more aggressive phenotype.
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FIGURES
Figure 1. Differentiation pathways of resident bone cells. Human bone is composed of
three main cell types: osteoblasts, osteocytes, and osteoclasts. A) Osteoblasts and
osteocytes develop from mesenchymal stem cells. B) Osteoclasts arise from
hematopoietic stem cells. Osteoblasts deposit bone, osteoclasts resorb bone, and
osteocytes maintain mineral homeostasis. (This figure is copied from an original
manuscript: Marquis, Marie-Eve, et al. "Bone cells-biomaterials interactions." Front
Biosci 14 (2009): 1023-1067.)

Figure 2. Adult vs. child bone anatomy. During bone maturation, long bones are
comprised of a hollow shaft of mature bone, the diaphysis; a flared, cone-shaped region
below the growth plates, the metaphysis; a zone of bone formation, the physis (growth
plate); and a rounded end above the growth plate, the epiphysis. When bones are fully
developed and the growth plate has closed, the adult bone consists of the diaphysis and
the metaphysis. (This figure is copied from: The Royal Children’s Hospital Melbourne,
Australia: http://www.rch.org.au/)
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Figure 3. Radiology and histology features suggestive of osteosarcoma. A) Periosteal
elevation observed by plain radiograph (arrows), referred to as Codman’s triangle, is
indicative of a malignant bone. B) Malignant osteoid, unmineralized bone matrix, must
be present on histology for a diagnosis of OS. Histologic specimens also reveal
pleomorphic spindle cells with a high degree of cellular atypia. (Figure A is copied from
an original manuscript: Wenaden, A. E. T., T. A. Szyszko, and A. Saifuddin. "Imaging of
periosteal reactions associated with focal lesions of bone." Clinical radiology 60.4
(2005): 439-456. Figure B is copied from: MSK Oncolocy. University of British
Columbia, http://www.orthotumours.ca/)

Figure 4. Osteosarcoma incidence by age in the US from 1973 - 2004. Osteosarcoma
has a peak incidence during the growth spurt of adolescents, a time of high cellular
activity in the growth plates. In the United States, there is a second, smaller peak starting
in the sixth decade of life. Although the majority of adult patients have no prior
malignancies, predisposing factors such as Paget’s disease and other cancers are
commonly observed. (This figure is copied from an original manuscript: Mirabello, Lisa,
Rebecca J. Troisi, and Sharon A. Savage. "Osteosarcoma incidence and survival rates
from 1973 to 2004." Cancer 115.7 (2009): 1531-1543.)
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Figure 5. Osteosarcoma survival by stage and age at diagnosis in the US from 1973 2004. Disease stage (localized, regional, distant) and age are factors in OS prognosis.
Increasing stage and age both result in worse 5-year survival rates. Nearly all OS related
deaths are the result of metastasis for all patients. It is, therefore, assumed that patients in
the localized and regional groups who did not survive 5 years developed metastasis after
diagnosis. (This figure is copied from an original manuscript: Mirabello, Lisa, Rebecca J.
Troisi, and Sharon A. Savage. "Osteosarcoma incidence and survival rates from 1973 to
2004." Cancer 115.7 (2009): 1531-1543)

Figure 6. Steps of the metastatic process. Six recognized steps constitute the process of
metastasis. Cells must (1) locally invade surrounding tissue, (2) enter microvasculature of
the lymph or blood systems, intravasation, (3) survive in circulation, (4) exit the lymph/
bloodstream, extravasation, (5) survive in a new microenvironment, (6) proliferate to
form macroscopic secondary tumors, colonization. (This figure is modified from an
original manuscript: Chaffer, Christine L., and Robert A. Weinberg. "A perspective on
cancer cell metastasis." Science 331.6024 (2011): 1559-1564)
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Figure 7. Conditional Sleeping Beauty transposon system with predisposing
background. A) Cre-recombinase is expressed in osteoblasts by Osterix promoter
activity. B) The SB Transposase (Rosa26-LSL-SBase11) is activated in osteoblasts after
the removal of the lox-stop-lox cassette by cre-recombinase. C) The transposon SB
transposon (T2/Onc) is moved throughout the genome of osteoblasts in a cut and paste
mechanism by the SB transposase. D) The dominate negative Trp53 allele (LSLTrp53R270H) is activated in osteoblasts after the removal of the lox-stop-lox cassette by
cre-recombinase to accelerate and increase incidence of tumor development.
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Figure 1. Differentiation pathways of resident bone cells
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Figure 2. Adult vs. child bone anatomy
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Figure 3. Radiology and histology features suggestive of osteosarcoma
A)

B)
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Rate per million

Figure 4. Osteosarcoma incidence by age in the US from 1973 - 2004
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Figure 5. Osteosarcoma survival by stage and age at diagnosis in the US from 1973 2004
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Figure 6. Steps of the metastatic process
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Figure 7. Conditional Sleeping Beauty transposon system with predisposing background

A)

B)

C)

D)

42

Chapter 2: Prevalence of metastasis at diagnosis of
osteosarcoma: an international comparison

Tracy A. Marko,1 Brandon J. Diessner, 2 Logan G. Spector 3

University of Minnesota: (1) Masonic Cancer Center (2) Department of Public Health
(3) Department of Pediatric Epidemiology

This manuscript was published by Pediatric Blood and Cancer.

TAM conducted the literature search, identified studies for inclusion, and created table 1.
BJD performed statistical analysis and prepared all figures. All authors discussed and
interpreted the results. BJD wrote statistical analysis and results sections, and TAM wrote
all other sections. All authors reviewed and revised the manuscript. LGS supervised the
project.

43

SUMMARY
Background: Osteosarcoma is the most common primary malignant bone tumor in many
countries, with metastatic disease responsible for most patient deaths. This study
compares the prevalence of metastatic osteosarcoma at diagnosis across countries to
inform the critical question of whether diagnostic delay or tumor biology drives
metastases development prior to diagnosis.
Methods: A literature search of the PubMed database was conducted to compare the
prevalence of metastatic disease at the time of OS diagnosis between countries. A pooled
prevalence with 95% confidence intervals (CI) was calculated for each study meeting
inclusion criteria. Studies were grouped for analysis based on human development index
(HDI) scores.
Results: Our analysis found an 18% (95% CI: 15%, 20%) average global pooled
proportion of metastasis at osteosarcoma diagnosis. The average prevalence of metastasis
at diagnosis increased as HDI groupings decreased, with very high HDI, high HDI, and
medium/ low HDI groups found to be 15% (95% CI: 13%, 17%), 20% (95% CI: 14%,
28%), and 31% (95% CI: 15%, 52%), respectively.
Conclusions: Our evidence suggests there is a biological baseline for metastatic OS at
diagnosis, which is observed in countries with very high HDI. In countries with medium/
low HDI, where there are more barriers to accessing healthcare, the higher prevalence of
metastasis may result from treatment delay or an artificial prevalence inflation due to
patients with less severe symptoms not presenting to clinic. Additional research in
countries with medium/ low HDI may reveal that earlier detection and treatment could
improve patient outcomes in those countries.
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INTRODUCTION
Osteosarcoma (OS) is the most common primary malignant bone tumor in many
countries, 13, 14, 18 with a peak in adolescence and often a second smaller peak starting in
the sixth decade of life. 15-18 Despite combined therapies, treatment failure is experienced
within 5 years of diagnosis by over 40% of patients, generally due to metastatic disease
developed before or after diagnosis. 26 Survival has not improved substantially over the
past 30 years, 16 and metastatic OS is usually incurable and requires palliation. Older age,
17, 22, 29

axial tumor location, 17, 22, 29-35 and tumor size

13, 22, 34

have been reported by a

number of research groups to increase risk of metastatic disease and worsen survival
outcomes. The incidence of OS is fairly constant worldwide, particularly among
individuals ≤24 years, 15 but an international comparison of the prevalence of metastasis
at diagnosis has not been compiled. The purpose of this study is to compare prevalence of
metastatic OS at diagnosis across countries to inform the critical question of whether
diagnostic delay or tumor biology drives metastases development prior to diagnosis.

METHODS
International Literature Search
A literature search of the PubMed database was conducted to compare the
prevalence of metastatic disease at the time of OS diagnosis between countries. All fields
were searched for the terms osteosarcoma/ osteogenic sarcoma/ bone sarcoma AND
metastases/ metastasis/ metastatic, yielding 9595 papers (last search conducted on May
19, 2015). Titles were screened and abstracts reviewed for single-institutional, multi45

institutional, and population-based studies within a single continent that reported the
prevalence of metastatic disease at diagnosis of high-grade, skeletal OS in a minimum of
20 patients. Papers were only included if information was available for all OS patients
treated at a clinic(s) over the given period of data collection. Key phrases indicating a
study fell into this search criteria were “all patients” and “consecutive patients.”
Exceptions were made for publications reporting on patients of a specific age at
diagnosis. Only those studies with a publication date of 1980 or later were considered.
When studies with significantly overlapping datasets were encountered, to the best we
could discern, the study covering the largest data collection period was included for
analysis.
Effort was made to include papers written in any language. Seven papers were not
available in English that were identified as possible candidates for our study. Three could
not be readily translated and were excluded from analysis because data could not be
extracted.
Several studies reported the prevalence of metastasis at OS diagnosis from single
institutions in the United States. However, since Duong and Richardson provided a large,
nationwide report using the Surveillance, Epidemiology, and End Results Program
database in conjunction with the National Program of Cancer Registries’ central cancer
registries, 23 this study was used to evaluate United States data.
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Statistical Analysis
The summary statistic for each study is a prevalence proportion, calculated as the
ratio of the number of individuals presenting with metastasis to the sample size of the
study. A random-effects model with inverse-variance weighting was used to calculate a
pooled prevalence and 95% confidence intervals (CI). 98 Statistical heterogeneity was
evaluated with the Cochran’s Q statistic 99 and quantified using an I2 statistic. 100 The
United Nations’ human development index (HDI) value for each country, which is based
on the population’s average life expectancy, years of schooling, and gross national
income, was used to group studies. Studies were categorized into groupings defined by
the United Nations as very high HDI, high HDI, and medium/ low HDI. For multiinstitutional studies that included countries from multiple HDI groups, the HDI group
from which the majority of patients were seen was chosen.
Subgroup analysis was performed to account for heterogeneity. Subgroups were
categorized from very high HDI studies into general age groupings: pediatric (upper age
no greater than 18 years), adult (no pediatric cases), and mixed ages (all patients seen at a
clinic that included pediatric and adult populations). A subgroup analysis was not
performed from high HDI and medium/ low HDI studies because each had an insufficient
number of studies restricted to either pediatric or adult populations for a pooled subgroup
analysis. All meta-analysis was performed using R version 3.2.1. 101

RESULTS
Thirty-five studies met the inclusion criteria (Table 1): very high HDI (n=23), 13,
17, 23, 29, 30, 33-35, 102-116

high HDI (n=7), 18, 31, 32, 117-120 and medium/ low HDI (n=5). 14, 12147

124

Figure 1 depicts the prevalence of metastatic OS at diagnosis stratified by HDI group.

The pooled proportion of patients presenting with metastatic OS at diagnosis in very high
HDI, high HDI, and medium/ low HDI groups were found to be 15% (95% CI: 13%,
17%), 20% (95% CI: 14%, 28%), and 31% (95% CI: 15%, 52%), respectively. All 35
studies pooled together gave a global proportion of 18% (95% CI: 15%, 20%).
Figure 2 details information on the subgroup analysis of the 23 studies from very
high HDI countries. The pooled prevalence for adult patients presenting with metastatic
OS in very high HDI countries was found to be 18% (95% CI: 11%, 27%). Among
pediatric patients presenting with metastatic OS in very high HDI countries, the pooled
prevalence was 14% (95%CI: 10%, 20%). Studies that included a mixed age grouping
from countries with a very high HDI had a pooled prevalence of metastatic OS at
diagnosis of 15% (95%CI: 13%, 18%).
Heterogeneity within HDI groups as measured by Cochran’s Q were all
significant (p< 0.05), and remained statistically significant from the subgroup analysis of
age groupings (pediatric, adult, and mixed age) (Figure 2). An apparent reduction in
heterogeneity was noticed between studies restricted to either pediatric (I-squared = 60%)
or adult cases (I-squared= 72.1%), but not between studies that included both pediatric
and adult cases (I-squared = 86.2%). The lower heterogeneity from the pediatric and
adult subgroups compared to the mixed age subgroup could reflect a difference in the
prevalence of metastatic OS between pediatric and adult populations, and the
heterogeneity between the studies from the same HDI group may be partially explained
by differing age ranges.
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DISCUSSION
Prior to the introduction of high-dose chemotherapy to osteosarcoma (OS) treatment
regiments in the United States, the 5- year survival rate of patients with localized disease
was around 20% following amputation. 24 The improved survival with systemic
chemotherapy likely results from the eradication of micrometastases not detected by
current imaging techniques. The presence of detectable metastatic OS at diagnosis may
be driven by two broad factors. If diagnosis is delayed, micrometastases may be allowed
more time to leave dormancy and develop into macrometastases, increasing the observed
prevalence of metastases at diagnosis. Alternatively, the biology of OS may drive the rate
of metastasis, with a subset of OS having an intrinsically poor biology leading to
macrometastases development.
Diagnostic delay may occur at the level of the patient (education, resources,
socio-economic status), provider (referral centers, specialized oncology clinics, imaging
facilities), and country (health care system organization, access to health care, social
security). 14 If metastasis were attributable to diagnostic delay, one would expect longer
duration of symptoms among these patients. One European group reported an association
between increased time to diagnosis and metastasis at presentation. The GermanAustrian-Swiss Osteosarcoma Study Group

29

observed an association of axial primary

tumors (p<.001, X2), metastases at diagnosis (p<.007, X2), and increasing age (P<.001, ttest) with prolonged history of symptoms before diagnosis. However, given that axial
tumors and older age are known to increase metastasis, 17, 22, 31-35 history of symptoms
should be evaluated with multivariable analysis to determine if a correlation with
metastases at presentation exists within their population.
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Several research groups from single institutions in countries with high and very
high HDI have also evaluated the effect of diagnosis delay on the prevalence of
metastasis at OS diagnosis. No difference was observed in symptom duration to OS
diagnosis between patients with or without metastasis at presentation by groups from
Indianapolis, 125 Hong Kong, 126 and Taiwan. 127 Patients seen at the Italian Rizzoli
Institute with extremity tumors had a shorter interval between onset of symptoms to time
of diagnosis if metastases were found at presentation (2.17 months vs. 2.54 months;
P<0.0002). 128 Although not statistically significant in all reports, there appears to be a
trend that patients with metastases actually present earlier to clinic from symptom onset,
likely due to the disease severity. These reports provide evidence that diagnosis delay
does not increase the risk of developing detectable metastasis before OS diagnosis.
Rather, they suggest that tumor biology is the driver of malignant tumor character.
Studies reporting the highest prevalence of metastasis at OS diagnosis were from
countries with medium/ low HDI. 14, 122 Socio-economic status, educational levels, and
healthcare systems and resources can negatively effect patient outcomes. 14 Within the
United States’ healthcare system, counties with the lowest composite socioeconomic
status scores had a higher proportion of patients with metastasis at diagnosis.

22

Socioeconomic status combines individual elements, social factors, and local
infrastructure, and may identify communities with less access to medical care.
Comparatively, Central American and African countries have a higher proportion of the
population in underdeveloped communities with limited access to medical care. Barriers
to accessing medical care may discourage individuals from seeking medical attention
unless symptoms are severe. Similar to the observation of patients with metastatic disease
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presenting earlier to clinic in very high HDI countries, if individuals with severe
symptoms are more likely present to clinic in medium/ low countries, the prevalence of
metastatic disease at diagnosis will be artificially inflated in these countries.
Alternatively, the delay in diagnosis may be longer and driving a higher
prevalence of metastasis at diagnosis in countries with medium/ low HDI as compared to
countries with very high/ high HDI. Three of the four research groups evaluating the
effect of diagnosis delay on the prevalence of metastasis at OS diagnosis had an upper
range of 1-2 years from onset of symptoms to diagnosis. One group had a range of 10
years. 125 When comparing the lower and upper quartile of symptom length, a difference
in diagnostic delay on metastatic development prior to diagnosis was still not observed.
While this suggests that diagnosis delay does not have an effect up to a decade, the
results cannot be extrapolated to countries with medium/ low HDI, where diagnostic
delay may be even longer. The improved prognosis with addition of chemotherapy to OS
treatments demonstrates that intervention is needed to prevent development of metastatic
disease. It is unclear how well individuals in countries with medium/ low HDI are being
diagnosed and treated compared to those in countries with very high/ high HDI. Research
must be conducted in medium/ low HDI countries to determine if diagnosis delay is
affecting patient outcomes.
The findings that the prevalence of metastasis is relatively constant and is not
affected by diagnosis delay in countries with very high HDI values suggest there is a
biological baseline for the presence of metastasis at diagnosis. Given that patients with
metastases present earlier to clinic in countries with very high HDI, early detection may
not be useful in improving survival rates. In countries with medium/ low HDI, where
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there are more barriers to accessing healthcare, two phenomenon may occur that give rise
to the observed higher prevalence of metastasis at OS diagnosis. First, patients may delay
seeking treatment significantly longer than patients in developed countries, allowing
micrometastases time to develop into detectable metastasis above the 18% baseline
observed in very high HDI countries. Second, patients with less severe symptoms may
not present to clinic, artificially inflating the percentage of severe cases with detectable
metastasis.
A limitation of this study is the lack of research that has been conducted in
countries with medium/ low HDI. Research must be performed to address the question of
whether delay in diagnosis increases the prevalence of detectable metastatic disease at the
time of OS diagnosis in these countries. This knowledge will direct the treatment course
if it can be determined whether earlier detection and treatment could improve patient
outcomes in countries with medium/ low HDI.
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TABLES
Table 1. Prevalence of metastatic osteosarcoma at diagnosis stratified by HDI
group. The 35 studies meeting inclusion criteria for analysis are listed according to
descending HDI value. The HDI grouping is noted as defined by the United Nations: very
high, high, and medium/ low. The centers or registries from which the data was originally
collected, the collection period, and the number of patients in each study are provided. A
general age grouping was assigned to each study: pediatric (upper age no greater than 18
years), adult (no pediatric cases), and mixed ages (all patients seen at a clinic that
included pediatric and adult populations).
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Table 1. Prevalence of metastatic osteosarcoma at diagnosis stratified by HDI group
1
2
3
4
5
6

Norway
Norway
Norway
Australia
Netherlands
Germany

HDI
Value
0.944
0.944
0.944
0.935
0.922
0.916

7

United States

0.915

Very High

8

0.913

Very High

0.910

Very High

10

Canada
Hong Kong,
China
Scotland

0.907

Very High

11

Japan

0.891

Very High

12
13
14
15
16
17
18

Belgium
France
Finland
Finland
Italy
Italy
Italy
Czech
Republic
Argentina
Hungary
Asia

0.890
0.888
0.883
0.883
0.873
0.873
0.873

Very High
Very High
Very High
Very High
Very High
Very High
Very High

Norwegian Cancer Registry
Norwegian Cancer Registry
Norwegian Radium Hospital, Oslo
Royal Prince Alfred Hospital, Camperdown
Nijmegen University Hospital, Nijmegen
Hannover University Medical School, Hannover
Surveillance, Epidemiology, and End Results
Program (NCI); National Program of Cancer
Registries (CDC)
Mount Sinai Hospital, Toronto
Chinese University of Hong Kong, Prince of
Whales Hospital, Hong Kong
University of Glosgow, Glosgow
Tohoku Musculoskeletal Tumor Society and the
National Cancer Center, Tokyo
University Hospital Leuven, Pellenberg
Hospital of Hautepierre, Strasbourg
Finnish Cancer Registry
Finnish Cancer Registry
Rizzoli Orthopedic Institute, Bologna
Rizzoli Orthopedic Institute, Bologna
Rizzoli Orthopedic Institute, Bologna

0.870

Very High

Masaryk Memorial Cancer Institute, Brno

1999-2010

36

Adult

0.836
0.828
N/A

Very high
Very High
Very High

Italian Hospital of Buenos Aires, Buenos Aires
Second Department of Pediatrics, Budapest
*

1980-2004
1988-2006
N/A-2001

327
122
209

Mixed Age
Pediatric
Adult

ID

9

19
20
21
22

Country

HDI
Group
Very High
Very High
Very High
Very High
Very High
Very High

Centers/ Registries
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Collection
Period
1953-1977
1975-2009
1981-1995
1979-1994
1974-1996
1980-1991

Total
Patients
240
473
103
62
51
47

Age
Group
Mixed Age
Mixed Age
Mixed Age
Adult
Mixed Age
Adult

1999-2008

7,104

Mixed Age

1986-2003

247

Mixed Age

1993-2008

77

Pediatric

1933-2004

217

Pediatric

1972-2002

64

Adult

1962-1987
1983-1994
1971-1990
1991-2005
1959-1979
1982-2002
1961-2006

58
30
166
62
433
1,458
30

Pediatric
Mixed Age
Mixed Age
Pediatric
Mixed Age
Mixed Age
Adult

N/A

Very High

24
25

Germany,
Austria,
Switzerland
Malaysia
Malaysia

0.779
0.779

High
High

26

Turkey

0.761

High

27
28
29

Turkey
Turkey
China

0.761
0.761
0.727

High
High
High

30

Thailand

0.726

High

23

German-Austrian- Swiss Osteosarcoma Study
Group
Hospital Universiti Sains Malaysia, Kelantan
Hospital of Kuala Lumpur, Kuala Lumpur
Ankara Numune Education and Research
Hospital, Ankara
**
Hacettepe University, Ankara
Peking University People's Hospital, Beijing
Faculty of Medicine Ramathibodi Hospital
Mahidol University, Bangkok

1980-1998

1,702

Mixed Age

2005-2010
1995-1999

163
21

Mixed Age
Mixed Age

2002-2012

21

Adult

1995-2011
1985-2004
1998-2011

240
69
54

Mixed Age
Pediatric
Adult

1985-1988

130

Mixed Age

Medium/
University Hospital, Alexandria
1979-1988
105
Mixed Age
Low
Medium/
Greys Hospital, University of KwaZulu-Natal,
32 South Africa
0.666
2009-2011
24
Mixed Age
Low
Pietermaritzburg
Medium/
33 India
0.609
Tata Memorial Hospital, Bombay
1985-2988
273
Mixed Age
Low
Medium/
34 Pakistan
0.538
Aga Khan University Hospital, Kariachi
2004-2008
22
Adult
Low
Central
Medium/
35
N/A
***
2000-2009
264
Pediatric
America
Low
N/A: Data not available or applicable. * Countries: S. Korea, Japan, Thailand, China, Philippines. Centers/ Registries: Catholic Center Hospital,
Seoul; National Cancer Center Hospital, Tokyo; Seoul National University Hospital, Seoul; Siriraj Hospital, Bangkok; Korea Cancer Center
Hospital, Seoul; Kosin University Gospel Hospital, Busan; Jishuitan Hospital, Beiging; Kanazawa University Hospital, Kanazawa; Tata Memorial
Hospital, Mumbai; Philippine General Hospital, Manila. ** Country: Turkey. Centers/ Registries: Ankara Oncology Training Center and Research
Hospital, Ankara; Dicle University Hospital, Diyarbakir; Ankara Numune Training and Tresearch Hospital, Ankara; Erciyes University Hospital,
Kayseri; 9 Eylul University Hospital, Izmir. *** Countries: Costa Rica, El Salvador, Guatemala, Honduras, Nicaragua, Panama. Centers/
Registries: National Children's Hospital, San Jose; Benjamin Bloom National Children's Hospital, San Salvedor, National Pediatric Oncology
Unit, Guatemala City; Maternity and Children's Hospital, Honduras; "La Mascota" Children's Hospital, Managua; Children's Hospital of Panama,
Panama City; Pediatric Specialties Hospital, Panama.
31

Egypt

0.690
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FIGURES
Figure 1. Prevalence of metastatic osteosarcoma at diagnosis stratified by HDI
group. The thirty-five studies meeting the inclusion criteria were grouped according to
HDI values defined by the United Nations: very high HDI (n=23), high HDI (n=7), and
medium/ low HDI (n=5). The number of patients presenting with metastases at the time
of OS diagnoses (Mets(N)) is listed in addition to the total number of patients diagnosed
with OS (Total (N)). Prevalence (boxes), 95% confidence intervals (lines), and pooled
prevalence (diamonds) are shown for each study. ‘Overall Pooled’ is the pooled
prevalence of all 35 studies. ‘ID’ refers to table 1 ID.

Figure 2. Prevalence of metastatic osteosarcoma at diagnosis from high HDI
countries stratified by age group. Subgroup analysis was performed on the very high
HDI studies to evaluate heterogeneity. Subgroups were categorized by the general age
groupings: pediatric (upper age no greater than 18 years), adult (no pediatric cases), and
mixed ages (all patients seen at a clinic that included pediatric and adult populations).
Prevalence (boxes), 95% confidence intervals (lines), and pooled prevalence (diamonds)
are shown for each study. ‘Overall Pooled’ is pooled prevalence of the 23 studies from
very high HDI countries. ‘ID’ refers to table 1 ID.
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Figure 1. Prevalence of metastatic osteosarcoma at diagnosis stratified by HDI group
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Figure 2. Prevalence of metastatic osteosarcoma at diagnosis from high HDI countries
stratified by age group
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SUMMARY
Background: Osteosarcoma (OS) is the most common primary bone tumor in humans
and dogs, with metastatic disease responsible for most treatment failure and patient death.
Canine OS is a naturally occurring, spontaneous disease with more rapid disease
progression and greater incidence than human OS. Primary canine OS shares many
characteristics with human OS. In this study we evaluated the similarities of metastatic
OS between the species by comparing risk factors for having metastatic OS at diagnosis.
Methods: Patient data was collected for dogs diagnosed with OS at our veterinary clinic
and pediatric patients documented with OS in the Surveillance, Epidemiology, and End
Results database. Univariate analysis and unconditional logistic regression models were
generated to identify associations between key clinical factors and presenting with
metastatic OS at diagnosis in humans and dogs.
Results: Primary tumor size and location, gender, and Hispanic origin are independently
associated with presenting with metastatic disease in human osteosarcoma (OS) patients
under 30 years of age, but only primary tumor location is independently associated with
presenting with metastatic disease in canine OS patients.
Conclusions: An understanding and utilization of the metastatic OS canine model may
help identify new treatment strategies to improve patient survival in both humans and pet
dogs. Here we build on the current knowledge of the canine model of OS by showing that
primary tumors in the same anatomical location metastasize at a similar rate to human
OS.
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INTRODUCTION
Osteosarcoma (OS) is the most common primary bone tumor in humans and dogs,
representing 56% of malignant bone tumors in children and 85% in dogs.

19, 43

Canine

OS is similar to human OS in spontaneous occurrence, genetic aberrations, clinical
presentation, biological behaviors, and metastatic progression. 7, 43-46, 50 When primary
tumor resection is the only treatment, death from metastatic disease will occur in 90% of
dogs before 1 year and 80% of humans before 2 years. 7, 8, 43, 44, 129 OS survival
dramatically improved with the introduction of high-dose chemotherapy into treatment
regiments in the 1970s, but survival outcomes have not changed in the past four decades.
24

Metastatic disease is still the main cause of treatment failure and patient death for 75-

90% of dogs and 40% of pediatric patients within 2 and 5 years, respectively, of localized
OS diagnosis and primary tumor resection with adjuvant chemotherapy.

16, 46

Canine OS is highly advantageous to study given that it is a naturally occurring,
spontaneous disease with similar characteristics to human OS. Additionally, the disease
progression is more rapid and the incidence is much higher in dogs than in humans:
>10,000 per year compared to 1,000 per year in humans within the United States. 10, 19, 43
Several reports have evaluated risk factors and characteristics of primary OS between
humans and dogs to understand the comparability between the diseases. 7, 44, 46, 50 In this
study we compared risk factors for having detectable metastatic OS at diagnosis between
dogs diagnosed with OS at our veterinary clinic and pediatric patients documented with
OS in the Surveillance, Epidemiology, and End Results database. An understanding and
utilization of the metastatic OS canine model may help identify new treatment strategies
to improve patient survival in both humans and pet dogs.
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METHODS
Eligible Cases and Data Extraction from Human Database
The Surveillance, Epidemiology, and End Results (SEER) Program was used to
identify osteosarcoma (OS) patients reported between 1973 and 2012. SEER currently
collects cancer incidence and survival data from 18 population- based cancer registries
within the US, covering approximately 28 percent of the US population.
All cases under 30 years of age presenting with high-grade OS were identified in
the SEER program using the international classification of childhood cancer (N =3,233).
This age range captures the primary peak incidence of OS in the US and worldwide. 15, 16
Only patients presenting with their first primary malignancy were considered for analysis
(N = 3,093). Metastatic OS was characterized based on a SEER staging variable. A
staging of “distant’ was classified as presenting with distant metastasis at diagnosis (N=
566), while a staging of ‘localized’ or ‘regional’ was classified as presenting without
metastasis at diagnosis (N = 2,333). Patients for which staging was unavailable or
unknown were excluded from analysis (N = 194).
Patient characteristics of interest included age, sex, primary tumor site, primary
tumor size, race, and Hispanic origin. Age was categorized into three general groupings:
9 years and younger, 10 to 14 years, 15 to 19 years, and 20 to 29 years. Due to the
majority of cases occurring in the second decade of life, this age range was further
divided into two groups. Cases characterized by a SEER race variable as either white or
black were identified, and all other races were categorized as ‘other’. Cases were
considered to have a Hispanic origin based on a SEER origin variable, and those with
‘unknown’ classifications were classified as missing (n=17). Primary tumor sites were
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grouped by anatomical location and based on ICD-O-3 codes: lower limb (lower long,
lower short), upper limb (upper long, upper short), trunk (vertebral column, rib, sternum,
clavicle, pelvic, sacrum, coccyx), and head (skull and face, mandible). Primary sites with
non-specific classifications were classified as missing, including ‘bone not otherwise
specified’ (n=9) and ‘overlap bone joint and cartilage’ (n=2). Primary tumor size was
grouped into tertiles: < 7.2cm, 7.2cm – 11.0cm, > 11.1cm. Tumor size measurements
were available for 1,702 cases, including all cases diagnosed prior to 1988.

Eligible Cases and Data Extraction from Canine Database
A retrospective review of electronic medical records identified 425 pet dogs
diagnosed with OS from October 2003 to February 2015 at the University of Minnesota
Veterinary Medicine Clinic. Fifty cases presenting with extraskeletal or oral OS were
excluded, and an additional 86 cases were excluded due to unknown status of metastasis
at diagnosis, resulting in 289 pet dogs representing 49 breeds available for analysis
(Table 1).
Patient characteristics of interest were similar to humans, including age, sex,
primary tumor location, primary tumor size, body weight and breed. Body weight was
grouped into tertiles: <70 lbs., 70-92 lbs., > 92 lbs. Age was categorized into young (< 6
year), middle (6 to 10 year), and old (>11 years). Forty-nine breeds were available for
analysis, of which a substantial proportion (45%) was Labrador Retrievers, Golden
Retrievers, Rottweilers and German Shepherds. These 4 breeds were categorized as
reported, and the remaining 45 breeds, with less than 15 dogs per breed, were grouped as
‘other’. Tumor location groupings were based on the reported location of primary tumor
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site and were made to parallel the human categories. Primary tumor sites included hind
limb (femur, tibia, fibula tarsal, metatarsal), forelimb (humerus, radius, ulna, scapula),
trunk (ribs, vertebral column, pelvic), and head (hard palate, mandible, maxilla, occipital
bone, orbital rim, zygomatic arch, calvaria). Primary tumor location was unknown for
one dog. Five (1.7%) sexually intact females and 8 (2.8%) sexually intact males were
grouped with spayed and neutered dogs, respectively.
Radiographs on file for 80 appendicular skeletal cases with known staging were
used to measure tumor size. Tumor measurements were not obtainable if only one view
was available (only anteroposterior or lateral), exposure or positioning was poor, the
entire tumor was not included in the views, or if referral films were scanned into the
system from plain film or in a format that was not compatible for accurate measurements.
In an attempt to parallel the tumor measurements provided by the SEER database, the
largest dimension among absolute tumor length (ATL), absolute tumor width (ATW),
and absolute tumor height (ATH) was used as ‘tumor size’. For direct comparison, canine
tumor size measurements were grouped into categories with size ranges identical to the
groupings based on human tumor size tumor size (<7.20cm, 7.20cm – 11.00cm,
>11.10cm).

Statistical Methods
Chi square and Fisher’s exact tests were used to evaluate univariate associations
between key clinical factors and presenting with metastatic OS at diagnosis in humans
and dogs (Table 2). Fisher’s exact tests were used when any group within a subset had
less than 5 cases; Chi square was used in all other analysis. Univariate analysis was
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conducted on all cases with information on metastasis at diagnosis and the clinical factor
of interest. The Cochran- Armitage test for trend was used to evaluate linear trends across
strata of increasing age, tumor size, and canine body weight.
Unconditional logistic regression models were created to identify clinical factors
independently associated with presenting with metastatic OS in each species (Table 3).
Wald statistics were used to test the significance of individual coefficients, and
improvement of fit was evaluated with a type 3 analysis. To enable accurate evaluation of
improvement of fit statistics, cases were only included if data on all variables was known
(N = 1,688 for humans, N = 279 for dogs). Tumor size was not included in the canine
logistic regression models since tumor size measurements were only available for
appendicular tumors in dogs. When possible, reference levels for canine logistic
regression models were set to parallel those set for humans. The reference level for
primary tumor location was set to ‘lower limbs’ in humans and ‘forelimbs’ in dogs since
the forelimbs bare approximately 60% of a dog’s weight. 48
Table 3 displays adjusted odds ratios (OR) and 95% confidence intervals (95%
CI) for all variables of interest. Unless otherwise noted, odds ratios for humans are
adjusted for age, sex, primary tumor site, primary tumor size, race, and Hispanic origin,
and odds ratios for dogs are adjusted for age, sex, primary tumor site, body weight and
breed. Improvement of fit p-values for a variable of interest was generated from logistic
regression models with all other covariates included.
All statistics were calculated using SAS v9.4.
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RESULTS
Metastasis by primary tumor location
Metastatic osteosarcoma (OS) at diagnosis was observed in 19.5% of human and
12.8% of canine cases. Primary tumors were most frequently located in the lower limbs
of humans (94.0%) and forelimbs of dogs (52.4%). In both species, primary tumors
located in the trunk had the highest frequency of metastasis (31.0% in humans, 38.5% in
dogs), whereas primary tumors located in the head had the lowest (11.3% in humans,
7.14% in dogs). In the univariate analysis (Table 2), primary tumor location was
significantly associated with metastatic OS at diagnosis in humans, but a significant
association was not observed in dogs (p = 0.0670). In the multivariate analysis (Table 3),
primary tumor location significantly improved the fit of both human and canine models
(p <0.0001 and p= 0.0129, respectively).
In both species, primary tumors located in the trunk gave the highest odds of
presenting with metastasis. Humans with primary tumors located in the trunk had a 2.8
greater odds of presenting with metastasis compared to primary tumors located in the
lower limbs (95% CI: 1.91, 4.28), and dogs with a trunk tumor location had a 9.72 greater
odds of presenting with metastasis compared to primary tumors located in the forelimbs
(95% CI: 2.42, 39.06). Similarly, primary tumors in the upper limbs of humans and hind
limbs of dogs had increased odds of presenting with metastasis, (OR: 1.56 95% CI: 1.09,
2.22 in humans; OR: 1.71 95% CI: 0.75, 3.88 in dogs), although the association was not
statistically significant in dogs. The odds of primary tumors located in the head
presenting with metastasis was not statistically different from each species’ respective
reference.
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Metastasis by sex
Males had a higher prevalence of OS in both species (56.8% in humans and
52.0% in dogs), with a significant association between sex and metastatic disease
observed in humans (p = 0.0004) but not dogs (p = 0.5296). In the multivariate analysis,
human males had 1.35 greater odds of presenting with metastasis compared to human
females (95% CI: 1.04, 1.76) and male dogs had a nonsignificant 78% higher odds
compared to female dogs (95% CI: 0.79, 4.02).

Metastasis by age at diagnosis
The association between human age and presenting with metastasis was not linear
in the univariate analysis (p for trend = 0.2721), but appeared to follow a nonlinear trend,
with increasing prevalence observed from age groups under 10 years to 10-14 years and a
decreasing prevalence observed after. Similarly, in the multivariate analysis, cases
between ages 20 and 29 years had a 30% lower odds of presenting with metastasis
compared to cases between ages 10 and 14 years (95% CI: 0.49, 1.00), but the age
variable did not improve the fit of the logistic regression model (p = 0.2327).
In dogs, the prevalence of metastasis appeared to increase across the age groups in
the univariate analysis, but a test for linear trend was not significant (p = 0.8934). When
age was added as a continuous variable to the logistic regression model, a 1 year increase
in age was associated with a 17% increase in odds of presenting with metastasis at
diagnosis (95% CI: 1.00, 1.38), and the improvement of fit statistic for the continuous age
variable approached significance (p = 0.0561).
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Metastasis by human ancestry
Race was not associated with metastasis at presentation in the univariate analysis
(p = 0.2056) and did not improve the fit of the logistic regression model (p = 0.5526).
Hispanic origin was associated with presenting with metastasis in the univariate analysis,
with 24.3% of humans of Hispanic origin presenting with metastasis compared to 18.2%
of humans without a Hispanic origin. In the multivariate analysis, Hispanic origin
significantly improved the fit of the model (0.0153), and a 1.42 higher odds of presenting
with metastasis was found in humans of Hispanic origin compared to those without a
Hispanic origin (95% CI: 1.07, 1.89).

Metastasis by canine size and breed
Canine breed was not significantly associated with presenting with metastasis in
the univariate analysis (p = 0.7007) and did not significantly improve the fit of the
logistic regression model (0.5915). Similarly, canine body weight was not significantly
associated with presenting with metastasis and did not improve the fit of the logistic
regression model (p = 0.5444).

Metastasis by primary tumor size
In humans, tumor size was significantly associated with metastatic disease at
diagnosis (p < 0.0001), and a linear trend of increasing odds of metastasis was observed
with increasing tumor size (p<0.0001). When only appendicular tumor measurements
were analyzed in humans, a significant linear trend was still observed (p < 0.001 – data
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not shown). However, an association between appendicular tumors and presenting with
metastatic OS was not found in dogs. In attempt to identify potential confounding effects
of primary tumor size on other covariates, a logistic regression model was run on human
cases that did not adjust for tumor size (Model 1, Table 3). In this analysis, other than the
association of head tumors with metastasis, the ORs only changed minimally.
Consequently, while tumor size is independently associated with presenting with
metastasis, we speculate that its absence from canine logistic regression models should
not substantially alter observed associations.
The availability of tumor size measurements was also a concern for human cases
given a large proportion (41.3%) of measurements were unavailable. When tumor size
was characterized as missing or not missing, we did not find an association between its
availability and metastasis (p = 0.5984). Non-Hispanics had a higher proportion of
missing tumor sizes (44.6%) compared to Hispanics (29.54%) (p <0.0001), but the
prevalence of metastasis at diagnosis was similar between Hispanics with available tumor
size measurements (24.47%) and those without (23.86%) (p = 0.8669), as well as
between non-Hispanics with available tumor size measurements (18.17%) and those
without (18.12%) (p = 0.9724). Tumor size availability was not significantly associated
with any other clinical variable of interest, and a multivariate analysis controlling for
missing tumor size, age, sex, primary tumor location, race, and Hispanic origin did not
find that missing tumor size was predictive of metastasis at diagnosis (OR = 0.97, 95%
CI 0.80, 1.18 – data not shown), suggesting that restricting logistic regression analysis to
patients for whom tumor size is available does not reflect any known selection bias.
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DISCUSSION
Humans and dogs share many clinical features of primary osteosarcoma (OS).
Patients present with pain/ lameness and swelling at the tumor site, on radiograph the
lesions are nearly indistinguishable, and definitive diagnosis is made through histological
evaluation of a biopsy. 7, 8, 10, 45 The primary tumor site is also similar in pediatric and
dog patients. Seventy-five to ninety percent of canine OS develops in the appendicular
skeleton, which increases with larger body size. 43, 47, 49, 130 In a review of 1462 cases of
canine OS, dogs <50 lbs accounted for only 9% of OS cases. 49 Fifty-three percent of the
tumors in the small dogs were located in the axial skeleton, compared to 7% in dogs >100
lbs. Our population is representative of these observations, with 94% of OS occurring in
dogs >50 lbs and 89% occurring in the appendicular skeleton. The larger breed dogs, in
particular, are comparative to pediatric OS in primary tumor predilection site, with 88%
of pediatric OS in the appendicular skeleton of SEER cases less than 30 years of age.
A small early peak incidence of OS is sometimes observed in dogs around 18-24
months, but the greater peak incidence is at 7-9 years with a median of 7 years. 43, 44, 46, 47
Compared to human OS, with the greatest peak incidence in adolescence, the disease in
dogs occurs in older dogs after growth plate closure. 15, 16 However, OS development
may still be associated with growth in dogs. The most common tumor site for canine OS
is in weight bearing bones adjacent to late-closing physes, where there is greater cell
turnover. 48 Additionally, it is well reported that canine OS most commonly occurs in
large and giant breed dogs, and the forelimbs, which bear more body weight, are affected
more frequently than the rear limbs. 43, 44, 48, 49, 130 In our patient population, OS occurred
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in the forelimbs 37% more frequently than the rear limbs, and other groups have reported
up to a two-fold difference. 49
Humans and dogs also share many features of metastatic OS. Lungs are the most
common site of metastasis, metastatic disease is the main cause of patient death, and
disseminated disease is likely present in the majority of human and canine patients at OS
diagnosis. 7, 8, 16, 43 Eighty to ninety percent of human and canine patients initially
presenting with localized disease and treated with amputation alone will die from
metastatic OS despite successful management of the primary tumor through limb
amputation. 7, 8 Therefore, it is postulated that these patients have micrometastases at
diagnosis. Due to lung metastases being a soft tissue disease, only nodules that are 6-8
mm can be clinically detected. 43
Schmidt et al. performed a meta-analysis to evaluate the prognostic values of
several factors in determining the development of metastasis following amputation of
appendicular canine OS. 131 They found that breed is not a significant factor and other
variables, including age, gender, weight, and tumor location, had only weak associations
with developing metastasis. Weight had an increased hazard ratio of 1.02 per kg increase,
and patients with a distal radius OS were associated with a 0.75 decreased hazard ratio of
metastasis. In humans, older age, 17, 22, 29 axial tumor location, 17, 22, 29-35 and tumor size
13, 22, 34

have been reported by a number of research groups to increase risk of metastatic

disease at diagnosis and worsen survival outcomes.
In this study, several associations between clinical factors and presence of
metastasis at diagnosis were found to be significant and similar in dogs and humans.
Although primary tumor location was not significantly associated with metastatic OS at
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diagnosis in dogs like it was in humans, primary tumor location did improve the fit of
both human and canine models in the multivariate analysis. Tumors located in the trunk
had the highest rate of metastasis, and tumors located in the head had the lowest. Males
had a higher frequency of primary OS and increased odds for having metastasis at the
time of diagnosis in both species, but a statistically significant increase in odds for
metastatic OS at diagnosis was only found in human males. Male dogs and humans in
adolescence have been previously reported to experience primary OS at a ratio up to
1.5:1 compared to females. 15, 17, 19, 43 However, this association is not consistent in all
reports. 43
A few factors were also significant in one species but not the other. For dogs,
each year increase in age was associated with a 17% increase in odds of presenting with
metastasis at diagnosis. This trend is more similar to what is observed when pediatric OS
patients are compared to adult OS patients in their sixth decade of life and older. 18-20
Within the pediatric population, increasing age was not associated with an increase in
metastatic disease at diagnosis. In fact, there was a decrease in metastasis between the
ages of 20 and 29 years compared to 10 and 14 years. Conversely, increasing primary
tumor size was not found to be significant in the canine population, unlike what was seen
for humans in this study and several other studies. 13, 22, 34 Interestingly, Hispanic origin
but not race was a significant risk factor for having metastatic OS at diagnosis (OR 1.42
Hispanic vs. non-Hispanic). This was not reflected in dogs, as breed did not have a
significant effect on metastatic OS at diagnosis.
Lower socio-economic status, which is a combination of individual elements,
social factors, and local infrastructure, can negatively effect patient outcomes. 14
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Previous analysis of SEER data has shown that counties with the lowest composite
socioeconomic status scores have a higher proportion of patients with metastasis at
diagnosis. 22 The difference observed in this study in metastatic rate at diagnosis in
patients with Hispanic origin may be a reflection of socioeconomic status. Alternatively,
there may be an intrinsic difference in OS from patients with Hispanic origin that renders
their disease more aggressive. Although ethnicity has not yet been reported as a factor in
OS, it has been shown to play a role in many other cancer types.
Limitations of this study that influence the significance of clinical variable
association with increased risk of metastatic OS at diagnosis include the smaller number
of canine patients and the limited availability of tumor size. Despite these limitations, our
analysis shows that several factors influencing metastasis at diagnosis are similar
between pediatric and canine patients. With most patient deaths from OS occurring from
detectable metastatic disease, therapeutics targeting metastases are needed to improve OS
survival outcomes. Utilizing the metastatic OS canine model, which resembles human
metastatic OS disease, has greater incidence, and progresses faster, may help identify
new treatment strategies to improve patient survival in both humans and pet dogs.
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TABLES
Table 1. Number of dogs with metastasis at osteosarcoma diagnosis stratified by
breed. Two hundred and eighty-nine pet dogs representing 49 breeds diagnosed with OS
from October 2003 to February 2015 at the University of Minnesota Veterinary Medicine
Clinic met inclusion criteria for analysis.

Table 2. Univariate analysis of key clinical factors compared to metastatic
osteosarcoma in humans and dogs. Univariate associations between key clinical factors
and presenting with metastatic OS at diagnosis was conducted using Fisher’s exact tests
for factors in which a group had less than 5 cases and Chi square for all other factors. The
Cochran- Armitage test for trend was used to evaluate linear trends across strata of
increasing age, tumor size, and canine body weight.

Table 3. Adjusted odds ratios and 95% CI from logistic regression analysis for
metastatic OS at diagnosis in humans and dogs. Unconditional logistic regression
models were created using cases for which data on all variables was known (n = 1,688 for
humans, n = 279 for dogs). Odds ratios (OR) and 95% confidence intervals (95% CI) are
listed for all variables of interest adjusted for age, sex, primary tumor site, primary tumor
size, race, and Hispanic origin in humans and for age, sex, primary tumor site, body
weight, and breed for dogs, unless otherwise noted. Tumor size was not included in the
canine logistic regression models since tumor size measurements were only available for
appendicular tumors in dogs.
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Table 1. Number of dogs with metastasis at osteosarcoma diagnosis stratified by breed

Breed
Labrador Retriever
Golden Retriever
Rottweiler
German Shepherd
Greyhound
Great Dane
Doberman Pinscher
Mastiff
Newfoundland
St. Bernard
American Staffordshire Bull Terrier
Mixed Breed Dog
Vizsla
American Bull dog
Bernese Mountain Dog
Siberian Husky
German Shorthaired Pointer

Total
70
52
27
17
12
11
8
7
7
6
5
5
5
4
4
4
3

Metastatic
disease at
diagnosis
[N (%)]
7 (10.0)
6 (11.5)
5 (18.5)
1 (5.9)
2 (16.7)
0 (0.0)
1 (12.5)
1 (14.3)
0 (0.0)
1 (16.7)
0 (0.0)
0 (0.0)
1 (20.0)
1 (25.0)
2 (50.0)
1 (25.0)
0 (0.0)

Breed
Great Pyrenees
Standard Poodle
Alaskan Husky
Boxer
Dalmatian
Irish Setter
Irish Wolfhound
Leonberger
Afghan Hound
Airedale Terrier
Akita
Alaskan Malamute
American Eskimo
Australian Shepherd
Basset Hound
Beagle
Belgian Tervuren

Total
3
3
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1

Metastatic
disease at
diagnosis
[N (%)]
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
1 (50.0)
0 (0.0)
0 (0.0)
1 (50.0)
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
1 (100.0)
0 (0.0)
0 (0.0)

Breed
Blue Heeler
Brittany Spaniel
Canaan
Cane Corso
Coonhound
Pembroke Welsh Corgi
Scottish Deerhound
English Springer Spaniel
Flat Coat Retriever
Wire Hair Fox Terrier
Kuvasz
Norwegian Elkhound
Old English Sheepdog
Old English Bulldog
Shetland Sheepdog

Total
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Metastatic
disease at
diagnosis
[N (%)]
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
1 (100.0)
0 (0.0)
0 (0.0)
1 (100.0)
1 (100.0)
0 (0.0)
1 (100.0)
0 (0.0)
0 (0.0)
1 (100.0)
0 (0.0)

Total: Total number of dogs reported from the respective breed. N: Number with metastatic disease at diagnosis. %: Percent of total
with metastatic disease at diagnosis.

75

Table 2. Univariate analysis of key clinical factors compared to metastatic osteosarcoma
in humans and dogs
Human

Characteristic
Age
< 10 years old
10 - 14 years old
15 - 19 years old
20 - 29 years old
Sex
Male
Female
Primary Site
Lower limb
Upper limb
Trunk
Head
Tumor Size (cm)
<7.2
7.2 - 11.0
≥ 11.1
Race
Black
White
Other
Hispanic Origin
Yes
No

Canine

Total

Metastatic
disease at
diagnosis
[N (%)]

363
947
964
625

60 (16.5)
208 (22.0)
197 (20.4)
101 (16.2)

1,647
1,252

359 (21.8)
207 (16.5)

2,176
352
210
150

396 (18.2)
82 (23.3)
65 (31.0)
17 (11.3)

<0.0001

566
587
549

54 (9.5)
123 (21.0)
160 (29.1)

<0.0001
<0.0001*

435
2,173
291

91 (21.0)
429 (19.7)
46 (15.8)

0.2056

667
2,215

162 (24.3)
402 (18.2)

0.0005

p-value

Characteristic
Total
Age
< 6 years old
37
6 - 10 years old 197
≥ 11 years old
55

0.0136
0.2721*

Metastatic
disease at
diagnosis
[N (%)]

p-value

4 (10.8)
25 (12.7)
8 (14.6)

0.8934†
0.8982*

Sex
Male
Female

150
139

21 (14.0)
16 (11.5)

0.5269

Forelimb
Hind limb
Trunk
Head
Tumor Size (cm)‡
<7.2
7.2 - 11.0
≥ 11.1
Body Weight (lbs)
< 70
70 to 92
>92
Breed
Labrador Retriever
Golden Retriever
Rottweiler
German Shepherd
Other**

151
110
13
14

17 (11.3)
14 (12.7)
5 (38.5)
1 (7.14)

0.0670†

23
29
28

4 (17.4)
2 (6.9)
6 (21.4)

0.3281†
0.6229*

94
99
87

11 (11.7)
9 (9.1)
14(16.1)

0.3407
0.8776*

70
52
27
17
123

7 (10.00)
6 (11.54)
5 (18.52)
1 (5.88)
18 (14.63)

0.0004
Primary Site

0.7007†

*P- value for test of linear trend. †P- value for Fisher’s Exact test (when one or more
subgroups have n<5). ‡Appendicular tumors only. **45 other breeds with less than 15
dogs per breed. N: Number with metastatic disease at diagnosis. %: Percent of total with
metastatic disease at diagnosis.
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Table 3. Adjusted odds ratios and 95% CI from logistic regression analysis for metastatic
OS at diagnosis in humans and dogs
Human
Characteristic

Canine

OR (95% CI)
Model 1
Model 2
N =1,688
N = 1,688

Age
< 10 years old
10 - 14 years old
15 - 19 years old
20 - 29 years old
Sex
Male
Female
Primary Site
Lower limb
Upper limb
Trunk
Head
Tumor Size (cm)
<7.2
7.2 - 11.0
> 11.1
Race
Black
White
Other
Hispanic Origin
Yes
No

Characteristic

OR (95% CI)
N = 279

Age
0.71 (0.46, 1.07) 0.76 (0.49, 1.16)
REF
REF
0.87 (0.65, 1.17) 0.85 (0.63, 1.15)
0.67 (0.47, 0.96) 0.70 (0.49, 1.00)

1 year increase 1.17 (1.00, 1.38)

Sex
1.43 (1.11, 1.85) 1.35 (1.04, 1.76)
REF
REF
REF
REF
1.57 (1.10, 2.22) 1.56 (1.09, 2.22)
2.88 (1.89, 4.36) 2.80 (1.81, 4.28)
0.39 (0.16, 0.81) 0.73 (0.29, 1.55)
REF
2.33 (1.64, 3.35)
3.32 (2.35, 4.76)
1.32 (0.92, 1.88) 1.18 (0.82, 1.68)
REF
REF
0.95 (0.60, 1.46) 0.90 (0.57, 1.40)
1.57 (1.19, 2.08) 1.42 (1.07, 1.89)
REF
REF

Male 1.72 (0.76, 3.89)
Female
REF
Primary Site
Forelimb
Hind limb
Trunk
Head
Body Weight (lbs)
< 70
70 - 92
>92
Breed
Labrador Retriever
Golden Retriever
Rottweiler
German Shepherd
Other**

REF
1.71 (0.75, 3.88)
9.72 (2.42, 39.06)
0.82 (0.09, 7.40)
REF
0.91 (0.33, 2.50)
1.55 (0.56, 4.34)
REF
0.78 (0.21, 2.97)
1.79 (0.45, 7.07)
0.49 (0.05, 4.52)
1.63 (0.60, 4.39)

OR: Odds ratios adjusted for all other variables included in the model. N: Cases for
which data on all variables was known. REF: reference group. CI: Confidence interval.
Model 1: Logistic regression model on human cases not adjusting for tumor size. Model
2: Logistic regression model on human cases adjusting for tumor size. **45 other breeds
with less than 15 dogs per breed.
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SUMMARY
Background: Osteosarcoma (OS) is the most common primary bone tumor, with
metastatic disease being the main cause of treatment failure and patient death. A
previously reported forward genetic screen for OS utilizing Sleeping Beauty mutagenesis
in mice identified potential genetic drivers of OS metastasis that included loss of SlitRobo GTPase- Activating Protein 2 (Srgap2).

57

Humans have additional SRGAP2 genes

that arose from duplication events in the genome. SRGAP2C has been shown to act as an
inhibitor of SRGAP2 in laboratory experiments. Loss of SRGAP2 or gain of SRGAP2C
induces phenotypes in cell lines that suggest SRGAP2 may act as a suppressor of
migration in the context of cancer. This study evaluates the potential role of SRGAP2 in
OS cell behavior.
Methods: SRGAP2 was knocked out or conditionally overexpressed in the human OS
cell lines HOS and 143B and the murine OS cell lines K12 and K7M2. Proliferation,
migration, anchorage independent growth, and in vivo metastatic potential following tail
vein injections were evaluated for all cell lines. RNA sequencing and
immunohistochemistry of human OS tissue samples were used to further evaluate the
potential role of the Slit- Robo pathway in OS.
Results: Knockout (KO) of SRGAP2 slowed proliferation in all cell lines except HOS,
while OE of SRGAP2 did not have significant effects on cellular proliferation.
Overexpression of SRGAP2 slowed migration of K12, K7M2, and 143B cell lines in
vitro, while knockout of SRGAP2 had mixed effects of cellular migration but generally
tended to increase migratory capacity. Significant changes in anchorage independent
growth were only observed in the 143B KO cell lines. Overexpression and knockout of
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SRGAP2 both reduced the ability of the K12 cell line to form lung metastases following
tail vein injection, whereas 143B cell lines with high expression of SRGAP2 had
increased metastatic potential. Immunohistochemistry of human tissue samples revealed
loss of SRGAP2 protein expression in 53% of high-grade OS samples (n=19/36), while
expression was retained in the periosteum of normal bone and in low-grade OS samples.
RNA sequencing of human OS showed increased SRGAP2C: SRGAP2 transcript ratios or
decreased expression of ENAH, which has been shown to increase motility in fibroblasts
by the same signaling pathway, in juvenile metastatic OS lesions (n=8/10).
Conclusions: Although the effects of SRGAP2 expression were not straightforward,
particularly in the 143B human OS cell lines, they tended to support the hypothesis that
SRGAP2 may have a role as a suppressor of metastases. This study found that the
SRGAP2C, SRGAP2, and other genes in the Slit-Robo pathway have significantly altered
transcript levels in a subset of mouse and human osteosarcomas. SRGAP2 and other axon
guidance proteins likely play a role in OS metastasis, with loss of SRGAP2 contributing
to a more aggressive phenotype. Further study of the axon guidance pathways may reveal
new opportunities for osteosarcoma treatments.
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INTRODUCTION
Malignant bone tumors comprise the eighth most common type of pediatric
cancer in the United States, with the majority being osteosarcoma (OS).

16, 19

OS has a

bimodal age distribution, with the first and primary peak incidence in adolescence and a
second smaller peak incidence starting in the sixth decade of life. 16 OS survival
dramatically improved with the introduction of high-dose chemotherapy into treatment
regiments in the 1970’s. 24 Despite advanced surgical techniques, the 5-year survival rate
has remained around 60% for the past four decades. 7, 24 Metastatic disease, which
typically occurs in the lungs, is the main cause of treatment failure and patient death.
Targeted therapeutics are needed to improve patient survival beyond what can be offered
by surgery and non-specific chemotherapy.
Osteosarcoma has a high tendency for aneuploidy, chromothripsis, and kataegis,
all indicative of chromosomal instability. 21, 38, 41 Given the complex chromosomal
changes acquired through genomic instability, identifying specific genes involved in OS
tumorigenesis and progression is challenging. Little overlap between potential drivers of
OS exists between published research studies owing to the complexity and the
heterogeneity in OS. A forward genetic screen of OS utilizing Sleeping Beauty
mutagenesis was conducted to identify potential drivers of OS without the complex
background of chromosomal instability.

57

The Sleeping Beauty mutagenesis screen identified 232 sites associated with OS
development and 43 sites associated with metastasis. Slit-Robo GTPase-Activating
Protein 2 (Srgap2) had the most insertions after Pten in metastatic nodules (n=50/134,
37.5%). Additionally, Srgap2 had the fifth most insertions in primary tumors (n= 13/96,
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13.5%) within the subgroup of mice with a Trp53 deficient background in addition to
transposon mutagenesis.
The physiological roles of SRGAP2 have primarily been studied in the context of
cortical neuron function. 132-135 SRGAP2 has three domains: an SH3 domain by which
SRGAP2 binds Robo proteins embedded in cellular membranes, 136 an F-BAR domain
through which SRGAP2 induces filopodia formation,

132, 134, 135

and a Rho-GAP domain

that activates the GTPase of the F-actin modulating Rho-GAP protein Rac1. 132, 137
SRGAP2 underwent 3 duplication events in the human species, creating
SRGAP2B, SRGAP2C, and SRGAP2D, which are truncated versions of the full-length
gene sharing 99% sequence similarity. 138 SRGAP2B and SRGAP2C have been shown to
act as dominant negative inhibitors of SRGAP2 in laboratory experiments; 133 however,
SRGAP2B is predicted to produce mostly isoforms with premature stop codons rendering
it non-functional. 138 SRGAP2D also has a premature stop codon and its product is
predicted to undergo nonsense mediated decay. 138 In population studies, SRGAP2 and
SRGAP2C have a fixed diploid copy number, whereas SRGAP2B and SRGAP2D vary
from 0 to 4 copies, which is further evidence of the more critical physiological role of
SRGAP2 and SRGAP2C compared to SRGAP2B and SRGAP2D. 138
Knockdown of SRGAP2 or gain of SRGAP2C has revealed an increase in neuron
migration through brain slices, whereas overexpression of SRGAP2 encourages neurite
outgrowth and branching thereby decreasing neuron migration. 132, 133 SRGAP2 has been
shown to induce similar phenotypes in cell lines in vitro, 139 supporting the potential role
of acting as a suppressor of migration in the context of cancer. This study evaluates the
potential role of SRGAP2 in OS.
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METHODS
Transposon integration site and RNA sequencing analysis of Sleeping
Beauty derived osteosarcomas
Integrative Genomics Viewer (IGV) 140, 141 was used to analyze the Srgap2
insertion sites previously identified by Illumina sequencing. IGV was also used to
analyze RNA sequencing data from 105 of 119 Sleeping Beauty (SB) derived mouse
osteosarcoma tumors. 57 The samples were mapped using a modified genome containing
an SB chromosome with the T2/Onc sequence.

Cell culture conditions
HOS and 143B cell lines were purchased from the American Type Culture
Collection (ATCC). They were cultured in ATTCs Eagles Minimum Essential Medium
supplemented with 10% fetal bovine serum and 1% penicillin- streptomycin. The cell
lines were authenticized prior to use by short tandem repeat (STR) DNA profiling
analyzed using SoftGenetics GeneMarker 1.85 in accordance to the International Cell
Line Authentication Committee standards (University of Arizona Genetics Core). K7M2
and K12 cell lines were a kind gift from Chand Khanna and cultured in DMEM
supplemented with 10% fetal bovine serum and 1% penicillin/ streptomycin.

Creation of cell lines
SRGAP2 knockout was achieved using the CRISPR/ Cas9 system (Addgene).
Guide RNAs were created to target exon 4 in human cell lines (ctccaagatgatttgatga) and
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exon 6 in murine cell lines (gcattgaggagaagcatgtc). A method of co-transposition
(previously described) 142 was used to enhance screening for knockout clones. Briefly,
cells were transfected with 2 μg Cas9 nuclease, 2 μg guide RNA (gRNA), 500 ng CMVPB7 Piggybac transposase, and 500 ng CAGG-Luciferase-IRES-GFP-PGK-Puro
Piggybac transposon for resistance to puromycin. Electroporation was performed on one
million cells in 100 μL of PBS using the NEON transfection system (Invitrogen),
following the manufacturer’s protocol. After two days of incubation, cells were plated
into 96 well plates at densities ranging from 50-1,000 cells per well. Puromycin was
added at a concentration of 2μg/ mL of culture media, and wells later growing single
colonies were selected for knockout analysis.
Conditional Piggybac vectors were utilized for SRGAP2 overexpression. SRGAP2
cDNA with the human sequence was transferred into the previously described PB-TREDEST1-EF1A-rtTA-IRES-Puro by a standard LR Clonase reaction (Invitrogen),
following manufacturer’s instruction. 18, 29 Luciferase control cell lines were created
using the same CAGG-Luciferase-IRES-GFP-PGK-Puro Piggybac transposon for
resistance to puromycin used in the knockout cell lines. Electroporation was performed
on one million cells in 100 μL PBS with 2 μg Piggybac vector containing the transgenes
for SRGAP2 and puromycin resistance or luciferase and puromycin resistance and 2 μg
CMV-PB7 Piggybac transposase. Following two days of incubation, cells were treated
with 2 μg puromycin/ mL of media to obtain a polyclonal population with an integrated
transgene. SRGAP2 cDNA expression was induced through the addition of 2.5 μg
doxycycline/ mL of media 48 hours prior to the initiation of experiments.
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Analysis of knockout clones
A 300- 400 base pair region spanning the CRISPR gRNA target sequence was
PCR amplified and Sanger sequenced in all monoclonal populations to assess for
genomic mutations (human for: ttgggtctgattggagtggt, human rev: atgccccaaataaagccagg,
murine for: ggccctgctgagttttgtta, murine rev: atcaatcttgccttccaagc). No commercial
antibodies were found to bind murine SRGAP2 for Western blot analysis. Quantitative
RT-PCR (qPCR) was, therefore, used to assess knockout of Srgap2 in K12 and K7M2
cell lines. Western blot analysis and qPCR was used to assess knockout of SRGAP2 in
HOS and 143B cell lines. Finally, to test for heterogeneity among the different copies of
the gene within cells, the TOPO TA Cloning Kit for Sequencing (Life Technologies) was
used to sequence individual copies of SRGAP2. PCR products from each cell line were
inserted into the TOPO vectors, and nine to ten colonies of competent bacteria for each
knockout cell line were selected for Sanger sequencing.

Quantitative RT-PCR
RNA was extracted from cell lines using the High Pure RNA Isolation Kit
(Roche). 1 μg of extracted RNA was reverse transcribed into cDNA using the
Transcriptor First Strand Synthesis (Roche). Quantitative RT-PCR was performed in
triplicate using SYBR green mix (Qiagen) on an ABI 7500 machine (Applied Bio
Systems). Data was analyzed using Microsoft Excel and graphed using the Prism
software package. The following primer sequences were used: human SRGAP2 (For:
gtcagcgaggactcaggaag, Rev: ccgagtagagctcgttcagg); human GAPDH (For:
aaggtgaaggtcggagtcaa, Rev: aatgaaggggtcattgatgg), murine Srgap2 (For:
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aggaggaagcatggaggatt, Rev: ttcatcatcgcttgtgtggt), murine Gapdh (For:
gtgttcctacccccaatgtgt, Rev: gagacaacctggtcctcagtgt). Data was graphed and analyzed
using the Prism software package. Unpaired t-tests were used to determine statistical
significance (p<0.05).

Western blot analysis
Protein was extracted from cultured cells in a NP-40 buffer (50nM Tris HCL pH
7.6, 150mM NaCl, 1% NP-40, 5mM NaF, 1mMEDTA) containing a protease inhibitor
(Roche) and phosphatase inhibitors (Sigma). Protein samples were run on 10% Bis-Tris
gels (NuPage, Invitrogen) and transferred to PVDF membranes. The membranes were
blocked in 5% nonfat dry milk for 1 hour and then incubated with primary antibody for 3
hours: SRGAP2 (1:1000, Abcam, #ab121977) and β-actin (1:2000, Abcam, #ab8227-50).
Subsequently, membranes were incubated in goat anti-rabbit IgG-HRP conjugated
secondary antibody (1:5000, Santa Cruz, #sc-2004) for one hour. Blots were thoroughly
washed and developed using the WesternBright Quantum detection kit (Advansta) and
Licor Odyssey Image Studio.

MTS proliferation assay
Two thousand cells were plated into 6 wells of a 96-well plate for each cell line,
with three replicates per line, for a total of 18 wells. Cells were incubated for 24, 48, 72,
and 96 hours, at which time 20 μL of a 1:20 mixture of phenazine methosulfate (PMS):
3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethonyphenol)-2-(4-sulfophenyl)-2H87

tetrazolium (MTS) was added to each well. Cells were incubated for 4 hours and then
absorbance at 490 nm and 650 nm was read using the BioTek SynergyMx fluorescence
plate reader. Data was graphed using the Prism software package. Within each set of cell
lines, one-way analysis of variance (ANOVA) was conducted at each time point (24
hours, 28 hours, 72 hours, and 96 hours). Significance was set at p<0.01 Fold change for
each time point was also conducted compared to 24 hours.

Wound healing assay
Cells were incubated for 24 hours in silicone inserts with two wells separated by a
width of 500 μm +/- 50 μm (ibidi) in 35 mm dishes. Cell seeding was determined by
plating 25, 30, 35, 40, 45, and 50 x 103 cells in insert wells. The lowest number of cells
for which all transformed cell lines from each set were confluent at 24 hours was used for
experiments: HOS (45,000), 143B (40,000), K12 (35,000), K7M2 (50,000). Doxycycline
was added to cells 24 hours prior to placement in inserts; cells were exposed to
doxycycline for 48 hours prior to imaging. After inserts were removed, cells were rinsed
with PBS, and media with or without doxycycline was added to the dishes. For time lapse
imaging, cell culture dishes were placed in a Bold Line top stage incubator (Okolab) at
37oC and 5% CO2. Phase contrast images of the wounds were acquired every 15 minutes
for 15 hours using a Nikon 10X (0.25NA Ph1 ADL) objective and a Nikon TiE stand
with a Zyla 5.5 sCMOS camera (Andor Technologies). Large image function on NIS
element and Nikon Perfect Focus system were used to acquire large images of the entire
wound.
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A custom-written image segmentation algorithm in MATLAB was used to
measure wound closure rate. Cell edges were identified using the Canny edge detection
algorithm in MATLAB. The identified edges were then dilated to bridge any gaps in the
edge detection. Regions enclosed by the edge detection were filled and eroded back to
their original size (Figure 1 A). Total unmasked area (gap area) was then measured and
divided by the image length to calculate the gap width for each frame. Finally, the wound
closure rate was determined by calculating the slope of the linear segment of a gap width
vs. time curve (Figure 1 B). A minimum of 12 inserts was analyzed for each condition.
Results were graphed using the Prism soft ware package, and statistical significance was
determined with unpaired student t-tests (p<0.05).

Anchorage-independent growth assay
A layer of Sea Plaque Agar (Lonza) at a concentration of 0.8% in culture media
was placed into 6-well plates and allowed to solidify. A top layer was then placed into
each well containing 10,000 cells in 0.48% agar in culture media and allowed to solidify.
One mL of culture media was placed on top of the solidified agar with or without 2.5 μg
doxycycline/ mL of media. Plates were incubated for 2 weeks, with one mL of culture
media added to every well after one week. Top media was removed and cells were fixed
in 10% buffered formalin (Fisher Scientific) containing 0.5% crystal violet for 2 hours.
Each well was divided into four quadrants and photographed on a Leica S8 AP0
microscope. Colonies were quantified using ImageJ software and graphed using the
Prism software package. Three wells were used for each condition, conducted in
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triplicate, giving 9 wells per condition. Unpaired t-tests were used to identify statistically
significant differences in colony numbers (p<0.05).

Tail-vein injections
Six- to eight- week old NOD rag gamma (NOD-Rag1null IL2rgnull/, NRG) mice
bread in-house were injected with 1 x 106 or 5 x 104 cells suspended in 300 μL PBS into
the lateral tail vein (3 mice per group). Cells received doxycycline in media two days
prior to injection, and mice were started on a doxycycline diet (Bio Serve) two days prior
to injection. Mice were sacrificed at 4 weeks (high-dose cell injection) or 6 weeks (lowdose cell injection) post injection. Mice were sacrificed at an earlier time point if they
were in significant distress, which was due to metastatic disease in all cases. The lungs,
spleen, and liver were evaluated for metastases. Results were graphed using the Prism
soft ware package, and statistical significance was determined with unpaired t-tests
(p<0.05).

Immunofluorescence microscopy
For actin staining, cells were plated onto glass slides (Lab-Tek) and incubated for
two days. Cells were then fixed with 3.7% formaldehyde solution in PBS for 10 minutes
and permeabilized with 0.1% Triton X-100 in PBS for 5 minutes. Cells were incubated
for 30 minutes with PBS containing 1% bovine serum albumin (BSA) and then stained
for 20 minutes with 5 μL of Alexa Fluor 568 phalloidin (Invitrogen) stock in 200 μL of
PBS. Slides were air dried and mounted in ProLong Gold (Life Technologies). Slides
were imaged under florescence microscope (TiE200) with a 90X objective and a Zyla 5.5
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sCMOS camera (Andor Technologies). Twenty images from each condition were
analyzed using FIJI software.

Immunohistochemistry
Tissue microarrays were purchased from Biomax (Normal bone: BO244d,
Osteosarcoma: OS804a). Slides containing 4 µm thick formalin-fixed, paraffin-embedded
sections of tumor/control bone tissue were deparaffinized and rehydrated. Antigen
retrieval was performed using 1mM Tris base EDTA buffer pH 9.0 in a steamer. After
endogenous peroxidase blocking, a protein block was applied. Immunohistochemistry
(IHC) for SRGAP2 was performed using rabbit anti-SRGAP2 (Sigma-Aldrich HPA028191) primary antibody on a Dako Autostainer. Detection was achieved using the
Dako Envision rabbit detection system with diaminobenzidine (Dako) as the chromogen.
Sections were counterstained with Mayer’s Hematoxylin (Dako). Xenograft tumors
confirmed by western blot to express srGAP2 were used as positive control.
Tissue sections were imaged on a Nikon E800M microscope at 200X and 400X
magnification using a Nikon DSRi2 camera and Nikon Elements D Version 4 software.
Each section was imaged using the same white balance and shading correction settings.
Whole image sharpness was uniformly adjusted and minor background blemishes were
removed with Photoshop Elements version 11 software.
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RESULTS
A forward genetic screens implicates Srgap2 as a tumor and metastasis
suppressor gene
Srgap2 was identified in several cancer types documented in the Candidate
Cancer Gene Database, a database of cancer driver genes from Sleeping Beauty (SB)
transposon based forward genetic screens in mice. 143 The osteosarcoma (OS) 57 and
peripheral nerve sheath tumor 144 screens predicted a disrupted gene function (Table 1).
The chronic myeloid leukemia 145 and medulloblastoma

146

screens did not evaluate the

predicted effect on gene function. The percent of primary tumors with an insertion in
Srgap2 ranged from 13.5% in OS to 30% in chronic myeloid leukemia.
The SB transposons used in the OS screen can disrupt gene transcription in either
orientation, but can only promote gene transcription in one direction. 57 The insertion
locations and the promoter directions of transposons within Srgap2 in the primary OS
tumors and metastatic nodules reveal a profile indicative of a tumor suppressor gene: the
transposons landed throughout the gene with random promoter orientation (Figure 2).
RNA sequencing was performed on most primary tumor samples from the OS screen and
mapped using a modified genome containing an SB chromosome with the T2/Onc
sequence. Ten samples were found to contain reads in Srgap2 paired to reads in the SB
transposon sequence. Evaluation of the mapping patterns around the insertion sites was
used to determine the impact of the SB insertion on Srgap2 expression. Of the 10
samples, 7 appeared to result in a significant reduction in normal Srgap2 expression
(Table 2).
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SRGAP2 was overexpressed and knocked out in osteosarcoma cell lines
The human OS cell line HOS and the murine OS cell line K12, both created from
spontaneous tumors, were used to study less aggressive subtypes of OS. 42 More
aggressive forms of these cell lines have been created and were used to study aggressive
OS: human 143B (Ki-ras transformed) and murine K7M2 (in vivo passaging).

42

SRGAP2 overexpression was achieved with conditional Piggybac vectors containing
human SRGAP2 cDNA. Human SRGAP2 has a 98% amino acid similarity to its mouse
ortholog and has been shown to induce consistent phenotypes in murine cells. 133
SRGAP2 knockout was accomplished using the CRISPR/ Cas9 system targeting exon 4 in
human cell lines and exon 6 in murine cell lines. Quantitative RT-PCR (qPCR) shows
that the level of SRGAP2 mRNA expression in the OE cell lines exposed to doxycycline
is at least doubled (Figure 3).
The K12 KO cell line has half the expression of Srgap2 mRNA compared to
parent and luciferase controls, suggesting a heterozygous knockout. Single strand
sequencing performed on the K12 KO line supports the possibility of a heterozygous
knockout (Figure 4). Half the K12 KO sequencing samples show deletions and insertions
that likely disrupt gene transcription, whereas the single nucleotide polymorphisms most
likely to do not alter gene transcription, translation, or function. The K7M2 KO is most
likely a homozygous deletion by qPCR and single strand sequencing.
Expression of the human SRGAP2 transgene in the K12 and K7M2 OE cell lines
was further evaluated by Western blotting (Figure 5). Numerous commercial antibodies
were tried against the murine lysates, but none could detect endogenous murine
SRGAP2. Western blotting could, therefore, not be used to assess Srgap2 knockout in the
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murine cell lines. Three bands were observed in the K12 and K7M2 OE cell lines with
induced SRGAP2 expression (140 KDa, 120 KDa, 100 KDa). SRGAP2 has a predicted
molecular weight of 121 KDa, but most antibodies, including the Abcam antibody
(#ab121977) used here, detect a band at 140 KDa. A separate group working with
SRGAP2 noted a second band of slightly lower molecular weight on Western blotting
that was described as non-specific binding. 147 A similar band was observed in all
SRGAP2 Western blots in this work (120 KDa). The smaller molecular weight band is
lost in the 143B knockout clones (Figure 6 B) along with the primary SRGAP2 band, and
it is observed in the murine OE cell lines when doxycycline is administered to turn on
expression of the human SRGAP2 transgene. Given these changes, it is more likely that
the two bands represent different products of the SRGAP2 gene. Interestingly, the smaller
band is around 120 KDa. Thus, the 140 KDA isoform may be a post-translationally
modified form of SRGAP2.
A third band around 100 KDa was also observed in the murine OE cell lines and
several HOS and 143B transfected cell lines (Figure 5, 6). The strength of the band tends
to be stronger in lines with a weaker SRGAP2 band, such as the 143B OE line with the
addition of doxycycline. This is unlikely to be protein from one of the duplicated
SRGAP2 genes due to its size (SRGAP2B and SRGAP2C: 53 KDa, SRGAP2D:
pseudogene, GeneCards) and because the antibody’s epitope is on the C- terminus of the
protein, which is downstream of the SRGAP2B, SRGAP2C, and SRGAP2D truncations.
The appearance of this band in the murine cell lines treated with doxycycline to induce
expression of the human SRGAP2 protein suggests that it is a splice variant of the full
length ancestral SRGAP2 gene. However, there are no protein coding isoforms that have
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been reported which span the C-terminus containing the antibody epitope and have a
molecular weight around 100 KDa (Ensemble).
The HOS luciferase control cell line has low levels of SRGAP2 mRNA expression
by qPCR (Figure 3 B). Although the HOS KO 2 is expressing the same level of SRGAP2
mRNA, Western blotting reveals loss of protein expression (Figure 6 A, 140 KDa).
Numerous insertions and deletions were found in the HOS KO 2 cell line through single
strand sequencing (Figure 7). HOS WT 6 went through the KO process but does not
appear to have disrupted expression of wild-type SRGAP2. It has wild-type sequence
around the gRNA cut site and shows robust expression of SRGAP2 mRNA at a level
comparative to the OE line with doxycycline. By Western blotting, however, all cell lines
except HOS KO 2 and HOS OE without doxycycline have a similar level of SRGAP2
protein expression. HOS OE without doxycycline shows reduced protein expression
compared to the luciferase controls.
The 143B KO cell lines 7 and 15 demonstrate disrupted sequences around the
gRNA cut site, whereas cell lines WT 8 and WT 20, which also went through the KO
process, have primarily wild type sequences (Figure 7). WT 9 and WT 20 were used as
additional controls for 143B KO 7 and 15. The mRNA expression levels are significantly
reduced in KO 7 and KO 15 and significantly increased in WT 8 and WT 20 compared to
luciferase controls (Figure 4 B). RNA sequencing was performed on all 143B cell lines.
The relative reads of SRGAP2 were similar for the parent cell lines, luciferase cell lines,
WT 20, and WT 8 (Table 3). The SRGAP2 reads were significantly lower for KO 7 and
15 and significantly higher for OE with and without doxycycline, suggesting the
inducible system is leaky. By western blotting, KO 7 and KO 15 lose expression of
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SRGAP2, while it is maintained in all other 143B cell lines (Figure 6 B). When
comparing genes differentially expressed in both SRGAP2 KO and OE cell lines, KO 7
and KO 15 cluster with the OE cell line (Table 3), sharing a significant decrease in the
expression of SRGAP2C.

SRGAP2 expression affects in vitro proliferation and migration but not
anchorage independent growth or cell morphology in murine cell lines
Cell densities and rates of proliferation for the murine Srgap2 KO, SRGAP2 OE,
and control cell lines were compared at 24, 48, 72, and 96 hours. Relative absorbance at
each time point was used to compare cell densities, and the fold change in absorbance
between time points was used to compare proliferation rates. ANOVA testing was used to
identify variance among the cell densities at each time point (Table 4). A p-value of
statistical difference was found at all time points, indicating variance among the K12 and
the K7M2 cell lines. The addition of doxycycline to induce SRGAP2 expression in the
OE cell lines and to the luciferase controls did not significantly affect proliferation
(Figure 8). The K7M2 KO cell line grew slower at early time points, but the proliferation
rate increased between 72 and 96 hours. The K12 KO had a linear growth rate and was
slower than the control cell lines at all time points.
SRGAP2 expression slowed the migration of both K12 cell lines and K7M2 cell
lines in wound healing assays (Figure 9). Knockout of Srgap2 increased cellular
migration of the less aggressive K12 cell line but did not have an effect on the K7M2 cell
line. The suppression of anchorage independent cell growth was slightly suppressed when
SRGAP2 expression was induced in the OE cell line of K7M2 (Figure 10). All other K12
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and K7M2 cell lines had similar performance in anchorage independent growth. Given
SRGAP2’s influence on the cytoskeleton through F-actin dynamics, cellular morphology
was evaluated by actin staining. All cell lines displayed a similar variety of cell shapes,
generally with several shorter protrusions around the cell body and occasionally one long
outgrowth (Figures 11-12).

SRGAP2 expression affects in vitro proliferation, migration, and
anchorage independent growth but not cell morphology in human cell
lines
Cell densities and rates of proliferation for the human SRGAP2 KO, SRGAP2 OE,
and control cell lines were compared at 24, 48, 72, and 96 hours. ANOVA testing found
significant variance between the cell densities at each time point among the HOS and
143B cell lines (Table 4). Knockout of SRGAP2 in HOS did not significantly change the
cellular proliferation compared to luciferase controls. The addition of doxycycline to the
OE lines to induce expression of SRGAP2 and to the luciferase controls did not
dramatically effect proliferation in HOS cell line lines (Figure 13). The proliferation rates
were different between the luciferase and OE controls without doxycycline, which is
most likely the source of the variance in the sample set. During the first 72 hours, the
143B KO and WT lines had a slower growth rate than the other 143B cell lines, but
between 72 and 96 hours, the rate of proliferation increased in WT 8 and WT 20 to match
the other cell lines. KO 7 and KO 15 retained a significantly slower growth rate.
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SRGAP2 expression did not affect migratory capacity (Figure 14 A) or anchorage
independent growth of HOS cell lines (data not shown: no colonies formed in soft agar
from any HOS cell line, n= 18). Overexpression of SRGAP2 slowed the migration of
143B cells compared to all wild type controls: luciferase +/- dox, OE –dox, WT 8, and
WT 20 (Figure 14 B). Interestingly, knockout of SRGAP2 increased migration in KO 7
but decreased migration in KO 15. Overexpression of SRGAP2 did not influence
anchorage independent cell growth (Figure 15). Knockout of SRGAP2 in KO 7 but not
KO 15 decreased the growth of cells in soft agar. WT 20, with a wild type SRGAP2
allele, nearly doubled the number of colonies formed in soft agar compared to controls.
The assay could not be completed with WT 8 due to contamination. All cell lines
displayed similar cell shapes by phalloidin staining, generally a compact and slightly
oblong cell body with protrusions on surfaces adjacent to neighboring cells (Figures 1617).

SRGAP2 expression influences metastatic capacity of K12 and 143B cell
lines in vivo
Several immune-compromised mouse models were tested to find an appropriate
model for tail vein injections and analysis of lung metastases (Table 5). Nude (athymic),
NOD/SCID (Prkdcscid), and NRG (NOD-Rag1null IL2rgnull) mice were used in increasing
degree of immune deficiency, respectively. NRG mice allowed both human and murine
cell lines to grow liver and lung metastases following tail vein injection, respectively. At
a dose of 2 x 106 cells, all K7M2 lines formed metastases that were not quantifiable, and
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no difference was observed in the OE and KO cell lines compared to the control. At a
dose of 5 x 104, the parent lines were still not quantifiable but all the transfected cell lines
no longer formed metastases. Overexpression and knockout of SRGAP2 both reduced the
ability of the K12 cell line to form lung metastases following tail vein injection (Figure
18- 19). Although there was no difference between the K12 luciferase controls with or
without doxycycline, the luciferase control cell lines generated twice the number of
metastatic nodules compared to K12 OE without doxycycline.
None of the HOS cell lines formed metastases at an injection dose of 5 x 104 or 1
x 106 cells. At a dose of 1 x 106 cells, the burden of metastases from 143B cell lines was
so great that many mice suffered from hepatomegaly. Liver weight was measured in these
mice (Figure 20). Mice receiving luciferase cell lines did not have visible metastatic
disease; these liver weights represent normal livers. With the exception of WT 8, all other
mice had hepatomegaly at experimental endpoints (Figures 20, 21). WT 20 had an
accelerated onset of metastatic burden, and only survived 3 weeks, while the remaining
mice were aged to the experimental endpoint of 4 weeks. 143B OE with doxycycline and
WT 20, with wild type SRGAP2 alleles, had the greatest disease burden, followed by OE
without doxycycline and KO 7. WT 8 and KO 15 had a low burden of metastases, and the
luciferase controls did not have metastases. At a dose of 5 x 104 cells, KO 7 and KO 15
had a low level of metastases, WT 20 had a high burden of metastases, and the other cell
lines had no metastases (KO’s shown in figure 21).
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Expression of SRGAP2 and other genes in the Slit-Robo pathway were
altered in human osteosarcoma samples
Immunohistochemistry (IHC) and H&E staining was performed on normal bone
and primary osteosarcoma samples purchased from Biomax (Figure 22). Immuoreactivity
to anti- SRGAP2 antibody was observed in the periosteum of normal bone and in lowgrade OS samples. In high-grade, stage II OS samples, expression of SRGAP2 was not
present in over half the samples (n=19/36).
To evaluate SRGAP2’s role in human metastatic osteosarcoma, expression levels
of all the genes associated with the Slit-Robo pathway were evaluated in 12 St. Jude
juvenile osteosarcoma, RNA sequenced samples (Table 6). 38 The list of genes was
compiled from pathway information for SRGAP2 provided by Gene Cards
(www.genecards.org). Metastatic samples had either a significant increase in the
SRGAP2C: SRGAP2 transcript ratio or a significant downregulation of ENAH compared
to primary osteosarcoma samples (Figure 23). Like SRGAP2, ENAH is an actinassociated protein involved in cytoskeleton remodeling, including lamellipodia and
filopodia dynamics.
To determine if this pattern is upheld by other metastatic osteosarcoma samples, 6
additional metastatic samples were evaluated from the University of Minnesota’s
Biological Materials Procurement Network (UMN BioNet) and Cooperative Human
Tissue Network (CHTN) (Table 7), which included 3 adult patients (> 21 years) and three
juvenile patients. Only 1 metastatic OS sample from a juvenile patient exhibited either a
significantly low ENAH level or a high SRGAP2C: SRGAP2 transcript ratio, and in this
case the sample displayed both.
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DISCUSSION
Given the significant sequence similarity between the ancestral and duplicated
SRGAP2 genes, it is experimentally challenging to study these genes. The murine
genome has the advantage of containing only the ancestral SRGAP2 gene, which
maintains 98% amino acid sequence similarity. 133 As hypothesized, overexpression of
SRGAP2 reduced in vitro migration rates in both K12 and K7M2 cell lines. However, in
vivo metastasis following tail vein injections was only reduced in the K12 OE cell line.
KO of SRGAP2 increased the in vitro migration rate of the less aggressive K12 cell line,
as expected, but the formation of lung metastases following tail vein injections was
completely suppressed. One possible explanation is that SRGAP2 loss may improve
migration but restrict other functions needed to form macrometastases in vivo, such as
what was observed in the slowed proliferation rates of the murine Srgap2 knockout lines.
SRGAP2’s influence on metastasis may vary depending on the stage of metastasis.
Overexpression of SRGAP2 mRNA in the human OE cell lines was shown by
qPCR, but was not demonstrated by Western blotting. By RNA sequencing, 143B OE
with and without doxycycline both had significantly increased levels of SRGAP2
expression. The conflicting nature of the SRGAP2 expression status in the human OE cell
lines may explain the minimal effects of SRGAP2 overexpression on cellular behavior
assays. Knockout of SRGAP2 had no influence on HOS cells, which may be a result of
the already low level of SRGAP2 in the HOS parental cells.
All human knockout clones with wild-type alleles had increased expression of
SRGAP2, nearly to the level of OE with doxycycline by qPCR. However, by RNA
sequencing (143B cell lines) and Western blotting, they had the same level of SRGAP2
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expression as luciferase controls. HOS WT 6 and 143B WT 8 behaved like luciferase
controls in most assays. 143B WT 20, however, had increased potential for soft agar
colony formation over controls and enhanced ability to form metastasis following tail
vein injections. By RNA sequencing, 143B WT 20 is the least similar among all the 143B
controls, sharing a loss of expression in several genes with the KO and OE cell lines.
Interestingly, these lines comprise the most aggressive 143B cell lines following a tail
vein injection of 1 x 106 cells. KISS1 is one of the genes that has significant loss of
expression in KO 7, KO 15, WT 20, and OE cell lines (Table 3). Although KISS1 not part
of the Slit-Robo pathway, it has been shown to block the growth and invasion capacity of
OS and may be influencing the unexpected common behavior of these cell lines. 148 The
variance observed in 143B KO clones demonstrates the importance of studying multiple
KO clones, including those with wild type alleles, when utilizing the CRISPR/ Cas9
system.
Due to the 99% sequence similarity between the duplicated and ancestral genes in
humans, 10 the CRISPR/ Cas9 guide had the ability to recognize and introduce mutations
in all SRGAP2 genes. 133 Not surprisingly, SRGAP2C mRNA expression was lost in
143B KO 7 and KO 15 when evaluated by RNA sequencing. Unexpectedly, SRGAP2C
expression was also lost in the 143B cell line overexpressing SRGAP2, which suggests
interplay in the expression of the two genes.
In this study, an increased SRGAP2C: SRGAP2 transcript ratio or decreased
expression of ENAH was found in the majority of juvenile metastatic lesions (n=8/10),
and only one juvenile primary tumor sample (n=1/5) compared to osteoblasts. ENAH-001
was the only ENAH isoform generating protein detected by IGV in the St. Jude
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osteosarcomas 38 and osteoblast controls. 57 Both are mediated by Slit-Robo signaling,
but with opposite effects on cell motility. Overexpression of SRGAP2C has been shown
to increase motility in neuronal cells, 133 while decreasing ENAH-001 (Ensembl isoform
designation) expression has been shown to increase motility in fibroblasts (Figure 24). 149,
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SRGAP2 primarily functions in membrane dynamics, inducing filopodia
formation through homodimerization 132, 134, 135 and activating the GTPase of the F-actin
modulating Rho-GAP protein Rac1. 132, 137 Micro- RNA (miR)-142 has also been shown
to regulate Rac1 expression in OS cell lines by targeting the 3’- untranslated region of the
SRGAP2 transcript and blocking translation of the protein. 151 Expression of miR-142 or
silencing of Rac1 inhibited cellular invasion as well as cellular proliferation. In this work
overexpression of SRGAP2 slowed cellular migration in all cell lines expect in the HOS
cell line, where no effect was observed. Knockout of SRGAP2 increased cellular
migration in the K12 cell line and one of the 143B KO cell lines, KO 7. Interestingly,
migration was decreased in the other 143B SRGAP2 knockout cell line, KO 15. The KO
cell lines are monoclonal populations, generated from a single parent cell, whereas all
other cell lines were created from polyclonal populations. This could explain the
variation seen between the two KO clones. However, by RNA sequencing, KO 7 and KO
15 have a similar profile (Table 3). Unlike what has been observed in other studies of
SRGAP2, knockout of SRGAP2 had the tendency to slow cellular proliferation in
osteosarcoma cell lines (Figures 8, 13).
In the Sleeping Beauty (SB) OS mutagenesis screen, an enrichment of genes
involved in axon guidance was found in pathway analysis of genes with high rates of
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transposon insertion. 57 SRGAP2 and SEMA4D have similar, but opposite effects on
actin dynamics. 57, 133, 152 Unlike SRGAP2, SEMA4D and SEMA6D had increased
expression in mouse OS tumors from the SB screen and human osteosarcoma tissue
samples. 57 Additionally, overexpression of SEMA4D or SEMA6D significantly increased
proliferation, colony formation in soft agar, and xenograft formation in HOS cell lines
but not in MG63 and SaOS2 cell lines. 57 These findings agree with the different effects
of SRGAP2 and SEMA4D/ SEMA6D on actin dynamics and further support the idea that
genes involved in axon guidance have a role in metastatic OS. In this work, effects of
SRGAP2 expression were observed in some but not all osteosarcoma cell lines. The
ability for genes to effect cell lines to varying degrees also highlights the heterogeneity of
OS, which is one of the greatest challenges in studying the disease.
The effects of SRGAP2 expression were not straightforward in the 143B human
OS cell lines, which could be the result of the SRGAP2/ SRGAP2C interaction or
studying monoclonal knockout populations. The migration results from the murine cell
lines generally support the hypothesis that SRGAP2 acts as a suppressor of migration,
although the K12 KO did not form metastases in vivo. This study also found that
SRGAP2, SRGAP2C, and other genes in the Slit-Robo pathway have significantly altered
transcript levels in a subset of mouse and human osteosarcomas. SRGAP2 and other axon
guidance proteins likely play a role in OS metastasis, with loss of SRGAP2 contributing
to a more aggressive phenotype. Further study of the axon guidance pathways may reveal
new opportunities for osteosarcoma treatments.
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TABLES
Table 1: Sleeping Beauty mutagenesis screens identify Srgap2 as a candidate tumor
driver gene. The Candidate Cancer Gene Database contains four forward genetic screens
that identify Srgap2 as a candidate tumor driver gene. The four cancers include:
osteosarcoma, chronic myeloid leukemia, peripheral never sheath tumor, and
medulloblastoma. The percent of primary tumors with an insertion in Srgap2 range from
13.5% in osteosarcoma to 30% in chronic myeloid leukemia.

Table 2. IGV analysis results on the impact of SB insertions into Srgap2 in SBinduced mouse osteosarcomas. RNA sequencing was performed on most primary tumor
samples from the osteosarcoma Sleeping Beauty mutagenesis screen and mapped using a
modified genome containing an SB chromosome with the T2/Onc sequence. Ten samples
were found to contain reads in Srgap2 paired to reads in the SB chromosome, with 7
appearing to result in a significant reduction in normal Srgap2 expression.

Table 3. Genes differentially expressed in both SRGAP2 knockout and
overexpression 143B cell lines by RNA sequencing. RNA sequencing was performed
on all 143B cell lines. Genes differentially expressed in both SRGAP2 knockout and
overexpression 143B cell lines are shown. Two fold differences in gene expression as
compared to osteoblasts controls are highlighted in red for increased expression and blue
for decreased expression.
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Table 4. ANOVA analysis of MTS proliferation assay. One-way analysis of variance
(ANOVA) was conducted at each time point (24 hours, 28 hours, 72 hours, and 96 hours)
for all sets of cell lines. Fold change for each time point is listed compared to 24 hours.
*p- value < 0.01

Table 5. Tail Vein Injection History of Mouse Model and Number of Cells Injected.
Several immune-compromised mouse models were trialed to find an appropriate model
for tail vein injections: Nude, NOD/SCID, and NRG mice. NRG mice allowed both
human and murine cell lines to grow liver and lung metastases following tail vein
injection, respectively.

Table 6. Gene expression levels (FPKMs) and SRGAP2C: SRGAP2 ratio in genes
involved in the Slit-Robo pathway in St. Jude juvenile osteosarcoma samples.
Expression levels of all the genes associated with the Slit-Robo pathway were evaluated
in 12 St. Jude juvenile osteosarcoma, RNA sequenced samples. The list of genes was
compiled from pathway information for SRGAP2 from Gene Cards.

Table 7. Gene expression levels (FPKMs) and SRGAP2C: SRGAP2 ratio in genes
involved in the Slit-Robo pathway in metastatic samples from the University of
Minnesota. Expression levels of all the genes associated with the Slit-Robo pathway
were evaluated in 6 metastatic samples from the University of Minnesota, which included
3 adult patients (> 21 years) and three juvenile patients. The list of genes was compiled
from pathway information for the SRGAP2 from Gene Cards.
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Table 1: Sleeping Beauty mutagenesis screens identify Srgap2 as a candidate tumor
driver gene

Moriarity et al.
2015
Giotopoulos et al.
2015
Rahrmann et al.
2013

Disruption

Osteosarcoma

Not evaluated

Chromic myeloid
leukemia

Percent of Animals
with Insertions in
Primary Tumor
13.5%
(n = 13/96)
30%
(n = 9/30)

Disruption

Peripheral nerve
sheath tumor

16-18%
(n= 17-19/106)

Genovesi et al.
2013

Not evaluated

Medulloblastoma

14%
(n = 12/85)

Study

Predicted effect
on gene function

Cancer Type
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Table 2. IGV analysis results on the impact of SB insertions into Srgap2 in SB-induced
mouse osteosarcomas
Sample

Search for SB containing transcripts in Srgap2 using IGV
Srgap2 reads paired to SB reads found in exons 4 and 5 pointing toward
OM067* intron 5, sections of intron 5 spliced into transcript, 18 of the 106 reads
(17%) at the end of exon 4 are paired to SB
2 Srgap2 reads related to SB read found in exon 1 pointing toward intron
OM218*
1, no normal reads spanning intron 1
Nearly half of the Srgap2 reads found in exons 3 and 4 are paired to SB
OM272* and are pointing to intron 4, 62 normal reads spanning intron 2 while only
7 normal reads spanning intron 4 (89% drop in expression)
6 Srgap2 reads related to SB read found in exon 3 pointing toward intron
OM343*
4, 27% drop in reads spanning intron 3 compared to intron 2
1 Srgap2 read related to SB read found in exon 4 pointing toward intron
OM347
3, no apparent drop in expression
Nearly half of the Srgap2 reads found in exon 3 are paired to SB and
OM374B* pointing toward intron 3, drop in expression starting in exon 4, 65% drop
in reads spanning intron 3 compared to reads spanning intron 2
Srgap2 reads paired to SB read found in exons 10-13 pointing toward
OM380
intron 14, no apparent drop in normal expression
1 Srgap2 read related to SB read found in exon 4 pointing toward intron
OM411C*
5, no normal reads spanning intron 4
2 Srgap2 reads related to SB read found in exon 7 pointing toward intron
OM445
7, no apparent drop in expression
Srgap2 reads related to SB read found in exon 7 pointing toward intron 7,
OM520* 31% drop in normal reads spanning intron 7 compared to reads spanning
intron 6
*Samples with significant reduction in normal SRGAP2 expression by RNA sequencing.

109

Table 3. Genes differentially expressed in both SRGAP2 knockout and overexpression 143B cell lines by RNA sequencing
Parent
Parent
Lucif
Lucif
OE
OE
Genes
WT 20*
WT 8*
KO 15
KO 7
+ Dox*
- Dox*
+ Dox*
- Dox*
+ Dox
- Dox
ANKRD1
51.645
53.234
17.821
56.154
46.558
54.475
0.932
3.803
5.404
4.733
ATP8B1
1.787
1.845
2.198
2.390
2.486
1.839
1.149
0.428
0.769
0.570
C4orf19
1.522
1.566
1.493
1.055
2.310
1.939
0.415
0.306
0.644
0.500
CA8
0.943
1.191
0.438
0.765
2.036
2.074
0.124
0.014
0.535
0.573
CHST4
0.532
1.047
0.445
0.570
1.676
1.074
0.163
0.260
0.288
0.348
EDN1
10.550
10.766
10.591
12.700
10.234
13.592
2.569
5.732
3.694
3.960
EFHD1
0.768
0.762
0.560
0.533
0.980
1.040
0.325
0.223
0.276
0.238
GALNT3
3.579
3.216
0.587
1.441
3.424
4.127
0.159
0.262
0.674
0.690
ISM1
2.889
3.261
2.645
2.701
4.576
4.805
1.593
0.443
1.700
1.368
KISS1
5.307
4.130
0.280
6.192
8.367
3.290
0.000
0.000
0.616
0.113
KRT34
0.289
0.117
1.136
0.361
0.532
0.415
0.075
0.056
0.018
0.040
KRT75
3.138
2.846
1.826
1.589
4.218
4.398
0.341
0.296
0.634
0.506
KRT80
20.609
18.702
8.979
17.815
23.642
30.657
5.156
4.902
8.577
8.671
NGF
0.466
0.479
1.150
4.449
1.758
0.825
0.000
0.000
0.160
0.210
NKAIN1
1.022
1.133
0.470
1.919
1.583
1.389
0.169
0.190
0.615
0.619
NPPB
2.700
4.311
3.695
33.975
10.900
8.580
0.435
0.815
0.582
0.813
PLK2
30.644
31.083
34.048
41.438
45.894
41.649
3.937
7.920
16.282
14.767
RELN
1.430
1.312
0.634
0.756
1.621
1.201
0.385
0.018
0.451
0.340
SLC4A4
1.032
1.136
0.620
0.797
1.302
0.960
0.336
0.262
0.346
0.297
SRGAP2
10.736
10.230
9.607
12.303
11.259
11.070
3.678
4.103
125.493
210.714
SRGAP2C
1.660
1.255
1.191
2.489
1.583
1.556
0.000
0.000
0.012
0.022
WNT7A
0.466
0.528
0.040
0.474
1.733
1.905
0.019
0.019
0.182
0.220
*Control samples with wild type SRGAP2 alleles used to calculate average expression. Dox: Doxycycline. WT: Wild type. KO:
knockout. Lucif: Luciferase. OE: Overexpression.
2+ fold decrease from average expression of control samples
2+ fold increase from average expression of control samples
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Table 4. ANOVA analysis of MTS proliferation assay

24 hours
48 hours
72 hours
96 hours
Fold change 96 v 24
Fold change 72 v 24
Fold change 48 v 24

Lucif - Dox
0.24 (0.002)
0.51 (0.004)
0.77 (0.008)
1.21 (0.006)
5.04
3.21
2.13

K12 Cell lines Mean (SE)
Lucif + Dox
OE - Dox
OE + Dox
0.23 (0.001)
0.26 (0.002)
0.26 (0.003)
0.47 (0.003)
0.44 (0.003)
0.51 (0.004)
0.69 (0.006)
0.53 (0.005)
0.62 (0.004)
1.33 (0.007)
0.90 (0.008)
1.14 (0.005)
5.78
3.46
4.38
3.00
2.04
2.38
2.04
1.69
1.96

24 hours
48 hours
72 hours
96 hours
Fold change 96 v 24
Fold change 72 v 24
Fold change 48 v 24

Parent - Dox
0.69 (0.004)
1.11 (0.004)
1.28 (0.012)
1.62 (0.008)
2.35
1.86
1.61

K7M2 Cell lines Mean (SE)
Parent + Dox
OE - Dox
OE + Dox
0.68 (0.005)
0.47 (0.001)
0.45 (0.002)
1.03 (0.004)
0.81 (0.004)
0.76 (0.003)
1.32 (0.004)
1.12 (0.004)
1.14 (0.004)
1.57 (0.007)
1.56 (0.008)
1.3 (0.007)
2.31
3.32
2.89
1.94
2.38
2.53
1.51
1.72
1.69

24 hours
48 hours
72 hours
96 hours
Fold change 96 v 24
Fold change 72 v 24
Fold change 48 v 24

Lucif - Dox
0.11 (0.001)
0.33 (0.002)
0.49 (0.005)
1.15 (0.01)
10.45
4.45
3.00

HOS Cell lines Mean (SE)
Lucif + Dox
OE - Dox
OE + Dox
0.09 (0.001)
0.05 (0.000)
0.05 (0.000)
0.27 (0.002)
0.16 (0.001)
0.16 (0.001)
0.36 (0.003)
0.44 (0.002)
0.43 (0.002)
0.96 (0.01)
0.86 (0.008)
0.76 (0.007)
10.67
17.20
15.20
4.00
8.80
8.60
3.00
3.20
3.20
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KO
0.35 (0.002)
0.57 (0.005)
0.75 (0.006)
0.93 (0.006)
2.66
2.14
1.63

P-value
*
*
*
*

KO
0.58 (0.004)
0.7 (0.004)
0.85 (0.01)
1.24 (0.006)
2.14
1.47
1.21

P-value
*
*
*
*

KO 2
0.10 (0.001)
0.24 (0.002)
0.57 (0.004)
1.09 (0.008)
10.90
5.70
2.40

P-value
*
*
*
*

24 hours
48 hours
72 hours
96 hours
Fold change 96 v
24
Fold change 72 v
24
Fold change 48 v
24

Cell line 143B Mean (SE)
OE
KO 7
KO 15
+ Dox
0.12
0.13
0.06
(0.001)
(0.002)
(0.001)
0.36
0.26
0.19
(0.003)
(0.003)
(0.002)
1.06
0.51
0.4 (0.004)
(0.010)
(0.005)
1.60
0.84
0.73
(0.003)
(0.006)
(0.004)

Lucif
- Dox
0.14
(0.002)
0.43
(0.006)
0.89
(0.013)
1.65
(0.006)

Lucif
+ Dox
0.14
(0.002)
0.45
(0.006)
0.92
(0.018)
1.44
(0.006)

OE
- Dox
0.11
(0.001)
0.33
(0.002)
0.98
(0.013)
1.81
(0.006)

11.79

10.29

16.45

13.33

6.46

6.36

6.57

8.91

8.83

3.07

3.21

3.00

3.00

*p- value < 0.01
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WT 8

WT 20

0.11
(0.001)
0.22
(0.002)
0.42
(0.004)
1.28
(0.008)

0.12
(0.001)
0.31
(0.004)
0.64
(0.007)
1.55
(0.009)

12.16

11.64

12.92

3.92

6.67

3.82

5.33

2.00

3.17

2.00

2.58

Pvalue
*
*
*
*

Table 5. Tail Vein Injection History of Mouse Model and Number of Cells Injected
Mouse
Number of
Experiment
Cell Line
Notes on Metastases on Necropsy
Model
Cells Injected
Length
HOS & 143B
0.5/ 1/ 2 x 106 6 weeks
No metastases.
Nude
K12 & K7M2 (n=2)
No metastases except K7M2 Parent (only 1-2 lung
2 x 106
4.5 weeks
(Parent, OE, Luciferase)
metastases)
K12 & K7M2 (n=2)
3
weeks
(n=1)
2 x 106
Only metastases in K7M2 parent cell line.
(Parent, OE, Luciferase)
6 weeks (n=1)
Lungs full of metastases (n=100+) when 4 million cells
NOD/
6
K7M2 (n=2)
2/ 4 x 10
4 weeks
injected. Only 2-3 lung metastases when 2 million cells
SCID
injected.
MHOS (HOS derivative)
4 weeks (n=1)
2/ 4 x 106
No metastases.
14 weeks (n=1)
(n=2)
Mice were all sacrificed at 2.5 weeks due to morbidity
K7M2
2 x 106
2.5 weeks
and mortality. Lungs full of metastases (n=100+).
Mice were all sacrificed at 2.5 weeks due to morbidity
143B
2 x 106
2.5 weeks
and mortality. Liver full of metastases (n=100+).
All mice had metastases that could not quantifiable
K7M2
(n=100+). Mice injected with the parent lines died
2 x 106
4 weeks
NRG
(Parent, OE, Luciferase)
earlier than the others (2 weeks). All other mice were
euthanized at 4 weeks.
Mice receiving 1 million cells and 100 thousand cells
were sacrificed early due to morbidity. Mouse
1x106/ 1x105/
4
4
receiving 50 thousand cells did not have metastases.
K7M2 (n=1)
5x10 / 1x10 / 4 weeks
Mice receiving 10 thousand and 1 thousand cells had
1x103
quantifiable metastases.
Unless otherwise noted, n=3 for all experiments listed injection numbers.
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Table 6. Gene expression levels (FPKMs) and SRGAP2C: SRGAP2 ratio in genes involved in the Slit-Robo pathway in St. Jude
juvenile osteosarcoma samples
Control Samples*
Primary Tumor Samples
Metastatic Lesion Samples
OB01 OB02 OB03 OS03 OS05 OS09 OS12 OS20 OS04 OS07 OS08 OS11 OS13 OS16 OS29
Gene
38.88
41.05
38.66
21.96
23.44
16.44
9.22
20.63
24.70
19.37
17.79
6.84
20.43
26.10
28.28
ABL1
288.31 327.01 301.98 209.59 207.08 237.18 360.16 158.35 241.28 278.43 168.52 297.06 270.48 186.08 175.49
ARPC2
185.22 209.46 197.35 176.72 120.92 123.30 155.72 154.29 211.29 193.64 301.07 264.35 166.62 225.33 174.58
ARPC3
93.07
98.88
99.69 117.72 185.33 147.65 161.27 127.30 178.32 158.08 223.49
96.89 222.03 160.23 193.50
CDC42
8.81
7.71
7.75
7.78
10.65
13.00
17.95
9.69
11.17
6.00
5.66
2.90
10.10
6.37
9.72
CLASP1
6.03
5.96
5.52
7.11
5.31
5.84
4.81
19.34
6.68
6.52
1.56
2.52
6.94
6.25
5.44
CLASP2
97.25
98.79
92.24
26.87
12.76
1.52
9.87
3.71
89.70
3.89
3.12
36.04
28.90
17.70
47.34
CXCL12
0.00
0.00
0.05
45.93
55.96
33.87
34.23
13.85
49.89
57.48
12.85
33.67
30.88
49.63
21.12
CXCR4
0.01
0.02
0.01
0.00
0.01
0.02
0.37
0.07
0.10
0.05
0.00
0.01
0.25
0.20
0.04
DCC
23.29
24.02
22.13
18.48
27.68
23.16
17.03
13.62
9.00
9.22
9.63
6.21
11.50
13.26
15.79
ENAH
104.40 109.08 103.18 130.71 170.19 203.79 117.40 128.00 240.59 318.97 128.36 151.84 127.16 131.60 100.77
RAC1
385.45 413.34 389.46 252.62 207.35 183.37 177.21 184.90 428.92 228.32 147.73 258.38 278.03 368.29 309.53
RHOA
12.51
11.94
11.25
15.67
6.59
16.50
21.35
17.39
8.47
9.13
3.88
1.72
10.72
15.31
22.71
ROBO1
0.02
0.02
0.02
1.91
16.34
4.89
1.71
9.32
0.18
6.32
0.82
1.37
5.88
2.43
0.39
ROBO2
5.27
4.01
3.68
2.46
1.57
1.70
0.79
1.86
1.15
1.92
11.14
2.51
1.10
2.10
4.75
ROBO3
0.03
0.03
0.03
0.12
0.06
0.06
0.10
0.07
0.09
0.12
0.04
0.06
0.06
0.07
0.08
SLIT1
17.15
18.35
16.69
42.90
49.92
1.99
12.23
11.94
23.77
3.83
3.24
2.69
7.26
9.98
16.24
SLIT2
28.86
31.08
27.84
34.62
39.50
41.92
7.54
54.61
66.37
22.98
11.37
4.30
36.66
29.70
21.93
SLIT3
11.53
12.43
11.53
13.20
23.64
13.86
11.33
14.72
19.33
9.10
7.78
6.68
17.79
20.24
31.70
WASL
SRGAP2C:2
0.78
0.77
0.75
0.64
1.14
1.00
0.60
1.20
0.39
0.69
0.36
0.88
0.35
1.49
1.46
ratio
*Control samples are 3 samples from the same patient.
2+ fold decrease from osteoblast control samples
(1.5+ in the SRGAP2C:2 ratio)
2+ fold increase from osteoblast control samples
(1.5+ in the SRGAP2C:2 ratio)
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Table 7. Gene expression levels (FPKMs) and SRGAP2C: SRGAP2 ratio in genes involved in the Slit-Robo pathway in metastatic
samples from the Univerisy of Minnesota
Metastatic Lesion Samples
Control Samples
HO043M/
HO046M/
HO056M/
Gene
Average
HO002M
HO052M
HO055M
44M
47M
058M
ABL1
39.53
17.19
19.09
19.25
ARPC2
305.77
199.11
180.30
106.55
ARPC3
197.34
93.72
79.98
79.90
CDC42
97.21
81.67
101.61
126.51
CLASP1
8.09
10.47
9.65
9.22
CLASP2
5.84
6.49
10.85
4.86
CXCL12
96.09
22.93
5.27
4.31
CXCR4
0.02
42.32
32.64
24.51
DCC
0.01
0.67
0.19
0.56
ENAH
23.15
14.07
13.93
26.36
RAC1
105.55
90.40
81.27
84.86
RHOA
396.08
234.13
367.41
161.41
ROBO1
11.90
12.35
10.80
10.62
ROBO2
0.02
6.47
4.82
2.45
ROBO3
4.32
2.69
2.06
2.07
SLIT1
0.03
0.11
0.07
0.08
SLIT2
17.40
16.47
7.81
6.80
SLIT3
29.26
16.57
11.17
10.75
WASL
11.83
15.43
7.69
12.13
SRGAP2C:2 ratio
0.77
0.568
0.973
0.470
Age (years):
15
19
24
*Control samples are 3 samples from the same patient. The averaged transcript levels are recorded.
2+ fold decrease from osteoblast control samples
2+ fold increase from osteoblast control samples
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13.45
292.75
62.25
129.89
22.82
20.20
89.83
15.57
0.03
51.93
154.52
399.67
2.46
0.19
0.91
0.25
0.73
1.76
19.04
0.620
27

10.22
107.86
106.97
139.25
6.55
5.09
7.47
22.09
0.25
6.17
86.46
217.44
11.86
8.30
0.47
0.05
8.38
35.47
13.08
3.971
20

17.15
237.00
101.37
96.58
7.31
7.76
37.76
52.43
1.01
12.30
126.16
285.14
9.84
6.72
2.25
0.09
24.52
29.02
16.86
0.976
52

FIGURES
Figure 1. Illustration of wound closure assay analysis. A) A montage of phase contrast
images of wound closure (K12 Luciferase – Dox) and the corresponding segmented
images generated in MATLAB. B) Gap width vs. time plot corresponding to the wound
in (A) illustrating the extraction of closure rate by fitting the linear segment of the curve
to a line equation where the slope is the closure rate. Scale bar 100 μm.

Figure 2. Sleeping Beauty transposon insertion profile predicts Srgap2 is a tumor
suppressor. Arrows denote transposon insertion sites, which point in the direction of the
promoter. Two animals had multiple insertions in Srgap2, represented by the open arrows
and the gray arrows. All remaining insertion sites, represented by black arrows, belong to
different animals. The insertion profile predicts Srgap2 is a tumor suppressor due to the
scattering of the transposon throughout the gene without a promoter direction preference.

Figure 3: SRGAP2 overexpression and knockout in murine and human cell lines by
quantitative RT-PCR. SRGAP2 mRNA levels were quantified by RT-PCR. The
expression of SRGAP2 mRNA is at least doubled in the overexpression cell lines with the
addition of doxycycline. Expression of Srgap2 mRNA is halved in the K12 KO and not
detectable in the K7M2 KO. Expression of SRGAP2 mRNA is low in the HOS luciferase
controls and KO 2, but it reaches the level of the OE cell line with doxycycline in HOS
WT 6 with a wild type allele. Expression of SRGAP2 is halved in 143B knockout cell
lines KO 7 and KO 15 and also reaches the level of 143B OE with doxycycline in WT 8
and WT 20, which have wild type alleles. * p-value <0.05.
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Figure 4. Srgap2 sequence reads around guide RNA target region in exon 6 of
murine cell lines. Single strand Sanger sequencing was performed on the murine
knockout cell lines. The guide RNA target sequence is highlighted in gray. Insertions and
deletions, which occur within or immediately following the target sequence, are
highlighted in dark gray. The wild type sequence is shown above the knockout
sequences.

Figure 5: SRGAP2 overexpression in murine cell lines by Western blot. The addition
of doxycycline to culture media induces expression of human SRGAP2 protein in (A)
K12 and (B) K7M2 OE cell lines. The antibody does not bind endogenous murine Srgap2
protein. Four bands are observed: SRGAP2 (140 KDa), beta- actin control (42 KDa), and
a two unknown bands (120 KDa and 100 KDa).

Figure 6: SRGAP2 overexpression and knockout in human cell lines by Western
blot. The addition of doxycycline to culture media does not appear to increase the
expression of SRGAP2 protein in (A) HOS or (B) 143B cell lines. An unknown band at
100 KDa has increased expression in the 143B OE line with doxycycline compared to
other transfected cell lines. SRGAP2 protein expression is absent in HOS KO 2, 143B
KO 7, and 143B KO 15 (140 KDa). Expression of SRGAP2 remains in HOS WT 6, 143B
WT 8, and 143B WT 20, which have wild type SRGAP2 alleles.
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Figure 7. SRGAP2 sequence reads around guide RNA target region in exon 4 of
human cell lines. Single strand Sanger sequencing was performed on the human
knockout cell llines. The guide RNA target sequence is highlighted in gray. Insertions
and deletions, which occur within or immediately following the target sequence, are
highlighted in dark gray. The wild type sequence is shown above the knockout
sequences. HOS WT 6, 143B WT 8, and most of 143B WT 20 have wild type reads.

Figure 8. Srgap2 knockout slows proliferation of murine cell lines. An MTS assay
was used to evaluate cellular proliferation in (A) K12 and (B) K7M2 cell lines. Readings
were taken at 24, 48, 72, and 96 hours of incubation. A slowed cellular proliferation is
observed in K12 and K7M2 KO cell lines.

Figure 9. SRGAP2 expression influences migratory capacity of murine cell lines. A
wound healing assay was used to evaluate cellular migration in (A) K12 and (B) K7M2
cell lines. Overexpression of SRGAP2 slightly suppresses cellular migration in the K12
and K7M2 OE cell lines. Knockout of Srgap2 enhances cellular migration in K12 but not
K7M2 cell lines. * p-value <0.05.

118

Figure 10. SRGAP2 expression does not influence anchorage independent growth of
murine cell lines. A soft agar colony formation assay was used to evaluate anchorage
independent growth. (A) SRGAP2 expression does not influence anchorage independent
growth of HOS cell lines. (B) SRGAP2 overexpression slightly decreases the K7M2 cell
line’s ability for anchorage independent growth. * p-value <0.05.

Figure 11. SRGAP2 expression has no effect on cytoskeleton and cell morphology in
K12 cell lines. Phalloidin (red) and DAPI (blue) staining were performed on K12 cell
lines to visualize F-actin and the cell nucleus, respectively. No difference is observed
between SRGAP2 OE with and without doxycycline or between the KO and luciferase
cell lines. Twenty views were evaluated for all cell lines and conditions.

Figure 12. SRGAP2 expression has no effect on cytoskeleton and cell morphology in
K7M2 cell lines. Phalloidin (red) and DAPI (blue) staining were performed on K7M2
cell lines to visualize F-actin and the cell nucleus, respectively. No difference is observed
between SRGAP2 OE with and without doxycycline or between the KO and luciferase
cell lines. Twenty views were evaluated for all cell lines and conditions.

Figure 13. SRGAP2 knockout slows proliferation of 143B human cell line but not
HOS human cell line. An MTS assay was used to evaluate cellular proliferation in (A)
HOS and (B) 143B cell lines. Readings were taken at 24, 48, 72, and 96 hours of
incubation. A slowed cellular proliferation is observed in 143B KO 7 and KO 15 cell
lines, but not in HOS KO 2.
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Figure 14. SRGAP2 expression influences migratory capacity of human cell lines. A
wound healing assay was used to evaluate cellular migration in (A) HOS and (B) 143B
cell lines. Overexpression and knockout of SRGAP2 has no effect on HOS cell lines.
Overexpression of SRGAP2 in 143B cell lines significantly suppresses cellular migration.
The 143B WT 8 and WT 20 cell lines with wild type SRGAP2 alleles show no change in
cellular migration. 143B KO 7 shows and increase in cellular migration, whereas 143B
KO 15 has decreased cellular proliferation compared to luciferase control cell lines.
* p-value <0.05.

Figure 15. SRGAP2 knockout influences anchorage independent growth of 143B
human cell line. A soft agar colony formation assay was used to evaluate anchorage
independent growth of 143B cell lines. Overexpression of SRGAP2 does not affect
anchorage independent growth. Knockout of SRGAP2 increases growth in KO 15 and
decreases growth in KO 7. WT 20, with a wild type SRGAP2 allele, has significantly
greater anchorage independent growth than the 143B luciferase control. * p-value <0.05.

Figure 16. SRGAP2 expression has no effect on cytoskeleton and cell morphology in
HOS cell lines. Phalloidin (red) and DAPI (blue) staining were performed on HOS cell
lines to visualize F-actin and the cell nucleus, respectively. No difference is observed
between SRGAP2 OE with and without doxycycline or between the KO and luciferase
cell lines. Twenty views were evaluated for all cell lines and conditions.
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Figure 17. SRGAP2 expression has no effect on cytoskeleton and cell morphology in
143B cell lines. Phalloidin (red) and DAPI (blue) staining were performed on 143B cell
lines to visualize F-actin and the cell nucleus, respectively. No difference is observed
between SRGAP2 OE with and without doxycycline or between the KO and luciferase
cell lines. Twenty views were evaluated for all cell lines and conditions.

Figure 18. SRGAP2 expression influences metastatic capacity of K12 murine cell line
in vivo. In vivo metastataic potential was assessed through tail vein injection of cell lines.
(A) Overexpression of SRGAP2 in K12 cells reduced the number of metastases in the
lungs. Knockout of Srgap2 in K12 cells eliminated metastases formation in the lungs.
* p-value <0.05.

Figure 19. Representative images of lung metastases following tail vein injection of
murine K12 Srgap2 knockout and SRGAP2 overexpression cell lines. In vivo
metastatic potential was assessed through tail vein injection of cell lines. K12 KO did not
form metastases in vivo, and represent healthy lungs compared to the other cell lines with
metastases. Several metastases are visible in the OE cell lines, whereas numerous
metastases are detectable in the luciferase cell lines.
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Figure 20. SRGAP2 expression influences metastatic capacity of 143B human cell
line in vivo. In vivo metastatic potential was assessed through tail vein injection of cell
lines. Many mice had increased liver weights, with luciferase cell lines representing
normal liver weight. * p-value <0.05. **All WT 20 mice died within 3 weeks of
injection. Other mice were sacrificed at 4 weeks post injection.

Figure 21. Representative images of liver metastases following tail vein injection of
human 143B SRGAP2 knockout and overexpression cell lines. In vivo metastatic
potential was assessed through tail vein injection of cell lines. OE cell lines formed liver
metastases at 1 x 106 cells but not at the lower dose of 5 x 104. The KO cell lines are
shown at both concentrations. WT 8 did not form liver metastases at the low injection
dose and represents a healthy liver.

Figure 22. SRGAP2 expression lost in majority of high-grade human osteosarcoma
tissue microarray samples. H&E staining (upper figures) and immunohistochemistry
(IHC) (lower figures) were performed on normal bone and primary osteosarcoma
samples purchased from Biomax. SRGAP2 IHC staining is brown. Expression of
SRGAP2 was observed in the periosteum of normal bone and in low-grade OS samples.
SRGAP2 expression was not present in over half of high-grade, stage II OS samples
(n=19/36).
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Figure 23. RNA expression changes in SRGAP2C: SRGAP2 ratio and ENAH
observed in human metastatic osteosarcoma samples compared to primary
osteosarcoma tumor samples. In a small cohort of osteosarcoma samples, 5 taken from
primary tumors and 7 taken from metastatic tumors, the metastatic samples either showed
a greater than 1.8 fold decrease in ENAH expression or a greater than 1.8 fold increase in
the SRGAP2C: SRGAP2 ratio.

Figure 24. Effects on cell motility by SRGAP2, SRGAP2C, and ENAH in the SlitRobo pathway. The diagram depicts the effects of SRGAP2C, SRGAP2, and ENAH that
have been reported on cell motility in the Slit-Robo pathway. Motility sign:
http://www.pdclipart.org/.
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Figure 1. Illustration of wound closure assay analysis
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Figure 2. Sleeping Beauty transposon insertion profile predicts Srgap2 is a tumor suppressor
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Figure 3. SRGAP2 overexpression and knockout in murine and human cell lines by
quantitative RT-PCR
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Figure 4. Srgap2 sequence reads around guide RNA target region in exon 6 of murine cell lines
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Figure 5. SRGAP2 overexpression in murine cell lines by Western blot
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Figure 6. SRGAP2 overexpression and knockout in human cell lines by Western blot
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Figure 7. SRGAP2 sequence reads around guide RNA target region in exon 4 of human cell lines
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Figure 8. Srgap2 knockout slows proliferation of murine cell lines
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Figure 9. SRGAP2 expression influences migratory capacity of murine cell lines
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Figure 10. SRGAP2 expression does not influence anchorage independent growth of
murine cell lines

A)

B)
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Figure 11. SRGAP2 expression has no effect on cytoskeleton and cell morphology in
K12 cell lines
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Figure 12. SRGAP2 expression has no effect on cytoskeleton and cell morphology in
K7M2 cell lines
- Dox

+ Dox

Parent

Overexpression

Knockout

135

Figure 13. SRGAP2 knockout slows proliferation of 143B human cell line but not HOS
human cell line

A)

B)
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Figure 14. SRGAP2 expression influences migratory capacity of human cell lines
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Figure 15. SRGAP2 knockout influences anchorage independent growth of 143B human
cell line
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Figure 16. SRGAP2 expression has no effect on cytoskeleton and cell morphology in
HOS cell lines
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Figure 17. SRGAP2 expression has no effect on cytoskeleton and cell morphology in
143B cell lines
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Figure 18. SRGAP2 expression influences metastatic capacity of K12 murine cell line in
vivo
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Figure 19. Representative images of lung metastases following tail vein injection of
murine K12 Srgap2 knockout and SRGAP2 overexpression cell lines
Lucif - Dox (5 x 104)

Lucif + Dox (5 x 104)

OE – Dox (5 x 104)

OE + Dox (5 x 104)

KO (5 x 104)
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Figure 20. SRGAP2 expression influences metastatic capacity of 143B human cell line in
vivo
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Figure 21. Representative images of liver metastases following tail vein injection of
human 143B SRGAP2 knockout and overexpression cell lines
OE – Dox (1 x 106)

OE + Dox (1 x 106)

KO 7 (1 x 106)

KO 7 (5 x 104)

KO 15 (1 x 106)

KO 15 (5 x 104)

WT 8 (1 x 106)

WT 8 (5 x 104)

WT 20 (1 x 106)

WT 20 (5 x 104)
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Figure 22. SRGAP2 expression lost in majority of high-grade human osteosarcoma tissue microarray samples

H&E

IHC
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Figure 23. RNA expression changes in SRGAP2: SRGAP2 ratio and ENAH observed in human metastatic osteosarcoma samples
compared to primary osteosarcoma tumor samples
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Figure 24. Effects on cell motility by SRGAP2, SRGAP2C, and ENAH in the Slit-Robo
pathway
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Chapter 5: Conclusions
Osteosarcoma (OS) is the most prevalent primary malignant bone tumor in many
countries, with an incidence rate ranging from 1.7-4.6 cases per million depending on age
and gender. 12-18 Treatment failure is experienced by over 30% of patients with localized
OS and 80% of patients with metastatic OS within 5 years of diagnosis, generally due to
metastatic disease. 10, 16, 25-27 Despite combined therapies and advanced surgical
techniques, survival has not improved over the past four decades. 24 A better
understanding of the metastatic disease state and new therapies are needed to improve
patient survival. This thesis explored the epidemiology of OS metastasis at diagnosis in
an international comparison, the similarities between risk factors for having metastatic
disease at diagnosis in humans and dogs with the purpose of further understanding the
relevance of canine OS for study of human OS, and the effects on OS of a top metastasis
suppressor candidate identified in a Sleeping Beauty mutagenesis screen previously
conducted in our laboratory. 57
Incidence rates of OS are consistent worldwide among individuals ≤24 years and
relatively similar among other age groups. 15 An international comparison of the
prevalence of metastasis at diagnosis, however, had not been conducted prior to our
work. This thesis compared the prevalence of metastatic disease at the time of OS
diagnosis between countries based on studies that met inclusion criteria from a PubMed
literature search. When included in a study’s report, delay of diagnosis did not effect the
rate of metastasis at diagnosis in countries with very high Human Development Index
(HDI) scores. Our evidence suggests that a biological baseline for metastatic OS at
diagnosis is observed in these countries. In countries with medium/ low HDI, where there
148

are more barriers to accessing healthcare, there is a higher prevalence of metastasis at
diagnosis. This may result from treatment delay or from an inflated observed rate due to
patients with less severe symptoms not presenting to clinic. Minimal research has been
conducted in countries with medium/ low HDI, and the effects of OS diagnosis delay on
their patients is not known. Additional research in countries with medium/ low HDI may
reveal that earlier detection and treatment could improve patient outcomes in those
countries.
The limited availability of human samples for research creates a major challenge
for studying OS. OS in other species provide additional opportunities to study the disease
and also the ability to test new therapeutics in pre-clinical trials. OS is the most common
primary bone tumor in dogs but with a much higher incidence than in humans: >10,000/
year compared to 1,000 per year in humans in the United States. 43 Canine OS is similar
to human OS in spontaneous occurrence, genetic aberrations, clinical presentation,
biological behaviors, and metastatic progression. 43, 44 Many dogs with OS receive
treatments similar to humans, consisting of surgical removal of the primary tumor
accompanied by adjuvant chemotherapy. OS in dogs affords a unique opportunity to
study the disease in a natural environment, which can benefit both humans and pet dogs.
The behavior and drug response of patient tumors or established cell lines can be further
studied in a mouse host. OS in mice is most often a result of genetic manipulation or
injections of tumor cells. Research using cell lines also allows for studying the effects of
specific genetic changes on OS development, progression, and response to new therapies.
Risk factors for having detectable metastases at OS diagnosis were compared in
this thesis between dogs diagnosed with OS at our veterinary clinic and pediatric patients
149

in the Surveillance, Epidemiology, and End Results database. We found that primary
tumor location is independently associated with presenting with metastatic disease in
both canine and human OS patients. Several other risk factors showed trends towards
statistical significance in canines, but our study was limited by a small number of canine
patients and the availability of tumor size. This work builds on the current knowledge of
canine OS and further validates its use as a model for human OS by showing that primary
tumors in the same anatomical location metastasize at a similar rate in both species.
A forward genetic screen of OS utilizing Sleeping Beauty mutagenesis was
previously conducted in our laboratory to identify potential drivers of primary and
metastatic OS.
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Slit-Robo GTPase-Activating Protein 2 (Srgap2) was a top candidate

for OS metastasis, and its known role in neurons supports the possibility that it acts as a
suppressor of migration in the context of cancer. In this thesis, the effects of SRGAP2
gain or loss were studied in human and murine OS cell lines through knocking out or
conditionally overexpressing SRGAP2. Proliferation, migration, anchorage independent
growth, and in vivo metastatic potential following tail vein injections were evaluated for
all cell lines. RNA sequencing and immunohistochemistry of human OS tissue samples
were used to further evaluate the potential role of the Slit- Robo pathway in human OS
metastasis. Although the effects of SRGAP2 expression were not consistent across cell
lines, especially in the 143B human OS cell lines, they tended to support the hypothesis
that SRGAP2 may have a role as a suppressor of metastases. This study also found that
genes in Slit-Robo pathway have altered transcript levels in a subset of mouse and human
osteosarcomas.
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Srgap2 knockout mice with a conditional Trp53 dominant negative transgene are
being generated to further examine the potential role of the protein in OS metastasis
(Figure 1). Osterix-cre recombinase (Osterix-tTA-TRE-cre) removes the lox-stop-lox
cassette from the LSL-Trp53R270H transgene in osteoblasts precursors, from which OS
cells arise. The addition of a Trp53 dominant negative transgene has been used to
accelerate and increase penetrance of tumorigenesis in other models of OS to examine the
roles of different genes in OS development and progression. 55-57 Alterations affecting
the p53 pathway, with the majority being direct mutations of TP53, have been reported in
over 90% of human OS biopsies, 37, 38 making it an appropriate choice for studying OS.
Mice with a global heterozygous s or homozygous knockout of SRGAP2 have not been
reported to develop OS. 133 The influence of SRGAP2 on OS development and
progression in this setting will help us understand its significance in OS. SRGAP2 and
other axon guidance proteins likely play a role in OS metastasis, with loss of SRGAP2
contributing to a more aggressive phenotype. Further study of the axon guidance
pathways may reveal new opportunities for osteosarcoma treatments.
Developing targeted therapeutics to treat OS would be instrumental in improving
patient outcomes. Considering that the majority of patient deaths are a result of metastatic
disease and that up to 80% of patients are believed to have disseminated disease at
diagnosis, identifying genes involved in metastatic progression should be the greatest
priority. This thesis advanced the field of OS research by revealing opportunities to
improve patient survival with current therapies in countries with medium/ low HDI,
further validating the use of canine OS as an appropriate model for studying metastatic
human OS, and evaluating the effects of a gene potentially involved in OS metastasis.
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FIGURES
Figure 1. Breeding schematic for Srgap2 knockout mice. Srgap2 knockout mice with a
conditional Trp53 dominant negative transgene are being generated to further examine
the potential role of Srgap2 in OS metastasis. Cre-recombinase is expressed in osteoblast
precursors by Osterix promoter activity, which removes the lox-stop-lox cassette from the
LSL-Trp53R270H transgene. Srgap2 will be globally knocked out of the mouse proteome,
whereas the expression of the LSL-Trp53R270H dominant negative transgene will be
limited to the mouse skeleton.
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