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Abstract 

The risk factors for the development or progression of sarcomas remain mostly obscure. This is 

largely due to the extreme rarity of the disease, oftentimes constraining investigators to evaluate 

histologically distinct sarcoma subtypes as a single group or else risk analyses of insufficiently 

low statistical power. In this dissertation, we aimed to evaluate the genetic and non-genetic risk 

factors for the development or progression of individually rare subtypes of sarcoma.  

The first project utilized the SEER Census Tract-level Socioeconomic Database to assess the 

associations of census tract-level socioeconomic status (CT-SES) or race/ethnicity on the 

incidence rates or odds of metastasis at diagnosis for sarcoma subtypes diagnosed across the age 

span. Overall, we found race/ethnicity to be more often associated with sarcoma incidence than 

CT-SES, particularly in younger age groups. Additionally, in adults, we found SES-related 

factors increased the odds of metastasis at diagnosis for several soft tissue sarcomas, but not bone 

sarcomas.  

In Project 2, we aimed to describe the contribution of common genetic variation to osteosarcoma 

(OS) development by leveraging a newly created dataset of open chromatin regions (OCR) of 

osteoblasts. We found an enrichment of OS-associated loci in these regions, indicating that 

several common variants contribute a weak or moderate effect on osteosarcoma development by 

altering regulatory mechanisms that localize to an osteoblast’s OCR.   

Lastly, we sought to determine the associations of risk alleles discovered by GWAS in Europeans 

and genetic ancestry on Ewing sarcoma (ES) risk in Latinos. We found the effect of these alleles 

generalize to Latinos. Additionally, we report a residual inverse association between African 

genomic ancestry and ES risk. These data indicate that other ancestry-specific genetic variants 

may influence ES susceptibility and explain the observed racial disparities.  

Overall, our findings add to the scientific knowledge of an exceedingly understudied group of 

cancers.  
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Chapter 1: Introduction 

Sarcoma Classifications 

Sarcomas are group of over 50 exceedingly rare,  histologically distinct malignant tumors of 

connective tissue origin, including bone, muscle, cartilage, and other non-epithelial tissues 

derived from the embryonic mesodermal layer.1 They can be broadly categorized as either bone 

or soft tissue sarcomas, although several histologically distinct types and subtypes exist. Certain 

soft tissue sarcomas, for instance, can be further sub-classified according to the adult tissue they 

most resemble,  including liposarcoma (fat), leiomyosarcoma (smooth muscle), fibrosarcoma 

(fibrous connective tissue), and rhabdomyosarcoma (striated muscle).2  

Sarcomas can also be broadly categorized according to their somatic genome as either fusion 

positive (F +) or fusion negative (F -).3 (F +) sarcomas exhibit chromosomal translocations that 

create fusion oncoproteins.3 For example, approximately 75% of  alveolar rhabdomyosarcoma 

(ARMS) tumors  harbor a PAX-FOXO1 fusion gene that results in abherrant regulation of PAX-

specific target genes,4 including the epigeneic regulator JARID2.5 In most instances, (F +) 

sarcomas harbor few other mutations beyond the oncogenic tranlsocation.6 (F –) sarcomas, in 

contrast,  are characterized by complex chromosomal rearrangments, oftentimes without a readily 

apparent recurrent pattern of genetic alteration.3 Advancements in sequencing technologies have 

enabled regular discovery of new fusion proteins from subtypes tradiationally characterized as (F 

-).6   

Demographics 

Incidence patterns for several sarcoma subtypes vary by demographic factors. For most sarcomas, 

incidence is slightly higher in males compared to females, with few notable exceptions.4 

Angiosarcoma and leiomyosarcoma, for example, have a slight female predilection,4 though the 

latter is  largely due to the number of cases arising in the uterine myometrium.7  

Age-specific incidence patterns are also notable. Overall, sarcomas disproportionately occur early 

in life, accounting for approximately 20% of all pediatric solid cancers but only 1% of solid  

cancers diagnosed in adults.8 These age-specific incidence patterns are noted to vary extensively 

by subtype; non-pleomorphic rhabdomyosarcomas and malignant rhabdoid tumors most often 

occur in early childhood (< 5 years); osteosarcoma, Ewing sarcoma, and synovial sarcoma arise 
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most often in adolescence and early adulthood; and other soft tissue sarcomas, including 

liposarcoma and leiomyosarcoma, most often occur later in life (> 40 years).  

Differential incidence patterns by race and ethnicity are also observed. The most notable 

difference is seen in Ewing sarcoma, which occurs at much higher rates in populations of 

European ancestry, 9 having nearly 9 times the incidence of populations of primarily African 

ancestry,10 and 2 to 3 times the incidence of populations of primary Asian ancestry or Hispanic 

origin, respectively. Other sarcoma subtypes display less dramatic differences in race-specific 

incidence patterns but are otherwise still notable. Chondrosarcomas, for example, occur more 

frequently in Caucasians compared to those with Asian ancestry, 8 and angiosarcomas occur more 

frequently in Caucasians than African Americans.11  

Non-genetic risk factors for sarcoma 

The influence of non-genetic risk factors to soft tissue and bone sarcoma etiology remains mostly 

obscure. This is due in large part to the extreme rarity of the disease, oftentimes constraining 

investigators to evaluate histologically distinct subtypes as a single group (e.g. as soft tissue 

sarcomas overall). Future research regarding non-genetic sarcoma risk factors will benefit from 

greater statistical power and more informed groupings of sarcoma subtypes. Nonetheless, the 

current state of the literature provides important insights.  

To date, exposure to ionizing radiation is the only established non-genetic risk factor for sarcoma 

development.12 This association is largely supported by the frequency with which sarcomas 

develop as secondary cancers in individuals treated with radiotherapy for their first (standardized 

incidence ratio (SIR) = 3.2, 95% CI: 2.3 – 4.3) especially in patients under the age of 55 years 

(SIR = 4.2, 95% CI: 2.9 – 5.8).13 Evidence also suggests that the risk of secondary sarcomas in 

those treated with radiotherapy is linearly related to the dose of radiation recieved.14,15 However, 

studies regarding the influence of low-dose radiation exposure on sarcoma risk (e.g. exposure to 

X-rays) are inconsistent and imprecise due to insufficient sample sizes.16,17  

Other non-genetic risk factors may plausibly influence sarcoma risk.8 This is evidenced in the 

pediatric population by the geographic clustering of soft tissue and bone sarcoma diagnoses in 

more urban areas or in residential neighborhoods in close proximity to industrial facilities.18,19 

Other case-control studies have observed pediatric sarcomas to be influenced by perinatal 

characteristics, including parental age, birth weight, and gestational age.20–22 Fluoride exposure, 

parental occupation, and tobacco or alcohol use have also been the subject of study, but results 

remain inconclusive.23–25  
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Evaluating the influence of socioeconomic status (SES) on sarcoma incidence may provide clues 

into their etiology because it can serve as a proxy for locally varying environmental and lifestyle 

factors that influence health.26 However, the empirical evidence for an association between SES 

and sarcoma development is sparse and contradictory. For instance, although one might expect 

those living in lower SES neighborhoods to be more often exposed to the non-genetic risk factors 

described above, area-level study designs, while  few in number, suggest the opposite; individuals 

living in higher SES areas of the United States or England actually have an increased risk of 

sarcoma.27 In contrast, individual-level case-control studies show that those identified as having a 

higher SES (using SES proxies, including educational attainment or household income) have a 

lower risk of sarcoma.28,29  

There are several reasons that potentially explain these contrasting results. First, the area-level 

studies may be biased from the ecologic fallacy, in which individuals are incorrectly assigned 

area-level exposures. However, several of the area-level measurements used, including census-

tracts or census enumeration areas, are comprised of relatively homogenous populations,30 and 

therefore the degree to which individuals are incorrectly assigned area-level SES exposures is 

perhaps minimal. Another source of bias may have resulted from uncontrolled confounding, since 

only one ecologic study adjusted for race/ethnicity.31 Results from case-control studies may also 

be influenced by several sources of bias, including recall bias or from inaccurate proxy measures 

that did not fully account for factors related to individual-level SES (i.e. educational attainment). 

In both study designs, several sarcoma subtypes were oftentimes grouped together into either a 

soft tissue or bone sarcoma category. As noted previously, doing so may have biased effect 

estimates, since the influence of SES on sarcoma risk may differ by subtype.  

Genetic risk factors for sarcoma 

Rare genetic variants 

Several sarcoma subtypes are known to arise from inheritance of rare, highly penetrant genetic 

variants, oftentimes in the form of well-characterized cancer predisposition syndromes. 32 The 

frequency of rare pathogenic or likely pathogenic (P/LP) variants in the sarcoma patient 

population has recently been described as quite substantial. Most strikingly, the International 

Sarcoma Kindred Study (ISKS) discovered that 55% of sarcoma cases (n = 1,162) harbored at 

least one rare germline genetic variant predicted to be pathogenic using a gene-panel of 72 known 

cancer predisposition genes, with the burden of pathogenic rare variation highest in younger 

patients.33 Similar results were observed in a series of osteosarcoma patients; nearly 28% of 1,244 

patients carried a P/LP rare variant in at least one of 238 cancer-predisposition genes of interest.34 
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Other rare variant analyses based on smaller sample sizes have reported that the proportion of 

rare, pathogenic germline variants in soft tissue sarcoma, osteosarcoma, or Ewing sarcoma cases 

was 13.6% (9 of 66 cases), 18% (7 of 39 cases), and 11% (5/46), respectively. 35,36    

Common genetic variants. 

Analyses of more common genetic polymorphisms provide further insights into the genetic 

architecture of sarcoma, but few have been conducted to date. In 2013, a genome wide 

association study (GWAS) of osteosarcoma compared 941 cases to 3,291 cancer-free adult 

controls of primarily European ancestry. Two loci reached genome wide significance; one at 

6p21.3 (rs1906952, p = 8.1 x 10-9) and another in the gene desert at 2p25.2 (rs7591996 and 

rs10208273, p = 1.0 x 10-8 and p = 2.9 x 10-7, respectively).37  The former harbors a plausible 

candidate gene, GRM4, believed to be involved in cellular differentiation and regulation during 

bone formation and resorption.37 The association with GRM4 was later replicated in a candidate-

gene study among a Chinese cohort of osteosarcoma cases (n = 168) and healthy controls (n = 

216) (OR: 1.57, 95% CI: 1.18 – 2.09), further implicating its role in osteosarcoma susceptibility.38  

Ewing sarcoma is the focus of two other GWAS. Six susceptibility loci reached genome wide 

significance, including those near  TARDBP (rs113663169, p = 4.32×10−15; OR = 2.05), EGR2 

(rs10822056, p = 1.92×10−16; OR = 1.76), BMF/BUB1B/PAK6 (rs2412476, p = 1.45×10−12; OR = 

1.73), RREB1 (rs7742053, p = 2.78×10−9; OR = 1.80), NKX2-2 (rs6047482, p = 2.55×10−12; OR 

= 1.74), and KIZ (rs6106336, p = 2.33×10−8; OR = 1.74).39,40  Investigators reported that most loci 

resided near GGAA repeat sequences and therefore may influence binding of EWS-FLI1, the 

hallmark gene fusion of Ewing sarcoma. Notably, another study reported that the length of 

GGAA repeat sequences upstream of two EWS-FLI1 targets, NR0B1 and CAV1, varied between 

Europeans and Africans, with the shorter repeats in Europeans consistent with greater binding 

affinity.41  Taken together, these data support a strong genetically inherited component to Ewing 

sarcoma that may explain in part the race-specific incidence patterns noted above. 

The contribution of genetic susceptibility to sarcoma risk was further revealed in a recent meta-

analysis of sarcoma genetic association studies. Investigators identified 55 single nucleotide 

polymorphisms (SNPs) significantly associated with sarcoma risk with high (n = 9), moderate (n 

= 38) and low (n = 8) levels of evidence based on sample size, replicability, and observed bias.42 

Notably, using just three independent SNPs with high-level evidence (rs11599745 near 

ZNF365/EGR2, rs231775 near CTLA4, and rs454006 near PRKCG), investigators calculated a 

population attributable risk of 38%.  It is also the case that there is substantial variation in the 

frequency of these three SNPs across populations. This finding supports the notion that a 
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substantial proportion of sarcomas arise in the setting of genetic susceptibility, and that the 

distribution of genetic risk variants across populations may explain in part the wide racial 

disparities observed with sarcoma incidence.  

Risk factors for metastasis at sarcoma diagnosis  

Once diagnosed, the 5-year survival rate for sarcomas is approximately 65%-80%, although 

survival varies considerably by histological subtype and age. 43–45 Invariably, the approximately 

15 - 30% (depending on type)  of sarcoma patients who present to their physicians with detectable 

metastasis at diagnosis experience much worse outcomes compared to those who present with 

localized disease. 43,46–49   

There are conceivably two factors that could drive sarcomas to develop detectable metastasis 

prior to diagnosis. First, the cellular and molecular traits required for metastases may be 

sequentially acquired over time from continuous tumor proliferation and adaptation to the 

selective pressures of distant spread.50 In this case, the propensity for sarcomas to metastasize 

would be time-dependent, and any delay in treatment would allow otherwise localized sarcomas 

to develop metastases. Conversely, some individuals may be genetically predisposed to develop 

intrinsically aggressive sarcomas that are capable of successfully metastasizing regardless of the 

time to diagnosis.51 To date, it remains unclear the extent to which these two factors influence 

metastasis at diagnosis for the different sarcoma subtypes. Below is a review of the current state 

of the literature. 

Diagnostic delay and metastases at diagnosis. 

The symptoms of soft tissue and bone sarcomas are oftentimes so insidious and non-specific that 

the time between an individual’s initial recognition of symptoms and a definitive diagnosis 

(known as the diagnostic delay) can span several months and even years.52,53 Patients and their 

physicians can both contribute this delay; Patients may delay seeking medical intervention 

because they do not recognize the severe cause of their symptoms or experience significant 

societal or financial barriers in accessing care, whereas physicians inexperienced in recognizing 

the subtle signs of sarcomas oftentimes mistake them for more common conditions.54,55  

The quantified impact of diagnostic delay on metastasis at diagnosis is conflicting. For example, 

in a large analysis of osteosarcoma patients, those with diagnostic delays greater than 70 days 

were found to have  higher risk of presenting with metastasis.56 Another study, however, found 

the opposite; those with diagnostic delays greater than 2 months had a lower risk of presenting 

with metastatic disease.57A large analysis of Ewing sarcoma found an association between 
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metastasis at diagnosis and a longer diagnostic delay that approached statistical significance in 

the unadjusted (p = 0.06), but not adjusted analysis.58 Still other smaller studies found no 

association with time to diagnosis and metastatic risk among osteosarcoma, Ewing sarcoma, or 

chondrosarcoma patients.59 

These studies have important limitations that may explain their conflicting results. Namely, the 

duration of symptoms was collected retrospectively in all studies, potentially introducing bias if 

reporting accuracy depended on the stage of disease at diagnosis. This limitation is in part 

unavoidable, however, since investigating the entirety of time to diagnosis (i.e. patient-and-

physician related delay) necessarily requires participants to recall when symptoms began. 

Investigations of other cancers have relied upon medical records to evaluate associations 

specifically with physician-related delay,60,61 but patient-related delay (i.e. the amount of time 

between symptom onset and initial consultation with a physician) is an important aspect of 

understanding whether the propensity for sarcomas to metastasize is time-dependent.  

Analyzing upstream factors that are related to one’s ability to access care, such as SES, can serve 

to provide further insights while avoiding some of the abovementioned limitations. The literature 

regarding the influence of SES on metastasis at diagnosis is sparse, but informative. In 2013, the 

SEER database was used to ascertain the association between SES and metastatic osteosarcoma at 

diagnosis using a composite SES score that reflected several socioeconomic measures at the 

county level. Those living in counties with the lowest scores were more likely to present with 

metastasis, after adjusting for age at diagnosis and tumor location (lowest 12th composite score vs. 

not lowest OR: 1.59; 95% CI: 1.08 - 2.35).62 However, this association was no longer significant 

once adjusted for tumor size, a potential proxy for tumor proliferation and time to diagnosis (OR: 

1.26, 95% CI: 0.74 – 2.14). Similar results are noted internationally; in a recent analysis, we 

found that the prevalence of metastatic osteosarcoma at diagnosis is highest in countries with the 

lowest Human Development Index (HDI) scores,  where there are significant barriers in accessing 

appropriate healthcare.63  

Other analyses have found null associations between SES and sarcoma subtypes. For instance, an 

analysis of SEER data conducted on Ewing sarcoma cases similar to the one described above did 

not find an association between composite county-level SES scores and metastasis at diagnosis in 

either crude (Lowest composite score vs. not the lowest OR: 0.91, 95% CI: 0.54 – 1.55) or 

adjusted models (OR: 0.9, 95% CI: 0.51 – 1.58), indicating that socioeconomic-related delays in 

diagnosis may not influence metastatic risk for this subtype.64 Similarly, using data from the  

English National Cancer registry, metastatic synovial sarcoma was not associated with 
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deprivation quintiles (a composite measure of area-level SES) after adjusting for age at diagnosis, 

sex and primary site.65 However, socioeconomic-related barriers to accessing healthcare may be 

less pronounced in countries with national healthcare systems. A similar study of synovial 

sarcomas in the United States has not yet been conducted.  

Associations with race and ethnicity can provide further insights, since minority populations 

disproportionately live in lower SES-areas of the United States and may therefore experience 

greater barriers in accessing appropriate healthcare.66 Similar to the observations noted above, 

osteosarcoma patients identified as having a Hispanic origin diagnosed prior to the age of 30 from 

the SEER database were more likely to present with metastases compared to non-Hispanic white 

patients,67 whereas no association was observed between race/ethnicity and metastatic Ewing 

sarcoma.64,68    In two other studies of soft tissue and bone sarcomas overall, conflicting results 

are presented. In one, Hispanic and Black pediatric soft tissue (n = 6,877) and bone sarcoma (n = 

4,625) patients from the SEER database were more likely to present with metastases compared to 

non-Hispanic white cases (p < 0.001 for both soft tissue and bone sarcomas).69 Another study  

preformed a similar analysis specifically focused on pediatric chest-wall sarcomas (n = 699), but 

did not replicate the race/ethnicity associations.70 However, as mentioned previously, analyzing 

sarcoma subtypes grouped together (e.g. as soft tissue sarcomas or bone sarcomas) could bias 

results  because the impact of diagnostic delay on metastases at diagnosis may be subtype-

specific.  

 Genetic susceptibility to metastasis at diagnosis. 

Several lines of evidence suggest that genetic susceptibility predisposes certain individuals to 

developing inherently aggressive sarcomas. Most notably, a GWAS of osteosarcoma patients 

discovered two loci that were associated with metastasis at diagnosis, with the stronger signal at 

rs2890982 more than doubling the odds of presenting with distant disease (OR = 2.60, 95% CI: 

1.97 – 3.62, p = 4.98 x 10-8).71 Investigators determined that osteosarcoma cell lines with the risk 

allele (A) showed greater cell migration, proliferation, and colony formation, all of which 

increase the likelihood of successful metastases.71 Interestingly, the frequency of the risk allele is 

higher in populations with Mexican ancestry in Los Angeles (22%) compared to those of 

European ancestry (14%).72 This suggests that the increased risk of metastatic osteosarcoma at 

diagnosis among individuals of Hispanic origin is driven by ancestry-specific risk alleles rather 

than socioeconomic-related delays in diagnosis.  

Animal and in vivo models provide further evidence for a genetic susceptibility to osteosarcoma 

metastasis. In a gene-expression analysis using canine osteosarcoma-derived cell lines, 
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investigators were able to segregate samples into two distinct groups with differential survival 

probabilities (p < 0.03).73 When cell lines derived from these two groups were injected into 

mouse models, those from the worse-survival group developed tumors that progressed more 

rapidly and showed a greater propensity for pulmonary metastasis than those associated with 

better survival.74 Investigators determined that the pathway responsible for the biological 

behavior of these canine osteosarcoma-derived cells lines also extended to osteosarcoma cells in 

humans.74 Together, these data further suggest that certain osteosarcoma tumors are genetically 

predisposed to successfully metastasizing early in the course of disease.  

A gene signature predictive of metastatic progression has also been described for soft tissue 

sarcomas.75 The gene signature, known as CINSARC, includes a set of 67 genes with associated 

ontologies that include mitosis and chromosomal instability. Among those with undifferentiated 

sarcomas and leiomyosarcomas, CINSARC stratified subjects into two groups with significantly 

different metastasis-free survival (MFS) in both training (p = 1.05 x 10-7) and validation sets (p = 

0.02). Results were also significant when authors considered only leiomyosarcoma cases (MFS of 

73% vs19% in those predicted to have better and worse MFS rates, respectively, p = 2.7 x 10-4). 

In later studies, the authors further validated the predictive power of their gene signature among 

cases with synovial sarcoma (differential MFS p = 6.3 x 10-4) and gastrointestinal stromal tumors 

(differential MFS p = 1.4 x 10-5)76,77.  Given the predictive power of CINSARC across a broad 

array of sarcomas, the authors hypothesized that the gene signature captures fundamental 

biological properties of tumors that are likely to undergo metastasis (i.e. mitosis control and 

chromosomal stability).75 It thus supports the possibility that the metastatic potential of soft tissue 

sarcomas is likely acquired very early in tumorigenesis, and not sequentially by accumulation of 

mutations during progression.78  

Dissertation objective. 

The genetic and non-genetic risk factors for sarcoma incidence or metastases at diagnosis remain 

mostly obscure. To date, one of the strongest risk factors appears to be germline variation in risk 

alleles, some of which may differ across ancestries and explain the widespread racial/ethnic 

disparities observed. However, prior analyses are limited by the extreme heterogeneity and rarity 

of sarcomas, oftentimes constraining investigators to evaluate histologically distinct subtypes as a 

single group (e.g. as soft tissue sarcomas overall) or else risk analyses of insufficiently low 

statistical power. In this dissertation, we aimed to contribute to the sarcoma literature by first 

utilizing a large, population-based resource that allowed for statistical analyses within 

individually rare subtypes of sarcoma. Secondly, we sought to increase the statistical power of 
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existing genetic datasets by prioritizing regions of the genome most likely to harbor influential 

risk variants. Overall, our findings are poised to offer greater insight in to the genetic and non-

genetic risk factors for the development and progression of individually rare sarcoma subtypes; 

the details of our aims are described below.  

Project 1 is comprised of 2 manuscripts.  In the first, we aimed to assess the influence of census 

tract-level SES and race/ethnicity on the incidence rates of individually rare sarcoma subtypes. To 

achieve this aim, we utilized the Surveillance, Epidemiology, and End Results (SEER) program 

Census Tract-level Socioeconomic database, a specialized database that includes cancer cases 

diagnosed between 2000 and 2015 in the catchment area of 16 SEER registries.79 Incidence rate 

ratios and 99% confidence intervals were estimated from quasi-Poisson models, which were 

stratified by broad age groups (pediatric: < 20 years, Adult: 20-65 years, Older Adult: 65 years +) 

and adjusted for sex, age at diagnosis, and year of diagnosis. Within each age group, we 

conducted analyses stratified by somatic genome (fusion positive or fusion negative sarcomas) 

and for any subtype with > 200 total cases.  

In the second manuscript of Project 1, we utilized the same SEER database to ascertain the 

influence of census tract-level SES and race/ethnicity on the risk of presenting with metastatic 

disease at diagnosis. We utilized multivariable logistic regression models that were adjusted for 

sex, age at diagnosis, and year of diagnosis. All models were stratified by the same age-group 

categories as those in manuscript 1 and associations were reported for any sarcoma subtype with 

more than 100 metastatic cases. As a secondary analysis, we utilized multivariable logistic 

regression models to evaluate the odds of metastases at diagnosis by insurance status, while 

controlling for census tract-level SES, race/ethnicity, sex, age at diagnosis, and year of diagnosis. 

This analysis was restricted to sarcoma subtypes with more than 100 metastatic cases diagnosed 

after 2007, when insurance status data began to be collected by SEER. We further restricted 

analyses to sarcomas diagnosed in the adult age group strata because few pediatric or older adult 

cases were uninsured.  

In Project 2, we aimed to further describe the contribution of common genetic variation to 

osteosarcoma development by leveraging a newly created dataset of open chromatin regions 

(OCR) of osteoblasts, the cell type from which osteosarcoma is believed to emerge.80 We first 

ascertained whether single nucleotide polymorphisms (SNPs) from the GWAS of osteosarcoma 

were enriched in the OCR of osteoblast at increasingly stringent p-value thresholds. We then 

attempted to validate the effect of GWAS SNPs with a reported p-value < 1 x 10 -4 by prioritizing 

those that fell within OCR of osteoblasts for re-analysis in an independent set of cases and their 
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unaffected biological parents. This novel and biologically driven prioritization scheme enabled 

fewer hypothesis tests than agnostic GWAS analyses, thereby increasing the statistical power of 

an existing genetic dataset. 

In Project 3, we sought to examine the influence of germline variation and genetic ancestry on 

Ewing sarcoma (ES) risk in European and non-European populations. We first sought to replicate 

the effect of 6 ES risk loci in a set of cases and controls of European ancestry independent from 

the original GWAS of ES. We then ascertained whether their effects were generalizable to 

Latinos, an admixed population with diverse proportions of European, indigenous Amerindian 

and African ancestry. We further investigated these loci by examining whether additional variants 

within 500kb of each index variant were independently associated with ES risk in Latinos. 

Finally, we determined the effect of predicted genomic ancestry on ES incidence in Latinos after 

controlling for known risk SNPs and performed an exploratory admixture mapping analysis 

aimed at identifying ancestry-specific regions of the genome which may plausibly harbor 

additional risk variants. The results of this study provide insight into the genetic architecture of 

ES in populations of diverse genomic ancestry. Additionally, it provides evidence that ancestry-

specific alleles contribute to the wide racial disparities observed with ES incidence.   
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Chapter 2:  Racial and ethnic differences in sarcoma incidence are independent of 

census-tract socioeconomic status. 

Introduction  

Sarcomas, which can be broadly categorized as soft tissue sarcomas (STS) or bone sarcomas 

(BS), comprise a group of over 50 exceedingly rare and heterogeneous mesenchymal neoplasms.1 

The overall incidence of STS and BS is fewer than 5 cases per 100,000 persons per year,  

although substantial variation in incidence by subtype, age, sex, and race has been 

described.11,43,81,82 Several factors are  associated with sarcoma risk.8 These include genetic 

predisposition from both rare variants,33,35,36 some of which underlie cancer predisposition 

syndromes,83 and common variants.37,39,40 Other studies have observed sarcoma development to 

be associated with environmental (e.g. phenoxyherbicide exposure84,85, radiotherapy.12,13), 

infectious,86 and perinatal factors (e.g. birth weight,21 parental age20). However, the etiology for 

the vast majority of sarcomas remains unknown, largely because the rarity and heterogeneity of 

the disease preclude sufficiently powered etiologic studies.8 

Evaluating socioeconomic status (SES) and racial/ethnic disparities in incidence across sarcoma 

subtypes may provide clues into their etiology. SES can serve as a proxy for locally varying 

environmental and lifestyle factors that influence health,26 whereas racial/ethnic disparities that 

are independent of SES may indicate that genetic variants associated with ancestry contribute to 

tumor development. However, prior analyses of  SES and sarcoma incidence are either limited to 

analyses of childhood cases or to those that combined distinct subtypes into a single 

group,29,31,87,88  and few analyses of race-specific incidence patterns considered probable 

confounding by SES.11,82 It is therefore difficult to properly attribute differences observed to 

environment or to genetic variants associated with ancestry.  

In this study, we sought to utilize the population-based Surveillance, Epidemiology, and End 

Results (SEER) program to investigate the independent associations of census tract-level SES 

(CT-SES) and race/ethnicity with the incidence rate of individually rare subtypes of sarcoma 

diagnosed across the age span.  

Methods 

Study population 

Sarcoma cases were identified from the SEER Census Tract-level SES database, a specialized 

database that includes cancer cases diagnosed between 2000 and 2015 in the catchment area of 16 

SEER registries.79 The Alaska Native and Louisiana tumor registries are excluded by SEER due 

to confidentiality concerns and the impact of Hurricane Katrina on population estimates, 
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respectively.89 We identified a sarcoma as any microscopically confirmed, initial primary 

malignant tumor with an International Classification of Disease for Oncology, 3rd Edition (ICD-

O-3) histology code recognized by the 2013 World Health Organization’s (WHO) Classification 

of Tumours of Soft Tissue and Bone.90 We then categorized sarcomas into subtypes according to 

WHO classifications and the recommendations of an expert sarcoma oncologist (Dr. Brenda J. 

Weigel) and pathologist (Dr. Paari Murugan) (Table 2-1). Kaposi sarcoma was excluded because 

it primarily arises in the setting of HIV infection.86 Additionally, we classified sarcoma subtypes 

by their somatic genome as either fusion positive (F +) or fusion negative (F - ) according to  

published data (Table 2-2).6,91  The (F +) category included subtypes with somatic genomes 

characterized by simple chromosomal translocations, whereas the (F -) category included 

subtypes with somatic genomes characterized by complex chromosomal rearrangements.3 We 

opted to categorize sarcoma subtypes by their presumed fusion status because evidence suggests 

that (F -) sarcomas are more likely than (F +) sarcomas to arise from  genetic susceptibility.91–94  

Cases diagnosed in the year 2000 were excluded because they were not coded under the ICD-O-3 

guidelines introduced in 2001.95  

SES, race/ethnicity, and other covariates 

SES was assessed using a composite index of SES measured at the level of the census-tract, 

defined as a small geographical unit (~ 4,000 people) designed to be homogeneous with respect to 

population characteristics, economic status, and living conditions.89 The CT-SES index was 

generated from a factor analysis of seven SES characteristics identified by Yost et al.96 Cases 

were mapped to a census tract based upon their address at diagnosis.96 CT-SES indices assigned 

to each census tract were then categorized by SEER into quintiles of equal population size, with 

the first quintile (Q1) representing the lowest CT-SES and the fifth quintile (Q5) representing the 

highest.79  

Cases were identified as having Hispanic ethnicity by SEER based upon the North American 

Association for Central Cancer Registries Hispanic-Latino identification algorithm.97 Those 

without a Hispanic ethnicity were categorized into mutually exclusive race categories as either 

Non-Hispanic (NH)-white, NH-black, or American Indian/Alaskan Native or Asian Pacific 

Islander (AIAN/API); the AIAN and API race categories were combined due to sample size 

constraints. Age at diagnosis was categorized into 9 age-groups ( 0 – 9 years, 10 - 19 years, 20 - 

29 years, 30 – 39 years, 40 – 49 years, 50 - 64 years, 65 – 74 years, 75 - 84 years, 85 + ).  
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The population denominator estimates provided by SEER were stratified by single calendar year, 

sex, age, race, and Hispanic ethnicity. SEER allocates multiracial populations into one of the four 

single race categories with a probability proportional to the size of that race in the population.79  

After excluding cases with missing CT-SES (n = 914) or race/ethnicity (n = 775) variables, we 

analyzed 97% of the starting dataset (55,415 of 57,044 cases).  

Statistical Analyses 

Incidence rate ratios (IRR) and 99% confidence intervals (CI) for CT- SES and race/ethnicity, 

adjusted for age at diagnosis, sex, and year of diagnosis were estimated from quasi-Poisson 

models, which handle over dispersion in the data by assuming the variance is a linear function of 

the mean.98 In all models, log transformed population denominator estimates served as the offset 

term.  Analyses were stratified by broad age group categories (pediatric < 20 years; adult 20 – 65 

years; older adult > 65 years) to account for possible differences in sarcoma etiology. Within each 

age group strata, associations were assessed for sarcomas classified by fusion status (either (F+) 

or (F-)), as well as  for any subtype with more than 200 total cases, a cut-off that was set a priori  

to maintain adequate power. For each sarcoma subtype, CT-SES was assessed as either a 

categorical or ordinal variable, with the p-value from the ordinal variable used as a test for trend. 

For ease of interpretation, we have focused our reporting on the results obtained from analyzing 

CT-SES as an ordinal variable (Figure 2-1).  In some instances, these results appeared to obscure 

a non-linear association apparent in the analysis of CT-SES as a categorical variable. We, 

therefore, present results from analyses of CT-SES as a categorical variable in Table 2-4.  

A p-value less than 0.01 was considered statistically significant. This threshold adjusted for the 

multiple primary hypothesis tests evaluated within each sarcoma subtype and age group strata 

(i.e. the ordinal CT-SES and 3 race/ethnicity comparisons) and controls the overall Type I error 

rate at approximately 0.05. All reported p-values are two-sided. Datasets were created using 

SEER*Stat 8.3.699 and analyses were performed in R version 3.4.4.100 

Results 

Table 2-3 presents the distribution of sarcoma cases by demographic and clinical characteristics. 

Overall, 55,415 initial primary malignant sarcoma cases were identified (48,348 STS and 7,067 

BS). Among all sarcoma cases, 64% were NH-white, 12% were NH-black, 16% were of Hispanic 

ethnicity and 9% were AIAN/API. The distribution of sarcoma cases from lowest to highest SES 

quintile was 17%, 18%, 20%, 22%, and 24%, respectively.  
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Socioeconomic status and sarcoma incidence 

Figure 2-1 shows the IRRs for CT-SES, stratified by sarcoma category and age group strata. In 

the pediatric age group, a positive trend in the incidence of fibroblastic/myofibroblastic (F/MF) 

tumors was observed across CT-SES quintiles (IRR: 1.09, 99% CI 1.00, 1.18; p-value = 0.007). 

However, the results from CT-SES evaluated as an ordinal variable may have obscured a 

potential non-linear association in the incidence of F/MF tumors; the IRR comparing CT-SES Q2 

vs Q1 (IRR: 1.37 ,99% CI: 0.97, 1.94) appeared higher than the IRR comparing CT-SES Q3 vs 

Q1 (IRR: 1.04, 99% CI: 0.71, 1.52; Error! Reference source not found.). The incidence rates 

for other sarcoma subtypes evaluated in the pediatric age group were not associated with CT-

SES.  

In the adult age group strata, F/MF tumors and liposarcoma showed evidence of having a higher 

incidence in higher CT-SES quintiles (p-value < 0.001 for both), whereas malignant peripheral 

nerve sheath tumors (MPNST) showed the opposite trend with every increase in CT-SES quintile 

associated with a 7% lower incidence rate (99% CI: 0.87, 0.99; p-value = 0.002). The other 

subtypes evaluated in adults were not associated with CT-SES, including all of the bone sarcoma 

subtypes evaluated.   

In the older adult age group strata, most subtypes (8 of 11 evaluated) showed a trend of increased 

incidence with increasing CT-SES quintiles that reached statistical significance, including those 

subtypes that were not significantly associated with CT-SES in adults. Other RMS, MPNST, and 

malignant vascular tumors were the only subtypes evaluated in older adults that were not 

associated with CT-SES.  

In all age groups, we observed an increasing incidence of (F +) sarcomas with increasing CT-SES 

(p-value < 0.001 in all age groups). A positive trend was also observed for (F -) sarcomas in the 

older adult aged strata (p-value < 0.001), but the trends in the adult and pediatric age groups were 

not statistically significant (p-values = 0.02 and 0.08, respectively).   

Race/ethnicity and sarcoma incidence 

Figure 2-2 - Figure 2-4 show the IRRs for race and ethnicity, stratified by sarcoma category and 

age group strata. In the pediatric age group, the IRRs observed in NH-black children compared to 

NH-white children differed according to sarcoma subtype, with statistically significant IRRs 

observed for 5 of the 7 subtypes evaluated (Figure 2-2). Heterogeneous results were also 

observed among children of Hispanic ethnicity, although we found fewer significant results (3 of 

the 7 subtypes evaluated) and smaller effect sizes than those comparing incidence rates in NH-
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black to NH-white children (Figure 2-3). Among  AIAN/API children, the IRRs that reached 

statistical significance (3 of 7 subtypes) were all less than 1,  with some subtypes showing 

incidence rates that were nearly 50% lower in AIAN/API compared to NH-white children (e.g. 

Ewing sarcoma of bone, Embryonal RMS, and F/MF tumors; Figure 2-4).  

In adults, several STS subtypes had incidence rates in NH-blacks that were substantially higher 

(IRR > 1.60) than those observed in NH-whites, including  other RMS, F/MF tumors, 

desmoplastic small round cell tumor (DSRCT), GIST, and leiomyosarcoma (Figure 2-2). The 

incidence rates for several subtypes were also significantly different in adults of Hispanic 

ethnicity compared to NH-white adults (6 of 17 subtypes evaluated), although we again observed 

weaker associations than those comparing the incidence rates in NH-black adults to NH-white 

adults (Figure 2-3). Among adults identified as AIAN/API, we observed incidence rates that 

were significantly lower than those observed in NH-white adults for several sarcoma subtypes (9 

of 17 subtypes evaluated; Figure 2-4). A notable exception is GIST, the only subtype evaluated 

to show a significantly higher incidence rate in AIAN/API compared to NH-white adults (IRR: 

1.48, 99% CI: 1.31, 1.68).  

Several of the results observed in older adults (> 65 years at diagnosis) were dissimilar to those in 

adults. For example, the incidence of UPS was lower in older adults identified as NH-black (IRR: 

0.48, 99% CI: 0.35, 0.64) and Hispanic (IRR: 0.65, 95% CI 0.52, 0.8) compared to NH-white 

older adults, but showed no difference in incidence across these racial/ethnic categories in adults. 

Conversely, results among AIAN/API older adults largely concurred with those observed in 

younger aged individuals. Incidence rates in AIAN/API older adults that reached statistical 

significance (5 of 10 subtype evaluated) were primarily lower than those observed for NH-whites, 

except for GIST, which had an incidence rate that was 78% higher in AIAN/API  compared to 

NH-white older adults(99% CI; 1.56, 2.04; Figure 2-4).  

In all age groups, the incidence of (F -) and (F +) sarcomas in NH-black or Hispanic individuals 

compared to NH-white individuals were heterogeneous. Conversely, the comparative incidence 

rates in AIAN/API individuals that reached statistical significance consistently showed lower 

incidence rates for both (F -) and (F +) sarcomas compared to NH-whites in all age groups.  

Discussion 

In the current study, we found race/ethnicity to be more often associated with sarcoma incidence 

than census tract-level SES. Specifically, of the 35 subtype-age group combinations evaluated for 

an association with CT-SES, 12 were statistically significant, and most occurred in the older age 



16 

 

group strata (8 subtypes), with all, except MPNST in adults, having a positive trend in incidence 

across CT-SES levels. Conversely, nearly every subtype-age group combination displayed 

racial/ethnic differences in incidence rates that were independent of CT-SES. Notably strong 

associations included an over two-fold increase in the incidence of GIST among NH-black 

compared NH-white adults. Overall, our findings suggest that genetic variation associated with 

ancestry may play a stronger role than area-level SES-related factors in the etiology of STS and 

BS subtypes. 

Prior results regarding the association between SES and sarcoma incidence are limited. A large 

SEER analysis (n = 1,576 STS and 1,113 BS) found that children aged 0 – 19 years living in 

higher-income counties of the United States had  a higher incidence of STS but not BS,31 whereas 

other case-control studies using maternal or household education as a proxy for SES have found 

mostly null associations.29,101 In prior analyses, however, individual subtypes of sarcoma were not 

separately evaluated. With regards to race/ethnicity, several race-specific incidence patterns have 

been reported, including the dramatic patterns reported herein among minority populations 

diagnosed with Ewing sarcoma,10,102,103 GIST,104,105 DSRCT,106 and leiomyosarcoma.11 Prior 

analyses, however, have failed to comprehensively account for likely confounding by SES. The 

results of our analysis build upon prior work by demonstrating the independent associations of 

CT-SES and race/ethnicity on the incidence of subtypes of sarcoma throughout the age span.  

Area-level SES is speculated to represent complex interactions between environmental, social, 

and cultural influences on health; therefore, we cannot determine which specific aspect may have 

driven our observed associations. Several possible risk factors for sarcoma have been identified in 

prior studies,8 including those we presume to be correlated with both a high SES (e.g. older 

parental age20) and low SES (e.g. residential proximity to industrial facilities,19,107), but few of 

those nominated to date have been definitively established as risk factors.8 Nonetheless, the 

variation in incidence across CT-SES supports the possibility that exogenous or lifestyle factors 

contribute to the development of at least some subtypes of sarcoma. Moreover, that results were 

heterogeneous across subtypes and age groups highlights the likelihood of etiologic differences in 

the tumors evaluated (i.e. environmental vs genetic factors).   

For example, it is hypothesized that individuals diagnosed with (F -) sarcomas more often harbor 

rare, pathogenic germline genetic variants than those with (F +) sarcomas, as evidenced by the 

increased frequency with which (F -) sarcoma cases are diagnosed in cancer predisposition 

syndromes and as secondary cancers.91–94 That the association with CT-SES appeared weaker in 

(F-) sarcomas compared to (F +) sarcomas in the pediatric and adult age groups supports this 
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hypothesis, as tumors that are unrelated to SES are perhaps more likely influenced by germline 

genetics. In the older adult stratum, however, we note dissimilar findings; CT-SES was associated 

with both classes of tumors and nearly every subtype evaluated (8 of 11). We speculate that CT-

SES is unrelated to (F -) sarcomas and other subtypes in younger patients due to the increased 

frequency with which germline genetic predisposition contributes to sarcoma development early 

in life.33,108 

In the pediatric and adult age groups, the incidence of several sarcoma subtypes was unrelated to 

CT-SES but demonstrated dramatic race-specific incidence patterns. We speculate that these 

findings may be driven in part by differences in the frequency of genetic variants across 

ancestries. For example, the binding affinity for EWS-FLI1, the fusion oncoprotein characteristic 

of Ewing sarcoma,6 depends upon the length of GGAA microsatellite repeats,109 which is 

polymorphic between populations of primarily European and African ancestries.41 This is 

consistent with the substantially higher incidence of Ewing sarcoma in NH-white individuals 

compared to NH-black individuals reported here and elsewhere.10,102,103 Whether genetic variants 

that are associated with ancestry underlie associations with other subtypes is unclear. We note, 

however, that racial and ethnic categories are imperfect measures of genomic ancestry,110 and that 

other social, cultural, or lifestyle factors which are unaccounted for by area-level SES may have 

confounded our observations. The use of admixture mapping111,112 may help to resolve the 

potential mechanisms underlying our observations.  

To our knowledge, ours is the largest study to investigate the independent contributions of SES 

and race/ethnicity on sarcoma incidence. Utilizing the SEER program enabled us to evaluate 

associations among individually rare subtypes of sarcoma within a racially and ethnically diverse 

population with reasonably adequate statistical power. Additionally, the use of a comprehensive 

and widely available SES variable measured at the census tract-level allowed us to control 

analyses for possible environmental and lifestyle factors, and facilitated informed speculations on 

the relative contribution of environment vs. genetics in the development of these rare group of 

cancers.  

Nevertheless, we acknowledge several limitations. Although we included only microscopically 

confirmed sarcomas, there may still be misclassification of tumor subsets represented in our 

study. Accurately diagnosing sarcomas remains a clinical challenge,113,114 and recording their 

diagnostic codes into tumor registries is subject to error.115,116 It is possible that misclassification 

may be greater among individuals with lower SES, as they may have reduced access to specialty 

sarcoma centers or clinical trials. Furthermore, we classified subtypes as fusion positive or 
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negative according to the predominant somatic mutations in each sarcoma based on prior 

literature,6,91 but tumors categorized as (F +) may have lacked a fusion gene and some (F -) 

sarcoma subtypes may harbor fusion genes yet to be discovered.117 We also note that area-level 

SES does not represent individual-level SES, but rather captures the SES characteristics of one’s 

environment that may also influence health.118 SEER includes individual-level insurance status 

for cases but does not include it in calculations of population denominator estimates. This 

precluded us from using insurance status as a measure of SES in our analysis of incidence rates. 

Other individual-level SES characteristics (e.g. income or educational attainment) are not 

publicly available from SEER. Furthermore, the CT-SES measure was assigned to a case based 

upon their address at diagnosis. This may not account for potentially long latency periods 

between exposure and diagnosis, during which an individual may have moved between areas of 

high or low SES. Furthermore, we note that our analysis could not account for environmental 

exposures that may be associated with sarcoma development, but which are unrelated to CT-SES. 

Finally, given this is a broad study of rare cancers across the age spectrum, a large number of 

statistical tests were performed. Some significant findings may therefore be due to chance.   

Through this large and comprehensive analysis, we observed sarcoma incidence rates to be more 

often associated with race/ethnicity than CT-SES. Although future etiologic analyses – 

particularly genetic studies - are needed to confirm our findings, our results suggest that genetics 

play a greater role than environmental factors on the etiology of several subtypes of sarcoma.   
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Table 2-1. Soft tissue and bone sarcoma classifications and ICD-O-3 histology codes. 

Histologic classifications ICD-O-3 histology codes 

Soft tissue sarcomasa  

Liposarcoma 8850, 8851-8855, 8858 

Fibroblastic/Myofibroblastic Tumors 8810, 8811, 8815, 8815, 8825, 8832, 8840 

Leiomyosarcoma 8890 

Malignant glomus tumor 8711 

Embryonal rhabdomyosarcoma 8910 

Alveolar rhabdomyosarcoma 8920 

Other rhabdomyosarcoma 8900, 8901, 8912 

Malignant vascular tumors 9120, 9133, 9137 

Synovial sarcoma 9040, 9041,9043 

Epithelioid sarcoma 8804 

Alveolar soft part sarcoma 9581 

Clear Cell Sarcoma of Soft tissue 9044 

Extraskeletal Mesenchymal chondrosarcoma 9240 

Malignant Ossifying fibromyxoid tumor 8842 

Myoepithelial carcinoma 8982 

Malignant phosphaturic mesenchymal tumor 8990 

Extra skeletal Myxoid Chondrosarcoma 9231 

Ewing sarcoma of soft tissue 9260, 9364 

Desmoplastic small round cell tumor 8806 

Extra-renal rhabdoid tumor 8963 

Gastrointestinal Stromal Tumor 8936 

Malignant peripheral nerve Sheath Tumor 8921, 9540, 9561, 9571, 9580 

Extra-skeletal Osteosarcoma 9180 

Undifferentiated pleomorphic sarcoma  8830 

unclassified sarcomas 8800 – 8803, 8805 

Malignant PEComa 8714 

Bone Sarcomasb  

Osteosarcoma 9180 – 9183, 9185, 9187, 9192 - 9194 

Chondrosarcoma 9220, 9221, 9240, 9242, 9243 

Fibrosarcoma of bone 8810 

Malignancy in Giant Cell tumor of bone 9250 

Ewing sarcoma of  bone 9364, 9260 

Undifferentiated Pleomorphic sarcoma of bone 8830 

Chordoma 9370 

Epithelioid haemangioendothelioma of bone 9133 

Angiosarcoma of bone 9120 

Leiomyosarcoma of bone 8890 

Liposarcoma of bone 8850 
a Occurring in any sites other than bones and joints. b Occurring in bones and joints. Only ICD-

O-3 codes with malignant behavior included. Only subtypes with > 200 total cases within an 

age group stratum were evaluated. 
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Table 2-2. ICD-O-3 histology codes of suspected (F-) and (F+) sarcomas. 

Suspected F + sarcomas ICD-O-3 histology codes 

Myxoid/Round cell liposarcoma 8852,8853 

Infantile fibrosarcoma 8814 

Malignant Solitary Fibrous Tumor 8815 

Dermatofibrosarcoma, NOS 8832 

Sclerosing epithelioid fibrosarcoma 8840 

Low grade fibromyxoid sarcoma 8840 

Alveolar rhabdomyosarcoma 8920 

Epithelioid haemangioendothelioma 9133 

Synovial sarcoma 9040, 9041, 9043 

Alveolar soft part sarcoma 9581 

Clear Cell Sarcoma of Soft tissue 9044 

Extra skeletal Myxoid Chondrosarcomaa 9231 

Ewing sarcoma 9260, 9364 

Desmoplastic small round cell tumor 8806 

Mesenchymal chondrosarcoma 9240 

Biphenotypic sinonasal sarcoma 8801 

Malignant glomus tumor 8711 

Malignant ossifying fibromyxoid tumor 8842 

Myoepithelial carcinoma 8982 

Malignant phosphaturic  mesenchymal tumor 8990 

Suspected F - sarcomas  

Non myxoid/round cell Liposarcoma 8850,8851, 8854, 8858 

Other rhabdomyosarcoma 8900, 8901, 8912 

Malignant peripheral nerve sheath tumor 9540 

Osteosarcoma 9180-9183, 9185, 9192-9194 

Undifferentiated pleomorphic sarcoma  8830 

Non-mesenchymal Chondrosarcoma 9220, 9242, 9243 
aOccurring in any sites other than bones and joints. Only ICD-O-3 codes with malignant 

behavior included. 

 

 

 

 

 

 



21 

 

Table 2-3. Distribution of sarcoma cases by demographic and clinical characteristics,  

SEER 16 registries (2001 – 2015) 

  

Total 

Sex, %  Race, %  CT-SES index, % 

  M F  NHW NHB H AIAN/API  Q1 Q2 Q3 Q4 Q5 

All Ages                

BS 7,067 57 43  63 8 22 7  17 19 20 21 24 

STS 48,348 51 49  64 12 15 9  17 18 20 22 24 

(F -) sarcomas 17,391 59 41   67 9 17 8   16 18 20 21 24 

(F +) sarcomas 13,662 53 47   58 14 20 8   17 19 20 21 23 

Pediatric ( < 20y)               

Osteosarcoma 1,569 56 44  45 15 32 8  20 22 20 19 19 

ES of bone 931 61 39  65 3 25 7  15 19 23 18 25 

ARMS 489 54 46  45 17 28 10  18 22 18 19 23 

Embryonal RMS 749 61 39  55 14 25 6  18 20 19 19 24 

F/MF tumors 518 52 48  48 20 28 5  19 22 16 21 22 

Synovial sarcoma 302 51 49  52 9 31 8  18 19 20 20 23 

ES of soft tissue 352 56 44  57 5 32 7  16 19 22 21 22 

(F -) sarcomas 2,078 56 44   46 14 32 8   20 22 19 20 20 

(F +) sarcomas 2,762 56 44   55 10 27 8   17 20 20 19 23 

Adult (20-65y)                

Osteosarcoma 1,203 56 45  54 13 23 9  21 18 20 19 21 

ES of bone 450 64 36  73 4 19 5  18 20 19 20 23 

Chondrosarcoma 1,699 53 48  72 6 17 5  15 18 20 22 25 

Malignant chordoma 448 61 39  65 5 21 9  16 17 18 22 28 

Other RMS 372 58 42  52 16 22 10  20 19 21 20 20 

F/MF tumors 5,581 48 52  57 19 15 9  18 18 20 21 24 

Synovial sarcoma 1,366 54 46  56 10 26 8  19 20 19 21 21 

ES of soft tissue 442 52 48  62 5 22 12  18 21 22 20 20 

MPNST 1,048 55 45  58 15 18 9  22 19 20 20 18 

DSRCT 225 84 16  53 20 20 8  18 23 23 16 20 

GIST 3,966 56 44  54 18 14 14  19 18 20 21 23 

Leiomyosarcoma 6,036 27 73  59 16 17 9  17 19 19 23 22 

Liposarcoma 4,796 60 40  63 9 20 9  16 18 20 22 25 

Malignant vascular 

tumors 

1,027 52 48  63 12 16 10  16 19 21 22 23 

Epithelioid sarcoma 386 57 43  62 11 19 7  17 18 18 24 23 

UPS 1,571 62 38  70 9 15 6  16 17 20 22 26 

Unclassified 

sarcomas 

2,218 54 46  61 13 17 9  19 18 20 20 22 

(F -) sarcomas 9,114 58 42   64 10 18 8   17 18 20 21 24 

(F +) sarcomas 9,284 52 48   57 15 19 9   18 19 20 21 23 
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Table 2.3 (continued). Distribution of sarcoma cases by demographic and clinical characteristics,  

SEER 16 registries (2001 – 2015) 

Older adult (65y +)               
Chondrosarcoma 537 53 47  83 3 10 4  13 18 18 24 27 

Malignant chordoma 230 62 38  NR NR NR NR  12 17 16 23 32 

Other RMS 237 43 57  74 9 9 8  14 17 19 24 26 

F/MF tumors 1,455 50 50  74 7 11 8  12 19 20 23 26 

MPNST 252 55 45  75 8 10 8  17 18 21 20 24 

GIST 3,309 48 52  62 15 9 14  17 19 18 22 23 

Leiomyosarcoma 3,220 41 59  75 11 9 6  16 19 20 21 24 

Liposarcoma 2,721 62 38  74 5 12 9  14 18 20 23 26 

Malignant vascular 

tumors 

1,078 58 42  76 4 9 11  14 16 21 26 23 

UPS 2,568 68 32  85 3 6 5  12 17 21 22 27 

Unclassified 

sarcomas 

2,064 55 45  80 7 8 6  14 18 20 23 25 

(F -) sarcomas 6,199 62 38   79 5 9 7   13 18 21 23 26 

(F +) sarcomas 1,616 51 49   73 9 11 8   15 19 17 24 25 

BS = bone sarcomas; STS = soft tissue sarcomas; y = years; ES = Ewing sarcoma; RMS = rhabdomyosarcoma; ARMS 

= Alveolar RMS; F/MF = Fibroblastic or Myofibroblastic; MPNST = Malignant peripheral nerve sheath tumor; 

DSRCT = Desmoplastic small round cell tumor; GIST = gastrointestinal stromal tumor; UPS = undifferentiated 

pleomorphic sarcoma; M= Male; F = Female; NH = Non-Hispanic; H = Hispanic; W = White; B = Black; AIAIN/API 

= American Indian, Alaskan native, Asian Pacific Islander; Q1 corresponds to lowest small-area SES quintile, Q5 

corresponds to highest.NR =  not reported due to insufficient sample sizes (< 5 cases in a cell). 
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Figure 2-1. Multivariable adjusted incidence rate ratios (IRR) for sarcoma by CT-SES stratified 

by sarcoma subtype and age group, SEER 16 registries (2001 – 2015). 
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Table 2-4. Multivariable adjusted incidence rate ratio (IRR) or sarcoma by CT-SES stratified by 

sarcoma subtype and age group, SEER 16 Registries, 2001-2015. 

 

  Census tract SES index 

IRR (99% CI)   

Pediatric (< 20 years)  Q1 Q2 Q3 Q4 Q5 

Osteosarcoma Ref 1.21 (0.99, 1.48) 1.14 (0.92, 1.4) 1.19 (0.96, 1.47) 1.15 (0.93, 1.44) 

ES of bone Ref 1.17 (0.88, 1.55) 1.39 (1.06, 1.84) 1.04 (0.78, 1.39) 1.29 (0.98, 1.71) 

ARMS Ref 1.33 (0.93, 1.93) 1.14 (0.77, 1.68) 1.24 (0.84, 1.84) 1.45 (0.99, 2.13) 

Embryonal RMS Ref 1.21 (0.89, 1.64) 1.16 (0.85, 1.6) 1.2 (0.87, 1.66) 1.39 (1.02, 1.92) 

F/MF tumors Ref 1.37 (0.97, 1.94) 1.04 (0.71, 1.52) 1.42 (0.99, 2.04) 1.52 (1.05, 2.2) 

Synovial sarcoma Ref 1.1 (0.69, 1.73) 1.16 (0.73, 1.84) 1.2 (0.75, 1.91) 1.26 (0.79, 2.01) 

ES of soft tissue Ref 1.18 (0.74, 1.88) 1.39 (0.89, 2.2) 1.31 (0.83, 2.1) 1.28 (0.81, 2.06) 

(F -) sarcomas Ref 1.19 (1, 1.43) 1.13 (0.93, 1.36) 1.19 (0.99, 1.44) 1.16 (0.96, 1.41) 

(F +) sarcomas Ref 1.23 (1.04, 1.44) 1.25 (1.06, 1.48) 1.18 (0.99, 1.39) 1.36 (1.15, 1.6) 

Adult (20 - 65 years) 
     

Osteosarcoma Ref 0.83 (0.66, 1.06) 0.93 (0.73, 1.18) 0.87 (0.69, 1.11) 1.03 (0.81, 1.31) 

ES of bone Ref 1.02 (0.66, 1.56) 0.89 (0.58, 1.39) 0.9 (0.58, 1.4) 1.17 (0.76, 1.8) 

Chondrosarcoma Ref 1 (0.8, 1.26) 1.03 (0.82, 1.28) 1.09 (0.87, 1.36) 1.15 (0.93, 1.43) 

Malignant chordoma Ref 0.94 (0.61, 1.46) 0.94 (0.61, 1.46) 1.06 (0.7, 1.62) 1.28 (0.85, 1.94) 

Other RMS Ref 0.97 (0.64, 1.48) 1.02 (0.68, 1.55) 0.99 (0.65, 1.51) 0.95 (0.62, 1.47) 

F/MF tumors Ref 1.01 (0.9, 1.14) 1.08 (0.96, 1.22) 1.1 (0.98, 1.24) 1.23 (1.1, 1.39) 

Synovial sarcoma Ref 1 (0.8, 1.26) 0.94 (0.74, 1.19) 1 (0.79, 1.26) 1.03 (0.81, 1.3) 

ES of soft tissue Ref 1.05 (0.7, 1.56) 1 (0.67, 1.5) 0.89 (0.59, 1.35) 0.89 (0.59, 1.36) 

MPNST Ref 0.84 (0.65, 1.08) 0.82 (0.64, 1.06) 0.79 (0.61, 1.03) 0.71 (0.54, 0.93) 

DSRCT Ref 1.28 (0.75, 2.23) 1.32 (0.77, 2.31) 0.98 (0.54, 1.79) 1.35 (0.75, 2.45) 

GIST Ref 0.96 (0.84, 1.1) 0.96 (0.84, 1.1) 0.98 (0.86, 1.12) 0.96 (0.84, 1.1) 

Leiomyosarcoma Ref 1.03 (0.91, 1.15) 1 (0.89, 1.13) 1.13 (1, 1.26) 1.02 (0.9, 1.14) 

Liposarcoma Ref 1.03 (0.91, 1.18) 1.1 (0.97, 1.25) 1.12 (0.98, 1.27) 1.2 (1.06, 1.36) 

M.vascular tumors Ref 1.11 (0.85, 1.46) 1.1 (0.84, 1.45) 1.07 (0.81, 1.4) 1.05 (0.8, 1.38) 

Epithelioid sarcoma Ref 1.01 (0.64, 1.6) 0.92 (0.58, 1.47) 1.23 (0.8, 1.91) 1.13 (0.72, 1.79) 

UPS Ref 0.88 (0.71, 1.1) 0.96 (0.77, 1.19) 0.98 (0.8, 1.22) 1.05 (0.85, 1.29) 

Unclassified sarcomas Ref 0.91 (0.76, 1.1) 0.93 (0.77, 1.12) 0.88 (0.73, 1.06) 0.91 (0.75, 1.09) 

(F -) sarcomas Ref 0.94 (0.85, 1.03) 1.01 (0.92, 1.1) 0.98 (0.9, 1.08) 1.06 (0.97, 1.16) 

(F +) sarcomas Ref 1.04 (0.95, 1.13) 1.07 (0.98, 1.17) 1.06 (0.97, 1.16) 1.19 (1.08, 1.3) 

Older Adult (65 + ) 
     

Chondrosarcoma Ref 1.04 (0.7, 1.57) 1.01 (0.68, 1.51) 1.26 (0.86, 1.86) 1.35 (0.93, 1.99) 

Malignant chordoma Ref 1.23 (0.71, 2.18) 1.05 (0.6, 1.88) 1.42 (0.85, 2.47) 1.93 (1.18, 3.26) 

Other RMS Ref 1.08 (0.59, 2) 1.13 (0.63, 2.08) 1.35 (0.76, 2.44) 1.42 (0.81, 2.58) 

F/MF tumors Ref 1.31 (1.02, 1.69) 1.28 (1, 1.66) 1.42 (1.11, 1.82) 1.54 (1.21, 1.98) 

MPNST Ref 0.92 (0.53, 1.6) 0.98 (0.57, 1.69) 0.91 (0.53, 1.59) 1.03 (0.61, 1.78) 

GIST Ref 1.05 (0.9, 1.23) 0.96 (0.83, 1.13) 1.12 (0.96, 1.3) 1.16 (0.99, 1.34) 

Leiomyosarcoma Ref 1.03 (0.88, 1.2) 1.04 (0.89, 1.21) 1.05 (0.91, 1.23) 1.17 (1.01, 1.36) 

Liposarcoma Ref 1.06 (0.88, 1.28) 1.09 (0.91, 1.31) 1.22 (1.02, 1.46) 1.3 (1.09, 1.55) 

M. vascular tumors Ref 0.95 (0.71, 1.28) 1.11 (0.84, 1.48) 1.33 (1.01, 1.75) 1.09 (0.83, 1.45) 

UPS Ref 1.05 (0.86, 1.27) 1.16 (0.96, 1.41) 1.17 (0.97, 1.42) 1.33 (1.11, 1.6) 

Unclassified sarcomas Ref 1.05 (0.86, 1.29) 1.06 (0.87, 1.3) 1.2 (0.99, 1.46) 1.23 (1.02, 1.5) 

(F -) sarcomas Ref 1.07 (0.94, 1.21) 1.13 (1, 1.28) 1.2 (1.06, 1.36) 1.32 (1.17, 1.49) 

(F +) sarcomas Ref 1.09 (0.88, 1.36) 0.96 (0.77, 1.2) 1.31 (1.06, 1.62) 1.28 (1.04, 1.59) 

Estimates are adjusted for race/ethnicity, age at diagnosis, sex, and year. Multivariate analysis of Malignant 

chordoma in older adult strata did not include race/ethnicity as a covariate due to insufficient sample sizes  

(i.e. < 5 NHB cases). Ordinal CT-SES includes results from model with CT-SES included as an ordinal 

variable, adjusted for all variables described above. Abbreviations:  ES = Ewing sarcoma family of tumors; 

RMS = rhabdomyosarcoma; ARMS = Alveolar RMS; F/MF = Fibroblastic or Myofibroblastic; DSRCT = 

Desmoplastic small round cell tumor, GIST = gastrointestinal stromal tumor; MPNST = malignant peripheral 

nerve sheath tumor; UPS = undifferentiated pleomorphic sarcoma; M. Malignant; Q1 corresponds to lowest 

small-area CT-SES quintile, Q5 corresponds to highest. 
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Figure 2-2. Incidence rates in non-Hispanic black vs. non-Hispanic white individuals, stratified by sarcoma subtype and age group,   

SEER 16 Registries (2001 – 2015) 

Estimates are adjusted for CT-SES (ordinal), age at diagnosis, sex, and year. Error bars represent 99% CIs. Multivariable analysis of 

malignant chordoma in older adult strata did not include race/ethnicity as a covariate due to insufficient sample sizes (i.e. < 5 NHB cases). 

ES = Ewing sarcoma; RMS = rhabdomyosarcoma; ARMS = Alveolar RMS; F/MF = Fibroblastic or Myofibroblastic; MPNST = Malignant 

peripheral nerve sheath tumor; DSRCT = Desmoplastic small round cell tumor, GIST = gastrointestinal stromal tumor; UPS = 

undifferentiated pleomorphic sarcoma; NH = non-Hispanic, AIAN/API = American Indian, Alaskan Native, Asian Pacific Islander. NH-

White is the reference category. 
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Figure 2-3. Incidence rates in Hispanic vs non-Hispanic white individuals, stratified by sarcoma subtype and age group, SEER 16 Registries (2001 

– 2015). 

Estimates are adjusted for CT-SES (ordinal), age at diagnosis, sex, and year. Error bars represent 99% CIs. Multivariable analysis of 

malignant chordoma in older adult strata did not include race/ethnicity as a covariate due to insufficient sample sizes (i.e. < 5 NHB cases). 

ES = Ewing sarcoma; RMS = rhabdomyosarcoma; ARMS = Alveolar RMS; F/MF = Fibroblastic or Myofibroblastic; MPNST = Malignant 

peripheral nerve sheath tumor; DSRCT = Desmoplastic small round cell tumor, GIST = gastrointestinal stromal tumor; UPS = 

undifferentiated pleomorphic sarcoma; NH = non-Hispanic, AIAN/API = American Indian, Alaskan Native, Asian Pacific Islander. NH-

White is the reference category. 
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Figure 2-4. Incidence rates in Asian vs non-Hispanic white individuals, stratified by sarcoma subtype and age group. SEER 16 Registries (2001 – 

2015). 

Estimates are adjusted for CT-SES (ordinal), age at diagnosis, sex, and year. Error bars represent 99% CIs. Multivariable analysis of 

malignant chordoma in older adult strata did not include race/ethnicity as a covariate due to insufficient sample sizes (i.e. < 5 NHB cases). 

ES = Ewing sarcoma; RMS = rhabdomyosarcoma; ARMS = Alveolar RMS; F/MF = Fibroblastic or Myofibroblastic; MPNST = Malignant 

peripheral nerve sheath tumor; DSRCT = Desmoplastic small round cell tumor, GIST = gastrointestinal stromal tumor; UPS = 

undifferentiated pleomorphic sarcoma; NH = non-Hispanic, AIAN/API = American Indian, Alaskan Native, Asian Pacific Islander. NH-

White is the reference category. 
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Chapter 3: Associations of socioeconomic status, public vs private insurance, and 

race/ethnicity with metastatic sarcoma at diagnosis.  

Introduction 

Soft tissue sarcomas (STS) and bone sarcomas (BS) comprise a group of over 50 histologically 

distinct and exceedingly rare malignant tumors.1 Approximately 10%-30% of patients with 

sarcoma present with detectable metastases at initial diagnosis, depending on subtype.49,62,64 

Those with metastatic disease at diagnosis experience poorer outcomes than those with localized 

disease, with overall five-year survival rates ranging from 10% - 30% and 65%-80% for those 

with and without metastases, respectively.43,44,46–48 Sarcomas cause few early recognizable signs 

and symptoms that can oftentimes lead to an extended delay between symptom onset and a 

definitive diagnosis.52,53 However, the extent to which a delayed diagnosis increases the 

likelihood of metastases and a higher risk of death from sarcoma remains unclear.52,53,56,57  

A lower socioeconomic status (SES) may be representative of factors at the individual or 

community-level that prevent patients from receiving timely access to medical care,119,120 and has 

been associated with advanced stage at diagnosis of more common cancers, including breast, 

prostate, colorectal, lung and cervical cancer.121 Prior analyses of the effect of SES on the 

diagnosis of sarcoma in the United States are few and largely based upon analyses of SES 

evaluated at the county level, which may have introduced bias considering that counties may be 

comprised of economically heterogeneous populations.62,64 Further insight can be obtained from 

analyses of race/ethnicity, since any observed associations which are independent of SES may 

point towards variation in genetic risk for presentation with metastases. Results from analyses of 

race/ethnicity are limited by the extreme rarity of the disease, oftentimes constraining 

investigators to analyze histologically distinct sarcoma subtypes as a single group (e.g. sarcoma), 

and few adjusted for likely confounding by SES.69,70 Of note, a genome wide association study of 

osteosarcoma identified two germline genetic variants that were associated with an increased risk 

of metastases.37 This indicates that the metastatic potential for at least one sarcoma subtype is 

present at the start of tumorigenesis, and not solely through sequential accumulation of mutations 

during disease progression.  

The purpose of this study was to utilize a large, contemporary cohort of patients with sarcoma 

within the Surveillance, Epidemiology, and End Results (SEER) registry to describe associations 

of census tract-level SES (CT-SES), race/ethnicity, and insurance status with metastases present 

at the diagnosis of sarcomas across the age spectrum. The results of this study provide a 
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comprehensive overview regarding these associations among individually rare subtypes of 

sarcoma.  

Methods 

Study population. 

We utilized the specialized SEER Census Tract-level SES Database,122 which includes cancer 

cases diagnosed between 2000 and 2015 in the catchment area of 16 SEER registries; The Alaska 

Native and Louisiana Tumor registries are excluded.89  Microscopically confirmed, first primary 

malignant sarcoma cases were identified using International Classification of Disease for 

Oncology, 3rd Edition (ICD-O-3) histology codes recognized by the 2013 World Health 

Organization’s (WHO) Classification of Tumours of Soft Tissue and Bone.123 We then 

categorized sarcoma cases into subtypes of interest according to the WHO classifications and the 

recommendations of an expert sarcoma oncologist (BJW) and pathologist (PM) (Table 3-1). 

Kaposi sarcoma was excluded from analyses because it primarily arises in the setting of HIV 

infection.86 We also excluded cases diagnosed in the year 2000 because they were not directly 

coded under the ICD-O-3 histology coding guidelines introduced in 2001.95  

Metastatic disease at diagnosis, SES, race/ethnicity, and other covariate categories 

Metastatic sarcoma was characterized based on the SEER summary staging variable. Cases with a 

staging of “Distant” were classified as having metastases at diagnosis, whereas those with a 

staging of “localized” or “regional” were not. Cases with an unknown stage at diagnosis were 

excluded from further analyses. Race and ethnicity were evaluated using mutually exclusive 

groups (Non-Hispanic (NH) – White, NH – Black, Asian Pacific Islander or American 

Indian/Alaskan Native (API/AIAN), and Hispanic) that were assigned to an individual based 

upon the reported race/ethnicity in a patient’s medical records. The identification of individuals of 

Hispanic ethnicity was further enhanced by use of the North American Association for Central 

Cancer Registries Hispanic-Latino identification algorithm, which is based principally on 

surname and birth place.97 We combined the API and AIAN race categories due to sample size 

constraints. Five-year age groups were categorized into 9 broader age group categories to account 

for small sample sizes ( 0 – 9 years, 10 – 19 years, 20 – 29 years, 30 – 39 years, 40 – 49 years, 50 

– 64 years, 65 – 74 years, 75 – 84 years, 85 + ).  

Small-area SES was analyzed from a composite index. The index is calculated by SEER using a 

principal component analysis of several census-tract level SES indicator variables as specified by 

Yost et al. : median household income, median house value, median rent, percent below 150% of 

the poverty line, an education index, percent with working class occupations, and percent older 
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than 16 in the workforce without a job.96 Cases were geocoded to a census tract according to their 

address at diagnosis. CT-SES indices were linked to a census tract using either the 2000 

Decennial Census long form survey or a series of American Community Survey 5 – year 

estimates, depending on year of diagnosis. The CT-SES index is provided to SEER users as a 5-

level categorical variable, with the first category (Q1) representing the lowest CT-SES quintile. 

Cases with a missing SES index or an address that could not be geocoded to a census tract were 

excluded from analysis.  

Statistical Analyses 

Multivariable logistic regression models were used to evaluate the odds of presenting with 

metastases at diagnosis across quintiles of CT-SES and race/ethnicity, adjusted for age at 

diagnosis, sex and year of diagnosis.  Covariates were selected a priori for inclusion based on 

previous associations with sarcoma and/or our exposures of interest.8,44,124 All models were 

stratified by broad age group categories (pediatric < 20 years; adult 20 – 65 years, and older adult 

> 65 years). Sixty-five years was chosen as the cut point for older adults as it is the age of 

Medicare eligibility. Within each age group strata, associations were reported for any sarcoma 

subtype with more than 100 metastatic cases, a cut-off that was chosen a priori to maintain 

adequate power in strata specific analyses. For all sarcomas, CT-SES was assessed as either a 

categorical variable (with the lowest quintile (Q1) serving as the reference) or an ordinal variable, 

with the p-value from the ordinal variable serving as a test for trend. We focus our reporting 

herein on results from SES evaluated as an ordinal variable (Figure 3-1); results from SES 

evaluated as a categorical variable are presented in Table 3-3.  

Additionally, we conducted multivariable logistic regression analyses to evaluate the odds of 

metastases at diagnosis by insurance status, while controlling for small-area SES (as an ordinal 

variable), race/ethnicity, age at diagnosis, sex, and year of diagnosis. Insurance status was defined 

according to the SEER variable as non-Medicaid insurance (insured or insured/no specifics), 

Medicaid coverage (any Medicaid), or uninsured. Analyses were confined to sarcoma subtypes 

with more than 100 metastatic cases diagnosed after 2007, when insurance status data began to be 

collected by SEER. We further restricted analyses to cases diagnosed in the adult age group strata 

because few pediatric or older adult cases were uninsured.  Cases with unknown insurance status 

were excluded from analysis. 

A p-value of < 0.01 was considered statistically significant. This significance threshold was used 

because it is approximately equal to 0.05 divided by 4, the number of hypothesis tests conducted 

within each sarcoma subtype and age group (i.e. the ordinal SES and 3 race/ethnicity 
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comparisons).  All reported p-values are two-sided. All datasets were generated using SEER*stat 

8.3.699  and statistical analyses were performed in R version 3.4.4.100  

Results 

Table 3-2 presents the clinical and demographic distribution of included cases. After excluding 

those with unknown stage of diagnosis (n = 3,613), missing SES index (n = 836), or missing 

race/ethnicity (n = 705), we analyzed 90.7% of sarcoma cases with a first primary, malignant 

sarcoma subtype of interest diagnosed between 2001 and 2015 in the SEER 16 registries (47,337 

of 52,183 cases). There was a total of 24,343 men (51.4%) and 22,994 women (48.6%). The 

percentage of cases reported as NH-white, NH-black, Hispanic, or AIAN/API was 63.3% 

(29,975), 12% (5,673), 15.9% (7,504), and 8.8% (4,185), respectively. Most sarcoma cases were 

aged 20 – 65 years at diagnosis (n =30,039, 63.5%) Overall, the proportion of patients presenting 

with metastatic disease at diagnosis was 17.3% and 20.5% for STS and BS, respectively. Among 

the subtypes evaluated, the prevalence of metastases at diagnosis was highest among alveolar 

rhabdomyosarcoma (ARMS; 47%), desmoplastic round cell tumor (DSRCT, 71.7%), and 

gastrointestinal stromal tumors (GIST, 23.4%)  in the pediatric,  adult, and older adult age group 

strata, respectively.  

Socioeconomic status and metastasis at diagnosis. 

Figure 3-1 shows the odds ratio (OR) and 99% confidence interval (CI) for presenting with 

metastatic disease at diagnosis by SES, stratified by sarcoma category and age group strata. 

Liposarcoma in adults was the only subtype-age group combination evaluated to show a 

significant association, with a 15% lower odds of metastatic liposarcoma observed for every 

increase in SES quintile. (99% CI: 0.76, 0.96; p-value = 0.001).  

Race/ethnicity and metastasis at diagnosis. 

Figure 3-2 - Figure 3-4 show the adjusted OR and 99% CI for presenting with metastatic disease 

at diagnosis by race and ethnicity, stratified by sarcoma category and age group strata. In the 

pediatric age group, we did not observe significant racial disparities in the odds of presenting with 

metastases at diagnosis for any of the subtypes evaluated. Conversely, in adults, we observed 

NH-black cases to have an elevated odds of metastatic Ewing sarcoma of bone (OR: 5.00, 99% 

CI: 1.16, 30.54), leiomyosarcoma (OR: 1.79, 99% CI: 1.42, 2.24), and unclassified sarcomas 

(OR: 1.58, 99% CI: 1.04, 2.37) compared to NH-white cases. The odds of metastatic 

leiomyosarcoma was also elevated in Hispanic (OR: 1.31, 99% CI: 1.04, 1.65) and AIAN/API 

(OR: 1.45, 99% CI: 1.09, 1.91) adults compared to NH-white adults. In the older age group strata, 
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NH-black cases had a higher odds of metastatic leiomyosarcoma (OR: 1.59, 99% CI: 1.11, 2.27) 

than NH-white cases, similar to the results observed in adults.  

Insurance status and metastasis at diagnosis. 

Table 3-4 presents results from the analysis of insurance status on metastatic disease at diagnosis 

in the adult age group strata. In total, 12,890 adults with sarcoma diagnosed after 2007 were 

identified, and 322 (2.5%) were excluded from analysis for having missing insurance data. Across 

most sarcoma subtypes evaluated (6 of 8 subtypes), non-Medicaid insured cases had a lower odds 

of having metastases at diagnosis compared to Medicaid insured or uninsured cases; Ewing 

sarcoma of bone and osteosarcoma were the only subtypes evaluated to show null associations 

with both Medicaid insured and uninsured status. Additionally, insurance status appeared to 

attenuate the association observed with small-area SES among adult liposarcoma cases (OR: 0.94, 

99% CI: 0.80, 1.10). However, NH-black cases still had an elevated odds of metastatic 

leiomyosarcoma (OR: 1.87, 99% CI: 1.41, 2.48) and unclassified sarcomas (OR: 1.65, 99% CI 

1.01, 2.67) compared to NH-white cases.  The association with NH-black cases and metastatic 

Ewing sarcoma of bone also remained elevated (OR 9.15) but was extremely imprecise (99% CI; 

1.32, 146.12). Other associations with metastatic leiomyosarcoma in cases identified as 

AIAN/API or of Hispanic ethnicity were no longer significant once adjusted for insurance status.   

Discussion 

To our knowledge, this is the largest analysis aimed at ascertaining whether SES or race/ethnicity 

were independently associated with metastatic presentation of sarcoma. Overall, we found little 

evidence of an association with small-area SES across most of the 25-sarcoma subtype-age group 

combinations evaluated. However, compared to having non-Medicaid insurance, having Medicaid 

or no insurance in adults was associated with an increased odds of metastases at diagnosis in 6 of 

the 8 subtypes evaluated; osteosarcoma and  Ewing sarcoma were the only two subtypes not 

associated with insurance status. Additionally, we observed an increased odds of presenting with 

metastases in NH-black adults diagnosed with leiomyosarcoma and unclassified sarcomas that 

was independent of CT-SES and insurance status. Our results suggest that those without 

insurance or who are underinsured are more likely to present with metastatic disease at diagnosis 

in several STS subtypes. Additionally, that SES-related factors were not associated with the odds 

of metastatic presentation in patients with osteosarcoma or Ewing sarcoma, or with the racial 

disparities observed with metastatic leiomyosarcoma or unclassified sarcomas, indicates that 

inherent biological factors may contribute to the metastatic progression of these subtypes.  
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A limitation of our analysis is that we used area-level SES measured at the census tract-level as 

an indicator of individual-level SES. Although census tracts are designed to be comprised of 

relatively homogeneous populations,27 the variation in SES measures among individuals within a 

census tract,125,126 and the independent effects of individual and area level SES on health related 

conditions,127–129 indicate that area-based measures of SES should not be interpreted as if they 

were collected from individuals.118 Rather, area-based measures capture information on 

community and neighborhood factors that influence health, which are generally conceptualized to 

be independent of individual SES characteristics.118 We, therefore, sought to further explore the 

influence of SES on metastatic disease at presentation by evaluating insurance status, one of the 

few measures of SES captured by SEER at the individual level.  

Across most STS subtypes evaluated in the adult age group strata, having Medicaid or no 

insurance was associated with an increased risk of presenting with metastases when compared to 

having private insurance. Both Medicaid insured and uninsured patients can experience numerous 

barriers to receiving medical care including reduced access to regular sources of  healthcare 

services, prolonged referral times to specialists, an inability to navigate the health care system, 

transportation issues, or poor psychosocial support.130–135 Our study concurs with a prior analysis 

that reported an elevated risk of metastatic presentation in Medicaid insured patients diagnosed 

with STS of the extremities.136 Moreover, it builds upon prior work in part because our analyses 

were stratified by sarcoma subtype, thereby providing a more detailed overview regarding the 

extent to which delayed access to medical care is associated with sarcoma stage at presentation. 

Notably, we observed insurance status and small-area SES not to be associated with metastases at 

diagnosis of osteosarcoma or Ewing sarcoma, the two bone sarcoma subtypes evaluated in adults. 

These results both contrast and confirm prior analyses. For instance, the finding that insurance 

status is not associated with metastatic  osteosarcoma concurs with reports of a genetic 

predisposition to metastatic disease34,74,137 and null associations with SES measured at the county 

level,62 but is in contrast with our prior observation of a higher prevalence of metastases in 

countries with lower human development indices,63 which may harbor greater barriers in 

providing timely access to medical care. One possible explanation for these discrepant findings is 

that the population of metastatic osteosarcoma cases is comprised of both individuals with genetic 

susceptibility and those who experienced diagnostic delays, although the attributable proportion 

of each remains unexamined. Similarly, Ewing sarcoma tumors appeared not to be associated 

with either small-area SES or insurance status in adults, a finding consistent with prior reports.64 
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Future genetic analyses should be pursued to identify whether there exists risk variants for 

metastatic Ewing sarcoma.   

We observed NH-black adults to have a higher odds of metastatic leiomyosarcoma and 

unclassified sarcomas at diagnosis than NH-white adults after controlling for SES and insurance 

status. It is unclear what may underlie these observations. That they were independent of SES-

related factors in our analysis highlights the possibility that genetic variants associated with 

ancestry may contribute to an inherently aggressive tumor phenotype, as hypothesized with other 

cancer types.138–140However, we note that a single measure of SES cannot fully characterize the 

complexities and multifactorial nature of racial disparities in health.  Other social, cultural, or 

lifestyle factors that are related to access to medical care, but which are unaccounted for by use of 

small-area SES or insurance status, may have confounded our observations. Further research is 

needed to determine whether there exists associations between genetic ancestry and stage at 

diagnosis of these subtypes. 

In addition to the use of an area-level SES measure, there are several additional limitations with 

our analyses that should be considered. First, the Medicaid insured category likely includes 

uninsured cases who were found to qualify for public health insurance after their cancer 

diagnosis, at which point they were retroactively coded as having Medicaid.141,142 We speculate 

that this misclassification likely inflated associations with Medicaid insurance, and may explain 

the seemingly counterintuitive finding that Medicaid insured cases had a similar or higher risk of 

metastasis than uninsured cases. We also note that small sample sizes may have resulted in null 

associations with the uninsured category in instances when Medicaid insured cases had an 

increased risk. Second, the SES measure used in our analysis is a composite of several SES-

characteristics, each of which may have an effect on health that differs in direction or magnitude.  

However, the individual SES-characteristics were not available for analysis. Third, the quality of 

sarcoma pathology113,114 and the possible inaccuracy of ICD-O-3  coding of sarcomas115,116 is a 

limitation of our study and sarcoma research in general. Finally, we note that SEER race/ethnicity 

categories are reported to be in high agreement with self-report race, except for cases identified as 

AIAN,143 but are imperfect measures of genomic ancestry.110  

In the current study, we provide evidence that factors related to diagnostic delay, including 

having Medicaid insurance or no insurance, increases the risk of presenting with more advanced 

staged STS in adults, but that inherent biological factors are more likely to contribute to 

metastases at diagnosis for osteosarcoma and Ewing sarcoma, as well as leiomyosarcoma and 
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unclassified sarcomas in NH-black adults. These data may be used to guide efforts to detect 

metastatic sarcoma earlier in order to improve patient outcomes.  
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Table 3-1. Soft tissue and bone sarcoma classifications and ICD-O-3 histology codes. 

 

 

 

 

Histologic classifications ICD-O-3 histology codes 

Soft tissue sarcomasa  

Liposarcoma 8850, 8851-8855, 8858 

Fibroblastic/Myofibroblastic tumors 8810, 8811, 8815, 8815, 8825, 8832, 8840 

Leiomyosarcoma 8890 

Malignant glomus tumor 8711 

Embryonal rhabdomyosarcoma 8910 

Alveolar rhabdomyosarcoma 8920 

Other rhabdomyosarcoma 8900, 8901, 8912 

Malignant vascular tumors 9120, 9133 

Synovial sarcoma 9040, 9041,9043 

Epithelioid sarcoma 8804 

Alveolar soft part sarcoma 9581 

Clear Cell Sarcoma of Soft tissue 9044 

Extraskeletal mesenchymal chondrosarcoma 9240 

Malignant ossifying fibromyxoid tumor 8842 

Myoepithelial carcinoma 8982 

Malignant phosphaturic mesenchymal tumor 8990 

Extra skeletal myxoid chondrosarcoma 9231 

Ewing sarcoma soft tissue 9260, 9364 

Desmoplastic small round cell tumor 8806 

Extra-renal rhabdoid tumor 8963 

Gastrointestinal stromal tumor 8936 

Malignant peripheral nerve sheath tumor 8921, 9540, 9561, 9571, 9580 

Extra-skeletal osteosarcoma 9180 

Undifferentiated pleomorphic sarcoma  8830 

unclassified sarcomas 8800 – 8803, 8805 

Bone Sarcomasb  

Osteosarcoma 9180 – 9183, 9185, 9187, 9192 - 9194 

Chondrosarcoma 9220, 9221, 9240, 9242, 9243 

Fibrosarcoma of bone 8810 

Malignancy in giant cell tumor of bone 9250 

Ewing sarcoma of  bone 9364, 9260 

Undifferentiated pleomorphic sarcoma of bone 8830 

Chordoma 9370 

Epithelioid haemangioendothelioma of bone 9133 

Angiosarcoma of bone 9120 

Leiomyosarcoma of bone 8890 

Liposarcoma of bone 8850 
aOccurring in any sites other than bones and joints. bOccurring in bones and joints. Only ICD-

O-3 codes with malignant behavior included. Only subtypes with > 100 metastatic cases within 

an age group strata were evaluated. 
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Table 3-2. Distribution of sarcoma cases by demographic and clinical characteristics. SEER 16 Registries (2001 - 2015). 

 

 

 

  

Total, 

n Sex, % Race,% Census Tract SES index, % Stage, % 

    Male Female NHW NHB Hispanic AIAN/API Q1 Q2 Q3 Q4 Q5 L/R D 

All Ages at diagnosis                             

BS 5,616 56 44 60 9 24 7 18 19 20 20 23 80 21 

STS 41,721 51 49 64 12 15 9 16 18 20 22 24 83 17 

Pediatric (<20 y)                             

Osteosarcoma 1,521 56 44 45 15 32 8 20 22 20 20 20 77 23 

ES of Bone 893 60 40 66 2 25 7 14 19 24 18 26 69 32 

ARMS 474 54 46 45 16 29 10 19 22 18 19 23 53 47 

Embryonal RMS 725 62 38 55 14 25 6 18 20 19 19 24 79 21 

Adult (20 - 65 y)                             

Osteosarcoma 1,150 55 45 55 13 23 9 21 18 21 19 21 81 19 

ES of bone 419 65 35 74 4 18 5 18 20 19 20 24 59 41 

Chondrosarcoma 1,633 53 47 71 6 17 6 15 18 20 23 25 91 9 

Other RMS 342 58 42 52 17 21 11 19 18 22 21 21 62 38 

F/MF tumors 5,198 48 52 57 19 15 9 17 18 20 21 24 97 3 

Synovial sarcoma 1,299 54 46 56 10 26 8 19 20 20 21 21 83 18 

ES of soft tissue 418 53 47 62 4 22 12 17 21 22 20 20 65 35 

MPNST 976 55 46 57 16 18 9 22 20 20 20 18 85 15 

DSRCT 187 82 18 51 20 19 9 18 21 24 16 21 28 72 

GIST 3,647 56 44 54 18 14 13 18 18 20 21 23 75 25 

Leiomyosarcoma 5,689 27 73 59 15 17 9 17 18 19 23 23 75 26 

Liposarcoma 4,620 60 40 63 9 20 9 16 18 20 22 25 94 6 

M. vascular tumors 877 53 47 65 11 15 9 16 20 21 22 22 63 37 

UPS 1,481 61 39 69 9 15 7 16 16 19 22 26 90 10 

Unclassified sarcomas 2,103 54 47 61 13 17 9 18 18 20 20 23 78 22 
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Table 3-2 (continued). Distribution of sarcoma cases by demographic and clinical characteristics. SEER 16 Registries (2001 - 2015). 

 Total Sex, % Race,% Census Tract SES index, % Stage, % 

    Male Female NHW NHB Hispanic AIAN/API Q1 Q2 Q3 Q4 Q5 L/R D 

Older Adult (65y  +)                             

GIST 2,982 49 51 62 15 9 14 17 19 19 22 23 77 23 

Leiomyosarcoma 2,959 40 60 74 11 9 6 16 19 20 21 24 77 23 

Liposarcoma 2,620 62 38 74 6 12 9 14 17 20 23 26 92 8 

M. vascular tumors 910 57 43 76 4 9 11 14 16 21 26 24 77 23 

UPS 2,319 67 33 85 4 7 5 12 18 21 22 27 93 7 

Unclassified sarcomas 1,895 55 45 80 6 8 6 13 18 20 24 26 81 19 

Abbreviations: ES = Ewing sarcoma; RMS = rhabdomyosarcoma; ARMS = Alveolar RMS; F/MF. = fibroblastic or myofibroblastic; MPNST = 

malignant peripheral nerve sheath tumor; DSRCT = desmoplastic small round cell tumor, GIST = gastrointestinal stromal tumor, M. = 

malignant, UPS = undifferentiated pleomorphic sarcoma; Q1 refers to the lowest CT-SES quintile, Q5 refers to the highest. NH = Non-

Hispanic, W = white, B = Black, AIAN/API = American Indian, Alaskan Native/ Asian Pacific Islander. L/R = localized/region, D = distant.  
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Figure 3-1. Multivariable adjusteda OR for metastatic sarcoma by CT-SES, stratified by age 

group and sarcoma subtype. SEER16 Registries, 2001 – 2015. 

 

 

 

 

 

 

 

 

 

 

Abbreviations: ES = Ewing sarcoma; RMS = rhabdomyosarcoma; ARMS = Alveolar RMS; F/MF. = 

fibroblastic or myofibroblastic; MPNST = malignant peripheral nerve sheath tumor; DSRCT = 

desmoplastic small round cell tumor, GIST = gastrointestinal stromal tumor, UPS = undifferentiated 

pleomorphic sarcoma; aAll data presented as odds ratio (99% CI) and are adjusted for race, sex, age at 

diagnosis, and year of diagnosis. 
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Table 3-3. Multivariable adjusteda OR for metastatic sarcoma by SES, stratified by age group and 

sarcoma subtype SEER 16 Registries, 2001 – 2015. 

  census tract-level SES 

OR (99% CI)   

Pediatric (< 20 y)   Q1 Q2 Q3 Q4 Q5 

Osteosarcoma Ref 0.97 (0.6, 1.56) 0.75 (0.45, 1.25) 0.76 (0.45, 1.28) 0.66 (0.38, 1.14) 

ES of bone Ref 0.63 (0.33, 1.21) 0.5 (0.26, 0.93) 0.69 (0.36, 1.35) 0.64 (0.34, 1.21) 

ARMS Ref 0.89 (0.41, 1.95) 0.84 (0.37, 1.93) 0.65 (0.27, 1.52) 0.77 (0.34, 1.76) 

Embryonal RMS Ref 0.94 (0.45, 1.96) 0.76 (0.35, 1.65) 1.02 (0.48, 2.16) 0.67 (0.31, 1.44) 

Adult (20 - 65 y)           

Osteosarcoma Ref 0.76 (0.4, 1.42) 1.1 (0.61, 2) 0.87 (0.46, 1.63) 0.7 (0.36, 1.33) 

ES of bone Ref 1.08 (0.45, 2.62) 1.1 (0.45, 2.71) 1.27 (0.51, 3.16) 1.01 (0.42, 2.5) 

Chondrosarcoma Ref 1.93 (0.83, 4.79) 1.61 (0.69, 4.02) 1.52 (0.66, 3.76) 1.52 (0.66, 3.8) 

Other RMS Ref 1.62 (0.62, 4.32) 1.31 (0.51, 3.4) 1.06 (0.4, 2.82) 1.28 (0.48, 3.46) 

F/MF  tumors Ref 0.7 (0.32, 1.48) 0.96 (0.49, 1.91) 0.82 (0.41, 1.68) 0.71 (0.35, 1.45) 

Synovial sarcoma Ref 0.75 (0.42, 1.34) 0.6 (0.32, 1.11) 0.57 (0.3, 1.04) 0.71 (0.39, 1.3) 

ES of soft tissue Ref 1.2 (0.5, 2.91) 1.61 (0.68, 3.9) 0.66 (0.25, 1.72) 0.93 (0.37, 2.37) 

MPNST Ref 1 (0.48, 2.07) 0.95 (0.44, 2) 1.51 (0.75, 3.09) 0.55 (0.22, 1.32) 

DSRCT Ref 1.27 (0.28, 5.78) 0.84 (0.19, 3.56) 0.48 (0.1, 2.17) 0.55 (0.12, 2.34) 

GIST Ref 1.04 (0.75, 1.45) 0.91 (0.65, 1.26) 0.88 (0.63, 1.22) 0.9 (0.65, 1.25) 

Leiomyosarcoma Ref 1.05 (0.8, 1.36) 0.84 (0.64, 1.1) 0.94 (0.72, 1.22) 0.86 (0.66, 1.13) 

Liposarcoma Ref 0.92 (0.55, 1.54) 0.92 (0.56, 1.52) 0.71 (0.42, 1.21) 0.52 (0.3, 0.9) 

M. vascular tumors Ref 1.05 (0.57, 1.93) 0.8 (0.43, 1.47) 0.9 (0.49, 1.66) 0.73 (0.39, 1.36) 

UPS Ref 0.92 (0.43, 1.95) 0.7 (0.32, 1.49) 0.96 (0.48, 1.97) 0.77 (0.38, 1.6) 

Unclassified sarcomas  Ref 0.7 (0.45, 1.09) 0.74 (0.48, 1.13) 0.64 (0.41, 1) 0.64 (0.41, 1) 

Older Adult (65 y + )           

GIST Ref 1.09 (0.75, 1.57) 0.96 (0.65, 1.41) 1.02 (0.7, 1.48) 0.88 (0.6, 1.29) 

Leiomyosarcoma Ref 1.08 (0.73, 1.59) 1.06 (0.72, 1.56) 1.11 (0.75, 1.64) 0.93 (0.63, 1.37) 

Liposarcoma Ref 1.06 (0.53, 2.18) 1.21 (0.63, 2.41) 0.94 (0.48, 1.89) 1.23 (0.65, 2.42) 

M. vascular tumors Ref 0.88 (0.41, 1.91) 1.05 (0.51, 2.19) 0.92 (0.46, 1.89) 1.14 (0.57, 2.36) 

UPS Ref 0.57 (0.27, 1.17) 0.71 (0.36, 1.4) 0.59 (0.3, 1.19) 0.59 (0.3, 1.15) 

Unclassified sarcomas  Ref 0.6 (0.35, 1.02) 0.6 (0.36, 1.01) 0.62 (0.37, 1.03) 0.58 (0.35, 0.96) 

Abbreviations: ES = Ewing sarcoma; RMS = rhabdomyosarcoma; ARMS = alveolar RMS; F/MF. = fibroblastic or 

myofibroblastic; MPNST = malignant peripheral nerve sheath tumor; DSRCT = desmoplastic small round cell 

tumor, GIST = gastrointestinal stromal tumor, M. =  malignant, UPS = undifferentiated pleomorphic sarcoma; Ref = 

reference category; Q1 corresponds to lowest CT-SES quintile, Q5 corresponds to highest. aAll data reported as 

odds ratio (99% CI) and are adjusted for race, sex, age at diagnosis, and year of diagnosis.  

 

 

 

 

 

 

 



41 

 

 

 

 

 

 

 

Figure 3-2. Odds of metastases in NH-black vs NH-white cases by sarcoma subtype and age 

group strata. SEER 16 registries (2001 – 2015). 

 

 

 

 

 

 

 

 

 

Abbreviations: ES = Ewing sarcoma; RMS = rhabdomyosarcoma; ARMS = alveolar RMS; F/MF. = fibroblastic 

or myofibroblastic; MPNST = malignant peripheral nerve sheath tumor; DSRCT = desmoplastic small round cell 

tumor, GIST = gastrointestinal stromal tumor, UPS = undifferentiated pleomorphic sarcoma; y = year.  All data 

presented as odds ratio (99% CI) and are adjusted for small-area SES (ordinal variable), sex, age at diagnosis, and 

year of diagnosis. 
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Figure 3-3. Odds of metastases in Hispanic vs NH-white cases by sarcoma subtype and age 

group strata. SEER 16 registries (2001 – 2015). 

 

 

 

 

 

 

 

 

 

Abbreviations: ES = Ewing sarcoma; RMS = rhabdomyosarcoma; ARMS = alveolar RMS; F/MF. = fibroblastic 

or myofibroblastic; MPNST = malignant peripheral nerve sheath tumor; DSRCT = desmoplastic small round cell 

tumor, GIST = gastrointestinal stromal tumor, UPS = undifferentiated pleomorphic sarcoma; y = year.  All data 

presented as odds ratio (99% CI) and are adjusted for small-area SES (ordinal variable), sex, age at diagnosis, and 

year of diagnosis. 
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Figure 3-4.  Odds of metastases in Asian vs NH-white cases by sarcoma subtype and age group 

strata. SEER 16 registries (2001 – 2015). 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: ES = Ewing sarcoma; RMS = rhabdomyosarcoma; ARMS = alveolar RMS; F/MF. = fibroblastic 

or myofibroblastic; MPNST = malignant peripheral nerve sheath tumor; DSRCT = desmoplastic small round cell 

tumor, GIST = gastrointestinal stromal tumor, UPS = undifferentiated pleomorphic sarcoma; y = year.  All data 

presented as odds ratio (99% CI) and are adjusted for small-area SES (ordinal variable), sex, age at diagnosis, and 

year of diagnosis. 
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Table 3-4. Multivariable adjusted OR for metastases in adults (20 – 65 years at diagnosis) by insurance status, stratified by sarcoma subtype. 

SEER 16 registries (2007 – 2015). 

  Insurance statusb 

CT-SES 

Race/ethnicityc 

subtype n Medicaid Uninsured NHB Hispanic AIAN/API 

Osteosarcoma 677 1.68 (0.9, 3.09) 1.04 (0.33, 2.85) 0.94 (0.77, 1.15) 1.3 (0.58, 2.79) 1.11 (0.55, 2.18) 0.85 (0.29, 2.13) 

ES of bone 255 1.6 (0.63, 4.06) 0.99 (0.14, 5.79) 1.17 (0.89, 1.56) 9.15 (1.32, 146.12) 1.48 (0.57, 3.81) 0.67 (0.08, 3.85) 

Synovial sarcoma 777 2.15 (1.11, 4.09) 2.04 (0.86, 4.61) 0.98 (0.81, 1.18) 0.91 (0.36, 2.1) 0.91 (0.49, 1.68) 1.37 (0.58, 3.03) 

GIST 2350 1.71 (1.18, 2.44) 1.72 (1.08, 2.71) 0.97 (0.89, 1.07) 0.84 (0.58, 1.21) 0.82 (0.56, 1.2) 0.86 (0.58, 1.26) 

Leiomyosarcoma 3403 1.46 (1.1, 1.95) 0.94 (0.59, 1.45) 0.96 (0.89, 1.04) 1.87 (1.41, 2.48) 1.23 (0.92, 1.63) 1.31 (0.92, 1.85) 

Liposarcoma 2957 2.27 (1.33, 3.78) 2.44 (1.06, 5.04) 0.94 (0.8, 1.1) 0.79 (0.35, 1.58) 0.78 (0.44, 1.33) 1.31 (0.67, 2.41) 

Vascular tumors 564 1.9 (1.06, 3.44) 1.13 (0.34, 3.56) 0.95 (0.8, 1.14) 0.79 (0.36, 1.69) 1.08 (0.56, 2.08) 0.91 (0.4, 1.98) 

Unclassified sarcomas 1585 1.71 (1.1, 2.63) 1.32 (0.69, 2.4) 0.92 (0.81, 1.04) 1.65 (1.01, 2.67) 1.34 (0.85, 2.09) 1.22 (0.67, 2.13) 

Abbreviations: ES = Ewing sarcoma; GIST = gastrointestinal stromal tumor; NHB = Non-Hispanic Black; AIAN/API = American Indian, Alaskan Native, Asian Pacific 

Islander; a All data reported as odds ratio (99% CI) and are adjusted for insurance status, CT-SES (ordinal), race, sex, age at diagnosis, and year of diagnosis. b Reference 

category = insured; c Reference category = Non-Hispanic white. 
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Chapter 4: Open Chromatin Profiles of Osteoblasts for Precision Genomic 

Discovery.  

 

Introduction 

Osteosarcoma (OS) is the most common primary bone malignancy in children and adolescents, 

with a peak annual incidence rate of 8 cases per 1,000,000 persons that coincides with the 

pubertal growth spurt.44,144 In 2013, a genome-wide association study (GWAS) discovered two 

loci that increased the risk of OS; one in the intron of GRM4, (tagged by rs1906953; odds ratio 

(OR) 1.57, 95% confidence interval (CI): 1.35 – 1.83) and another at an intergenic region of  

2p25.2 (tagged by rs7591996; OR: 1.39, 95% CI: 1.23 – 1.54 and rs10208273 OR: 1.35, 95% CI: 

1.21 – 1.52),37 the former of which replicated in two subsequent studies.38,145 Of note, the effect 

estimates of both loci were larger than those typically discovered by GWAS of adult cancers 

(ORs typically < 1.20). This indicates that the attributable proportion of common variants to OS 

risk is greater than that of other cancer types.146,147 However, given the rarity of OS 

(approximately 400 incident pediatric cases diagnosed in the U.S. each year) and consequentially 

few cases available for genotyping, the statistical power required for single nucleotide 

polymorphisms (SNPs) to surpass the threshold set for genome-wide significance (p < 5x10-8) is 

limited.  Thus, it currently remains unclear whether common variants of more moderate effect 

contribute to OS development.  

Open chromatin regions (OCRs) are the nucleosome free regions of the genome that can be 

bound by protein factors, and thus define the regulatory and transcriptomic landscape of a cell.148 

Emerging evidence indicates that disease-associated SNPs concentrate in the OCRs of cells from 

which the disease emerges.149,150  Importantly, this tissue-specific enrichment spans to SNPs that 

did not reach genome-wide statistical significance.149 These findings suggest that a large number 

of common variants of small quantitative effect contribute to disease pathogenesis by altering 

regulatory mechanisms.149 Moreover, it suggests that restricting analyses to SNPs that localize to 

the OCR of relevant cell types may alleviate the power limitations of existing GWAS data by 

limiting the number of statistical tests performed.  

In this study, we aimed to further describe the contribution of common genetic variation to OS 

development by leveraging a newly created dataset of OCRs of osteoblasts, the cell type from 

which OS is believed to emerge.80 We first ascertained whether SNPs from a GWAS of OS were 
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enriched in the OCR of osteoblast at increasingly stringent p-values intervals (1 > p-value > 0.1; 

0.1 > p-value > 0.01; 0.01 > p-value > 0.001; 0.001 > p-value > 1x10-4; p-value < 1 x 10-4),. We 

then attempted to validate GWAS SNPs with a reported p-value < 1 x 10 -4 by prioritizing those 

that fell within OCR of osteoblasts for re-analysis in an independent set of genotyped OS cases 

and their parents. 

Methods 

Open chromatin profiling of osteoblasts and bioinformatics processing 

Four primary human osteoblast samples isolated from distal or proximal femoral trabecular bone 

were purchased from PromoCell (Germany). Each lot purchased adhered to strict quality control 

measures consisting of tests for cell morphology, adherence rate, and cell variability, as well as 

histochemical test for alkaline phosphatase and bone mineralization.151 We also obtained an 

ampule of hFOB1.19, a conditionally immortalized osteoblast cell line transfected with a 

temperature sensitive mutant of the SV40 large T antigen, the expression of which results in an 

increased rate of proliferation only at permissive temperatures (33.5oC).152 This cell line was 

originally purchased from ATCC, and underwent quality control measures similar to those used 

for the primary osteoblasts from PromoCell.153 The donor characteristics of osteoblast samples 

are provided in Table 4-1. We chose to include a variety of osteoblast sources (e.g. males and 

females) so that downstream analyses could capture the biological variation of OCR between 

individual samples. Furthermore, we purchased primary osteoblasts from the youngest donors 

available from PromoCell to avoid possible age-related changes to open chromatin structures, as 

has been observed with other cell lines.154 

Osteoblast OCRs were mapped using the Assay for Transposase-Accessible chromatin using 

Sequencing (ATAC-seq) based upon methods by Buenrostro et al.155 In brief, 50,000 osteoblast 

cells, counted using a hemocytometer, were lysed, incubated in transposition reaction mix (2X 

reaction buffer and Tn5 transposase from Nextera), and then amplified by polymerase chain 

reaction (PCR) at the University of Minnesota Genomics Center (UMGC).  Following 

amplification, samples were then sequenced with 2X50 bp paired end reads on a HiSeq 2500 high 

output sequencer to a dept of ~ 100 million reads using standard UMGC procedures. Paired-end 

reads were then trimmed for low quality bases (MAPQ Score < 30) and Illumina adapter 

sequences and mapped to the hg19 assembly of the human genome using bowtie2.156  

Osteoblast OCR were then identified as statistically significant using the ATAC-seq mode of 

GENRICH, which compares the depth of mapped reads at a particular locus to the genome-wide 

background level.157  We first identified OCRs from each sample individually, and then evaluated 
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the variability of OCRs between duplicates (e.g. duplicate 1A and 1B ) and across samples (e.g. 

Female 1 and Female 2) by visual inspection of PCA plots generated from ggplot in R (Figure 

4-1).  Overall, we observed little variability between duplicates, but found the OCRs of 

hFOB1.19 and Male 2 to differ from those observed from other samples. We note that the fraction 

of reads in peaks (FRiP) surpassed the quality control metric recommended by ENCODE for all 

samples(> 0.3%; Table 4-1), and therefore determined that all OCR data were of high quality.158 

Thus, a combined dataset of osteoblast OCRs from all samples was generated from GENRICH 

using fisher’s combined probability test and used for all downstream analyses.157  

Additional OCR datasets from ENCODE. 

Additional OCR datasets of primary human cells were downloaded from the Encyclopedia of 

DNA Elements (ENCODE) project (Table 4-2).159 We used each cell’s primary replicate and 

excluded a dataset from download if it was flagged by ENCODE as having an extremely low spot 

score or an extremely low read depth. We note that ENCDOE includes an osteoblast OCR 

dataset, but that it was generated from an unreplicated sample collected from a donor of uncertain 

age or sex. Furthermore, the number of OCRs from this sample (n = 842,463) was much greater 

than the average number of OCRs from other primary cell types from ENCODE (mean: 162,934 

min: 39,069 max: 490,583), and few of ENCODE’s osteoblast OCRs overlapped those identified 

from our ATAC-seq procedure .We therefore excluded ENCODE’s osteoblast OCR dataset from 

analysis. All other OCR datasets were categorized according to designated cell type reported in 

ENCODE (i.e. epithelial/endothelial cell, fibroblast, hematopoietic cell, and other; Table 4-2).  

Validation of osteoblast OCRs. 

We then aimed to validate the biological relevance of the OCRs identified from the ATAC-seq 

assay of osteoblasts following methods similar to those described elsewhere.150 First, we 

ascertained whether OCRs were enriched near genes or pathways with specific function related to 

bone formation using the Genomic Regions Enrichment of Annotations tool (GREAT) version 

4.0.4, which captures functional enrichment of non-coding regions by analyzing the annotations 

of nearby genes.160 A gene’s regulatory domain was defined using the default parameters of the 

“basal plus extension” option (Proximal: 5kb upstream, 1 kb downstream, plus Distal: up to 1000 

kb) and the “significant by Region-based Binomial view” was utilized to extract results.  

Secondly, we sought to determine the statistical overlap of osteoblast OCRs and the genome-wide 

binding sites of Osterix and Runx2, two transcription factors whose expression is essential for 

osteoblast differentiation and maturation.161 The binding sites of Osterix were identified from 

primary osteoblasts isolated from mouse calvaria at postnatal day 1 using FLAG antibody-direct 
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ChIP-seq assay, as described by Hojo et al.161 The intersection of biological replicates FLAG1 

and FLAG2 (GEO Accession GSE76185), identified using bedtools,162 was utilized in 

downstream analyses. RUNX2 binding sites to the MC3T3-E1 osteoblast cell line at post-

differentiation day 15 were downloaded from Meyer et al (GEO: GSM1027496).163 For all 

datasets, binding coordinates were converted from mouse reference genome mm9 to the human 

reference genome hg19 using liftover.164  We then quantified the overlap between transcription 

factor binding sites and the OCR of osteoblasts and other cell types from ENCODE using 

regioneR.165 An empiric p-value was obtained from 1000 permutations using the 

“circularRandomizeRegions” function, which compares the observed overlap to a normal 

distribution generated from randomly shifting the OCRs along a circularized chromosome. 165 

OS GWAS SNP dataset and OCR enrichment analysis 

We obtained summary statistics from 460,776 SNPs analyzed as part of the multi-institutional, 

collaborative GWAS of OS conducted in 2013.37 The OS GWAS included 694 OS cases of 

primarily European ancestry (> 80%) sequenced on the Illumina OmniExpress BeadChip. 

Mirabello et al. conducted unconditional logistic regression models that assumed a trend genetic 

model and adjusted for sex, country, and the first four principal components calculated from 

12,000 unlinked SNPs (r2 < 0.004) that were found to be associated with OS in a null model. A 

fixed-effect meta-analysis performed to combine results for cases from each participating 

institution. The dataset provided by Dr. Mirabello included each SNPs RS ID number, effect 

estimates and corresponding p-values, as well as p-values for heterogeneity. We excluded 14 

SNPs with significantly heterogeneous effect estimates (heterogeneity p-value < 5x10-8) from 

downstream analyses. The genome coordinates for the remaining SNPs were localized to the 

hg19 assembly of the human genome using liftover.164 

We then analyzed whether GWAS SNPs were enriched in the OCR of osteoblasts or other cell 

types from ENCODE. GWAS SNPs were  first binned into p-value intervals (1 > p-value > 0.1; 

0.1 > p-value > 0.01; 0.01 > p-value > 0.001; 0.001 > p-value > 1x10-4; p-value < 1 x 10-4), that 

were chosen because each successively lower interval reduced the number of SNPs by 

approximately 1/10th and the lowest interval (p < 1 x 10-4) maintained a reasonably sufficient 

number of SNPs to analyze (n = 85 SNPs). For each p-value interval, we calculated enrichment as 

the number of loci at which either the index SNP or its proxy (r2 > 0.8 within 0.5 Mb of the index 

SNP) overlapped an OCR. Proxyfinder was used to identify proxy SNPs using the European 

(EUR) subset of the 1000 Genomes Phase 3 release.166  
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The statistical significance of the observed enrichment was then evaluated as follows. First, for 

each p-value interval and OCR dataset, we evaluated statistical enrichment using GoShifter,167 

which compares the proportion of overlap observed between loci and an OCR dataset to that from 

a normal distribution generated from randomly shifting the OCRs across the genome. As a second 

approach, we generated 10,000 sets of random variants matched to the GWAS SNPs in the lowest 

p-value interval using SNPSNAP.168 We then compared the observed enrichment in osteoblast 

OCR to the distribution generated from the 10,000 matched sets. Loci were matched using default 

criteria: MAF ± 5%, gene density ± 50%, distance to nearest gene ± 50% and LD 

buddies ± 50%.168 

Quality control and statistical analyses of OS case-parent trios  

We then aimed to validate the effect of GWAS loci in the category of lowest p-values (< 1x10-4 ) 

that were observed to have one or more variants (either index SNP or its proxy) localized to an 

osteoblast OCR. We opted to limit analyses to SNPs passing the lowest p-value threshold to 

conserve statistical power. The replication set consisted of pediatric osteosarcoma cases (< 20 

years at diagnosis) and their unaffected biological parents, as described elsewhere.169  

Quality control measures were implemented on the entire case-parent dataset via Genvisis. 

Samples were first excluded if they had a call rate < 90% among variants with call rates > 80%. 

Among the remaining samples, a variant was removed if (1) they had a  call rate less than 98%, 

(2) there were differential rates of missing genotypes in the cases verses the parents (p < 1x10-7) 

or males versus females (p < 1x10-7), (3) allele frequencies differed between males and females (p 

< 1x10-7) or (4) significant deviation from Hardy-Weinberg equilibrium was observed in the 

parents (p < 1x10-7). The entire QC’d dataset was imputed via the Michigan Imputation Server 

(v1.0.3) using the HRC Reference Panel (r1.1) with phasing by shapeit and imputation by 

minimac. Variants with imputation quality scores < 0.95 were excluded.  

The association of each prioritized SNP was evaluated using the expectation maximization 

likelihood ratio test (EM-LRT), a test similar to the commonly used transmission disequilibrium 

test for trio-based analyses, except that EM-LRT can handle situations in which genetic 

information is missing from one parent.170 This was particularly useful for this analysis, as one 

parent was missing from 55% of families who returned a cell collection kit and passed quality 

control metrics. Analyses were conducted using the “colEMlrt” function of the trio package in R 

v3.6.0.  
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Results 

Osteoblast OCR capture human phenotypes related to skeletal development and are enriched 

for Osterix binding sites. 

The GREAT analysis of the ATAC-seq osteoblast OCR dataset yielded GO biological processes 

related to general cellular functions as well as human phenotypes related to skeletal development 

(Figure 4-2 and Figure 4-3). These include protrusion acetauli (intrapelvic displacement of the 

acetabulum and femoral head), narrow maxilla, broad metacarpals, and premature osteoarthritis, 

among others. Additionally, the z-score for the overlap between osterix binding sites and OCRs 

was highest for osteoblasts compared to all other cell types from ENCODE (Figure 4-4; z-

scoreosteoblast = 54.7), whereas the overlap between Runx2 binding was highest for other cell types 

(Figure 4-5; z-scoreosteoblast = 154.3).  Given that Runx2 is first expressed in immature osteoblast 

precursors whereas osterix is a terminal differentiation factor,171,172 these data indicate that the 

dataset generated by ATAC-seq captured open chromatin profiles specific to mature osteoblast 

function and biology.   

GWAS SNPs are enriched in osteoblast OCR across the range of p-value intervals.  

Figure 4-6 illustrates the proportion of GWAS loci at which either the index SNP or its proxy 

overlap a cell type’s OCR. Across the entire range of p-values, we observed GWAS SNP 

enrichment to be highest in the OCR of osteoblasts compared to all other primary cell types from 

ENCODE.  In the category of  lowest p-values  (p < 1x10-4), 42% (36/85) of OS GWAS SNPs 

were enriched in osteoblast OCR compared to on average 14% for all fibroblasts , 12% for all 

epithelial/endothelial cells,  5% for all hematopoietic cells, and 11% for all other cell types. When 

analyzed via GoShifter, the p-value for enrichment in osteoblast OCR for the same set of SNPs (p 

= 0.12; Figure 4-7A) was lower than the p-values obtained for all other cell types (min: 0.23, 

max: 0.99), but not statistically significant. As a second approach, we evaluated whether loci in 

the lowest p-value interval were significantly enriched in osteoblast OCR by comparing 

enrichment to that observed from 10,000 sets of matched loci. We found only 0.1% of matched 

loci (n = 10) with an enrichment equal to or greater than that observed for the GWAS set, 

indicating that observed enrichment in osteoblast OCR was highly significant (Figure 4-7B).  

GWAS loci in the lowest p-value interval that localized to an osteoblast OCR failed to replicate 

after adjustments for multiple comparisons.  

DNA was available for 91 complete trios and 111 case-parent dyads. The clinical and 

demographic characteristics of osteosarcoma cases is presented in Table 4-3. In the replication 

analysis, we observed 5 of the 36 prioritized GWAS index SNPs to have a p-value < 0.05 but 
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were not significant after Bonferroni adjustment (0.05/36 ~ a p-value of 0.001; Table 4-4). 

Nevertheless, we interrogated possible causal variants from these 5 loci by analyzing 7 SNPs 

which were in high LD with these index SNPs (r2 > 0.8) and found to reside in an osteoblast OCR 

(Table 4-5). We observed 4 of these proxy SNPs to be expression quantitative trait loci (eQTL) 

for various genes, including GDI1 (rs7902987; p-value = 0.03; in LD with rs2797501) , C5orf56/ 

SLC22A5 (rs115008099; p-value = 0.04; in LD with rs2244012) in skeletal muscle tissue and 

MCC/DCP2 (rs6890872; p-value = 0.03) in other tissue types. Two other proxy SNPs were in 

high LD with rs7591996 (p = 0.01; rs10158857 and rs12052335), an OS GWAS SNPs found to 

localize to an intergenic region on chromosome 2. Both proxy SNPs were approximately 13kb 

upstream of AC105253.1, a long noncoding RNA (lincRNA) of unspecified function.173 An 

additional SNP was monomorphic and therefore could not be analyzed.  

Discussion  

Osteosarcoma is an exceptionally rare disease and current GWAS datasets are of limited size. In 

this study, we sought to prioritize areas of the genome for re-analyses of existing GWAS data by 

leveraging newly created open chromatin profiles of osteoblast cells. Across the range of p-value 

intervals, we observed loci enrichment to be highest in the OCR of osteoblasts compared to all 

other primary cell types from encode. In our replication analysis, five of the 36 loci in the lowest 

p-value interval that overlapped an osteoblast OCR returned a p-value that surpassed the 

unadjusted but not adjusted significance threshold, many of which  altered the expression of 

plausible candidate genes in skeletal muscle tissue. Overall, our findings provide evidence that 

common variants which reside in osteoblast OCRs contribute a weak effect on osteosarcoma 

development by altering regulatory mechanisms of nearby genes.   

Previous reports of osteosarcoma have found both rare and common genetic variants contribute to 

osteosarcoma susceptibility.34,37 A GWAS of OS reported two loci that reached genome-wide 

significance, one localized to an intronic region of GRM4 and another to an intergenic region on 

chromosome 2.37  The effect of the GRM4 locus has been replicated in independent cohort of 

Chinese patients,38 and smaller candidate gene studies have implicated other common variants in 

genes involved in the estrogen metabolism and insulin-like growth factor pathways.174–176 

However, given the rarity of OS and consequently few cases available for genotyping (n < 1,000 

cases), the statistical power of existing genetic OS datasets remains limited; to date, the effect of 

reported GWAS SNPs (ORs > 1.70) are much greater than those typically discovered by GWAS.   

In this study, we found enrichment of GWAS SNPs to be highest in the OCR of osteoblasts 

compared to all other cell types from ENCODE, including fibroblasts, epithelial cells, endothelial 
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cells, and hematopoietic cells. Of note, enrichment of osteosarcoma GWAS SNPs within 

osteoblast OCR spanned the entire range of p-value intervals; it was not limited to those that 

surpassed genome-wide significance (p < 5 x 10 -8). These findings are consistent with prior 

literature that found GWAS SNPs to preferentially localize to OCR of cell types from which the 

disease emerges,149,150,177 and provides evidence that common variants of weak or moderate effect 

contribute to osteosarcoma development  by altering regulatory mechanisms that reside in mature 

osteoblasts’ OCR.149  

In our replication analysis, 5 of the 36 prioritized loci reached nominal significance levels (p < 

0.05), with several variants reported to alter the expression of nearby genes. A notable example 

includes rs6890872, an index SNP analyzed in the OS GWAS (p-value = 1.65 x 10-5) and found 

in this study to localize to an osteoblast OCR (replication p-value = 0.03). RS6890872 is an 

eQTL in sketeltal muscle tissue of MCC, a candidate colorectal tumor suppressor gene observed 

to negatively regulate cell cycle progression.178 MCC is also a regulator of WNT signaling 

pathway,179 which plays an essential role bone development and regeneration,180,181 and has been 

demonstrated to be involved in OS and other bone malignancies, including breast and prostate 

cancer bone metastases, multiple myeloma, and Ewing sarcoma.182–185 Other notable examples 

include rs7902987, a variant that alters the expression in skeletal muscle of GDI2, which has been 

associated with the development of metastases in bladder cancer and other malignances,186 and 

rs115008099, an eQTL in skeletal muscle of SLC22A, the knockdown of which inhibits breast 

cancer cell proliferation via aberrant lipid metabolism and reduced cellular energy.187 Together, 

while reaching only nominal significance in our study, the available evidence indicates these 

variants may function in osteosarcoma susceptibility and warrant validation in follow-up studies.  

To our knowledge, this is the first study to prioritize SNPs that localize to osteoblast OCR for re-

analysis of OS GWAS data. This approach provided a novel and biologically driven prioritization 

scheme for identifying potentially causal variants for osteosarcoma, thereby enabling fewer 

hypothesis tests than agnostic GWAS analyses. Nevertheless, the analysis had several noteworthy 

limitations. First, while we included all primary cell types from ENCODE, the OCR of pre-

osteoblasts or other cell stages along the osteoblast lineage were not available for analysis. 

Additionally, although we speculate that OS is unlikely to arise from other cell types with low 

GWAS SNP enrichment, our analysis does not necessarily invalidate their involvement in tumor 

progression. For example, hematopoietic cells had low GWAS SNP enrichment in this analysis, 

but have been observed to be involved in OS progression via immune surveillance and tumor 

infiltration.188–190 SNPs involved in these processes, but which reside in OCRs unique to cell 
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types other than osteoblasts, would not have been nominated for replication in our study. A 

notable example includes the GRM4 locus, which was not localized to an osteoblast OCR in our 

analysis but has recently been shown to influence osteosarcoma progression via IL23 expression 

in tumor-infiltrating myeloid cells.191 An additional limitation is the low statistical power of our 

replication analysis after adjusting for multiple comparisons.  

Altogether, we demonstrated that OS-associated SNPs are enriched in osteoblast OCRs, 

providing evidence that several common variants of weak effect contribute to OS susceptibility.  

Additionally, by prioritizing re-analysis of GWAS SNPs to those localized to osteoblast OCR, we 

discovered plausibly functional candidate genes, including MCC, GDI2, and SLC22A. The 

functional validation of nominated SNPs reported in this study should be the focus of follow-up 

studies.  
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Table 4-1. Osteoblast sample identifiers and quality control measures. 

 

 

 

 

 

 

 

 

 

 

 

Cell type 
Donor 

Sex 

Donor 

Age 
Source Sample 

Duplicate 

identifier 
FRiPa 

Total 

Mapped 

Reads 

Primary OB Female 
30 

years 
PromoCell Female 1 

A 19.26 274,344,266 

B 18.92 317,387,310 

Primary OB Female 
71 

years 
PromoCell Female 2 

A 17.81 329,480,895 

B 18.54 255,944,987 

Primary OB Male 
52 

years 
PromoCell Male 1 

A 17.4 317,082,352 

B 16.89 287,600,214 

Primary OB Male 
60 

years 
PromoCell Male 2 

A 14.91 210,572,731 

B 15.9 296,089,382 

Immortalized 

OB 
Female Fetus ATCC hFOB1.19 

A 5.59 327,716,188 

B 7.53 296,826,261 

Abbreviations: OB = osteoblast; FRiP = Fraction of reads in Peaks. 

a) Encode recommends excluding samples with FRiP < 3.0. 
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Figure 4-1. PCA plot of read coverage in open chromatin regions by osteoblast sample. 
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Table 4-2. OCR datasets of primary cells downloaded from ENCODE. 

Accession ID Biosample Term Name Cell Category 

ENCFF023ZMS CD4-positive, alpha-beta T cell hematopoietic cells 

ENCFF024DAR common myeloid progenitor, CD34-positive hematopoietic cells 

ENCFF045KGY fibroblast of skin of abdomen fibroblast 

ENCFF059VUS common myeloid progenitor, CD34-positive hematopoietic cells 

ENCFF063IUG CD14-positive monocyte hematopoietic cells 

ENCFF073TWU fibroblast of skin of upper back fibroblast 

ENCFF090PQC foreskin fibroblast fibroblast 

ENCFF097KBE endothelial cell of umbilical vein epithelial/endothelial cell 

ENCFF105ETE non-pigmented ciliary epithelial cell epithelial/endothelial cell 

ENCFF109RSW CD4-positive, alpha-beta T cell hematopoietic cells 

ENCFF109VIJ CD8-positive, alpha-beta T cell hematopoietic cells 

ENCFF110CYC common myeloid progenitor, CD34-positive hematopoietic cells 

ENCFF133ILP T-cell hematopoietic cells 

ENCFF133YNT natural killer cell hematopoietic cells 

ENCFF156RTG cardiac muscle cell Other 

ENCFF159HJV B cell hematopoietic cells 

ENCFF163TAJ fibroblast of skin of scalp fibroblast 

ENCFF165ZIA lung microvascular endothelial cell epithelial/endothelial cell 

ENCFF166RZB epidermal melanocyte Other 

ENCFF168YQF T-cell hematopoietic cells 

ENCFF169THH foreskin fibroblast fibroblast 

ENCFF171LSI common myeloid progenitor, CD34-positive hematopoietic cells 

ENCFF191HPU fibroblast of skin of right quadriceps fibroblast 

ENCFF191WFG CD4-positive, alpha-beta T cell hematopoietic cells 

ENCFF195KNE T-helper 1 cell hematopoietic cells 

ENCFF216NXR T-cell hematopoietic cells 

ENCFF218MZJ epithelial cell of proximal tubule epithelial/endothelial cell 

ENCFF223UWR skeletal muscle myoblast Other 

ENCFF248RWN retinal pigment epithelial cell epithelial/endothelial cell 

ENCFF254WCU stromal cell of bone marrow Other 

ENCFF267VKD CD1c-positive myeloid dendritic cell hematopoietic cells 

ENCFF272AFT fibroblast of the conjunctiva fibroblast 

ENCFF272LQP iris pigment epithelial cell epithelial/endothelial cell 

ENCFF311UAO fibroblast of villous mesenchyme fibroblast 

ENCFF316LBU amniotic epithelial cell epithelial/endothelial cell 

ENCFF331ODX foreskin melanocyte Other 

ENCFF331SYD fibroblast of lung fibroblast 

ENCFF336MQK fibroblast of skin of left biceps fibroblast 

ENCFF338UFC CD4-positive, alpha-beta T cell hematopoietic cells 

ENCFF350MDQ T-helper 1 cell hematopoietic cells 

ENCFF363XGK CD14-positive monocyte hematopoietic cells 

ENCFF365IGK common myeloid progenitor, CD34-positive hematopoietic cells 

ENCFF382IRS endothelial cell of umbilical vein epithelial/endothelial cell 

ENCFF382NHI fibroblast of skin of right biceps fibroblast 

ENCFF385ZNB fibroblast of pulmonary artery fibroblast 
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Figure 4-2. Most significant human phenotypes from GREAT analysis of osteoblast OCR. 
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Figure 4-3. Most significant biological processes from GREAT analysis of osteoblast OCR. 
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Figure 4-4. Enrichment of Osterix transcription factor binding sites in a cell type’s OCR. 
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Figure 4-5. Enrichment of Runx2 transcription factor binding sites in cell type’s OCR. 
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Figure 4-6. GWAS SNP enrichment in the OCRS of different cell types. 

 

 

 

 

 

 

 

At each p-value threshold, % enrichment is calculated as the proportion of loci with either an index SNP or its proxy that overlaps a cell 

type’s OCR divided by all loci evaluated. 
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Figure 4-7. GWAS SNP enrichment at the lowest p-value interval (p < 1x10-4) in osteoblast OCR from 1,000 GoShifter permutations (A) and 

10,000 matched SNP sets (B). 

 

 
(A) Enrichment of GWAS loci in osteoblast OCR using GoShifter. Histogram (blue bars) shows the number of overlaps observed in the 

1,000 GoShifter permutations. Dotted line shows the number of overlaps observed in ATAC-seq dataset. (B) Enrichment of GWAS loci in 

osteoblast OCR using random matched SNP sets. Histogram shows the number of overlaps observed among 10,000 sets of matched loci. 

Dotted line shows the number of overlaps observed with OS GWAS loci.  
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Table 4-3. Clinical and demographic characteristics of pediatric osteosarcoma cases. 

 

 

 

 

 

 

 

 

 

 

 

 

Characteristic n (%) 

Age (years) 
 

< 11 42 (21) 

11 - 14 78 (39) 

15 - 19 82 (41) 

Sex 
 

Female 58 (29) 

Male 82 (41) 

missing 62 (31) 

Race 
 

White 164 (81) 

Black 12 (6) 

Other 18 (9) 

Unknown 8 (4) 

  

Tumor Location 
 

Head 4 (2) 

Lower limb 152 (75) 

Trunk 11 (5) 

Upper limb 23 (11) 

missing 12 (6) 

Stage at diagnosis 
 

Distant 19 (9) 

Localized 117 (58) 

missing 66 (33) 
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Table 4-4. Analysis of OS GWAS index SNPs found to localizea to an osteoblast OCR. 

 

  Index SNP Chr:endposition Ref/Alt GWAS p-value 

EM-LRT p-

value 

  rs2797501 10:5804531 A/G 4.42E-05 0.02 

  rs7591996 2:6461421 C/A 4.83E-05 0.03 

  rs6890872 5:112398161 A/G 1.65E-05 0.03 

  rs2361478 4:71753515 G/A 6.74E-05 0.03 

  rs2244012 5:131901225 T/C 6.22E-05 0.04 

  rs2888638 2:40136231 T/G 7.21E-06 0.05 

  rs1799286 19:48932337 C/T 1.30E-05 0.05 

  rs7586183 2:40267991 C/T 7.08E-05 0.11 

  rs4609388 1:183759410 A/G 2.77E-05 0.11 

  rs17010504 2:75115687 G/A 1.24E-06 0.12 

  rs10861063 12:104031411 A/G 7.65E-05 0.13 

  rs9376890 6:145336871 C/T 3.85E-05 0.13 

  rs12531253 7:28857606 A/G 1.46E-05 0.13 

  rs1964240 7:28851986 C/A 9.05E-05 0.14 

  rs779551 13:64020810 G/A 9.80E-05 0.15 

  rs432364 15:93157519 T/G 7.83E-05 0.15 

  rs2039100 13:51184928 C/T 4.19E-05 0.19 

  rs3805436 5:138632030 A/C 7.52E-05 0.24 

  rs706596 13:51211042 A/G 2.89E-05 0.26 

  rs1107991 14:78337527 G/A 2.28E-05 0.30 

  rs17206779 5:64447777 C/T 2.18E-05 0.36 

  rs6504600 17:47218999 A/C 7.56E-05 0.37 

  rs8036460 15:38118653 C/A 2.33E-06 0.38 

  rs11067915 12:110138729 C/A 7.51E-05 0.46 

  rs1215468 13:80707429 T/C 5.50E-05 0.47 

  rs12481871 21:28436131 A/C 8.43E-05 0.50 

  rs1344655 2:154338317 G/A 2.27E-05 0.52 

  rs2665917 8:140963276 C/T 9.85E-05 0.56 

  rs1467345 7:11783917 C/T 3.99E-05 0.69 

  rs11114510 12:80954858 C/A 1.82E-05 0.70 

  rs11673716 2:154273475 A/G 9.57E-06 0.70 

  rs7219230 17:39286180 C/T 8.78E-05 0.76 

  rs2394173 6:29773158 C/T 6.11E-06 0.87 

  rs389557 20:17815664 G/A 9.36E-05 0.88 

  rs13085251 3:48340045 C/T 9.96E-05 0.91 

  rs1895971 12:114053008 C/T 2.27E-05 0.94 

a) Either the index SNP or its proxy localizes to an osteoblast OCR. EM-LRT p-value = p-

value from likelihood ratio test of case-parent trios. Ref = reference allele; Alt = alternative 

allele.  
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Table 4-5. Effect of proxy SNPs found to localize to an osteoblast OCR that are in LD with 

nominally significant index SNPs. 

  Proxy SNP in OCR 

Index SNP  Proxy SNPa CHR:endposition EM-LRT p-value 

rs2797501 rs7902987 10:5854393 0.03 

rs7591996 
rs10168857 2:6493311 0.01 

rs12052335 2:6492920 0.01 

rs6890872 rs6890872 5:112398161 0.03 

rs2361478 rs71211978  --  -- 

rs2244012 

rs115008099 5:131991881 0.04 

rs67006560 5:131991656 0.07 

rs1881457 5:131992409 0.07 
aProxy SNPs are those in high LD (r2> 0.8) with nominally significant index SNPs and found 

to localize to an osteoblast OCR.  
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Chapter 5: The association between common variants and genetic ancestry on 

Ewing sarcoma risk in Latinos.  

Introduction 

Ewing sarcoma (ES) is a rare and aggressive bone malignancy that most commonly occurs in 

early in life (< 20 years),192 and is characterized by a somatic chromosomal translocation between 

EWS and a member of the ETS transcription factor family, most commonly FLI1 (~ 90% of 

tumors).193194 Despite its well-characterized somatic genome, little is known regarding ES 

etiology.8 The strongest risk factor identified to date appears to be ancestral origin; ES incidence 

rates are highest in individuals with primarily European ancestry, having nearly 10 times the 

incidence of individuals with primarily African ancestry and 2 to 3 times the incidence of 

individuals with Hispanic or Asian ancestry, respectively.10,102 The available evidence suggests 

that germline genetic variation underly these racial disparities. Most notably, the binding affinity 

for EWS-FLI1 translocation depends upon the length of GGAA microsatellite repeats, which is 

polymorphic between populations of divergent ancestral origin.195 It is also the case these 

disparities are observed globally and appear independent of socioeconomic status.103  

Two genome-wide association studies (GWAS) of overlapping ES cases have been conducted in 

European populations. In total, six susceptibility loci were found to increase the risk of ES, all 

with strong per-allele odds ratios (OR) > 1.70.39,40 Most variants exhibit plausible functionality in 

that they are correlated with variants that either alter the expression of nearby candidate genes 

(e.g. RREB1 or KIZ) or the binding affinity of the EWS-FLI1 translocation.39,40,196 To date, the 

extent to which these or other loci influence ES development in non-European populations has 

not yet been examined. However, it is notable that the frequencies of the known ES risk alleles 

are not consistently higher in populations with the highest incidence of ES (i.e. Europeans).197 

This suggests that other ancestry-specific alleles that have not yet been discovered may underly 

the wide racial disparities observed with ES incidence.  

In this study, we first sought to replicate the effect of 6 ES risk loci in an independent set of cases 

and controls of European ancestry. We then ascertained whether their effects are generalizable to 

Latinos, an admixed population with varying proportions of European, indigenous Amerindian 

and African ancestry.198 We further investigated these loci by examining whether additional 

variants 500kb up or downstream of each index variant were independently associated with ES 
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risk in Latinos. Finally, we determined the effect of predicted genomic ancestry on ES incidence 

in Latinos after controlling for known risk SNPs and performed an exploratory admixture 

mapping analysis aimed at identifying ancestry-specific regions of the genome which may 

plausibly harbor additional risk variants. The results of this study provide insight into the genetic 

architecture of ES in populations of diverse genomic ancestry.   

Methods 

Study subjects 

Project GENESIS:  

ES cases were identified from the Genetics of Ewing Sarcoma International Study (Project 

GENESIS, supported by R01CA161780 and X01HL132385). Project GENESIS enrolled patients 

with ES that were registered with the Children’s Oncology Group (COG) and residents of the 

United States between December 24, 2007 and December 31, 2015. Whole genome sequencing 

(WGS) of ES cases was performed at Washington University in St. Louis McDonnel Genome 

Institute using a hiSEq X that generated 150bp paired end reads.  We implemented the best 

practices as delineated in the Genome Analysis Toolkit pipeline, including using BWA-MEM for 

alignment, GATK for quality recalibration and indel realignment, and GATK HaplotypeCaller for 

genotyping. A variant call file (VCF) of all common SNPs (minor allele frequency > 0.05) was 

generated from WGS data for further analysis.  

Hispanic Community Health Study/Study of Latinos: 

Genotyped controls were selected from the Hispanic Community Health Study/ Study of Latinos 

(HCHS/SOL; dbGap Study Accession Number: phs000810.v1.p1). The primary aim of the 

HCHS/SOL study was to ascertain the prevalence and development of various diseases in a total 

of 16,415 Hispanic/Latinos.199 Individuals aged 18 – 74 who self-identified as Cuban, Dominican, 

Mexican, Puerto Rican, Central American, and South American and resided in pre-defined 

geographic areas (Miami, FL; Bronx, NY; Chicago, IL; San Diego, CA) were enrolled into this 

study between 2008 - 2011.199 Study sites were selected so that the overall sample would consist 

of at least 2,000 participants from each Latino sub-population of interest. Participants were 

genotyped on the Illumina Omni 2.5M array that included an additional 150,000 custom single 

nucleotide polymorphisms (SNPs).  

ARIC study: 
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Genotyped controls of European ancestry were identified from the Atherosclerosis Risk in 

Communities Study (ARIC STUDY; dbGap Study Accession Number: phs000090.v1.p1). The 

ARIC study recruited a population-based cohort of 15,792 individuals aged 45 – 64 years 

between 1987 – 1989 and followed them through 2011 for incident abdominal aortic aneurysms. 

DNA from participants was genotyped with the Affymetrix Genome-Wide Human SNP array 6.0.  

Sample quality assessment and determination of genetic ancestry: 

We first recovered the reference allele for each dataset using the bcftools plugin ‘+fixref’ and 

then cleaned each genotype dataset individually using standard workflows. Samples were 

excluded if they had a call rate < 90% among variants with call rates > 80%. Among the 

remaining samples, we excluded variants with call rates < 95%, MAF < 0.01, or any variant with 

significant deviation from Hardy-Weinberg equilibrium (p < 1 x 10-7). The HCHS/SOL and 

ARIC datasets were then imputed to all loci available in the TOPmed reference panel using the 

Michigan Imputation Server.200 The imputed datasets were cleaned by first converting genotypes 

with low imputation quality (< 0.85) to missing and then removing variants with call rates < 95% 

among samples with call rates > 90%. A dataset of all case and controls samples was combined 

using the set of shared genotypes and used to check for relatedness in PLINK.  We exclude an 

individual from any pair with an IBS proportion > 0.1875, indicating third degree relation or 

higher.  We then determined the genetic ancestry of each case and control using RFMIX with 

populations from 1000 genomes phase III release used as reference populations (Table 5-1).201 

Due to computational constraints, a random subsample of 2,596 unrelated HCHS/SOL controls 

that passed QC measures were used for ancestry inference and downstream analyses. This sample 

size was chosen as it allowed for an adequate number of controls per case (4 times as many cases 

anticipated to be Latino).   

Selection of Latino or European cases and controls: 

We then utilized genome-wide (i.e. global) ancestry proportions to empirically determine the 

ancestral origin of ES cases and controls. Study participants from Project GENESIS or 

HCHS/SOL were identified as Latino if they had a global European ancestry < 90%, a global 

Amerindian ancestry < 90%, or if their global African ancestry divided by their global 

Amerindian ancestry was < 10 (Figure 5-1).  These criteria were used because they closely 

aligned with ancestry proportions of Latinos in the published literature.198,199 All ES cases 

determined to be of Latino ancestry were eligible for inclusion in downstream analyses (49 out of 

406, 12%). The dataset of controls identified as genetically Latino (2,229 out of 2,596, 86%) was 

further sampled so that the distribution of Latino sub-populations matched that of the United 
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States in 2010 (Mexican: 73%, Cuban: 4%, Dominican: 3%, Puerto Rican: 11%, Central 

American: 9%).202 This sampling procedure was implemented to account for the heterogenous 

genetic ancestry of Latino sub-populations and the disproportionate selection of some Latino 

groups into the HCHS/SOL cohort (i.e. at least 2,000 participants from each group).198,199 We 

then selected Latino controls at a 4:1 control to case ratio from this sampling dataset. As a second 

approach, we selected Latino controls at a 4:1 control:case ratio matched to the European 

ancestry proportion of cases (+/- 2%) (Figure 5-2).  We note that we did not match on 

Amerindian ancestry because it was highly correlated with European ancestry (Figure 5-3) nor 

did we match on African ancestry because its effect on ES risk was itself of interest. Finally, the 

European set consisted of ES cases from Project GENESIS (n = 347) and controls from the ARIC 

study (n = 9,863) with a global European ancestry > 90%. We selected European controls at a 4:1 

control to case ratio (n = 1,388).  

Statistical analyses:  

We first evaluated the association with ES of 6 previously reported risk SNPs and 3 of their 

correlated putatively functional expression quantitative trait loci (eQTLs) using logistic 

regression models assuming an additive genetic model. Two models were evaluated in Latinos 

using either unmatched or matched controls and both analyses adjusted for European ancestry 

proportion, African ancestry proportion, and sex. Amerindian ancestry was not included as 

covariate in either model due to multi-collinearity observed with European ancestry (Figure 5-3). 

In European cases and controls, additive genetic logistic regression models were adjusted for 

European ancestry proportion, African ancestry proportion, Amerindian ancestry proportion, and 

sex. We then conducted logistic regression analyses of all SNPs within 500kb up and downstream 

of each of the 6 risk SNPs to explore whether additional variants within these loci were associated 

with ES risk in Latinos. Within each of the 6 susceptibility loci, we evaluated each proxy SNP 

separately adjusting for the known risk SNP, European ancestry proportion, African ancestry 

proportion, and sex.   

A weighted polygenic risk score (PRS) was then created by multiplying the risk allele count for 

each of the 6 risk SNPs by its beta coefficient reported in the GWAS of ES.40 Additional PRS 

were created using only those SNPs found in our study to be statistically significant in Latinos 

(provided in supplementary materials). For each case-control study, we used logistic regression to 

evaluate the association of the PRS (as a continuous variable) with ES risk, adjusted European 

ancestry proportion, African ancestry proportion, and sex. We further evaluated the predictive 

ability of each PRS by use of the area under the receiver operating characteristic curve (AUC).  
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We then used logistic regression models to evaluate the residual effect of global European or 

African ancestry proportions on ES risk in Latinos.  We again evaluated associations using either 

unmatched or matched Latino controls and adjusted for the same covariates as described above, 

except that all 6 risk SNPs were included in the models at once. Finally, we performed an 

exploratory admixture mapping analysis, in which we evaluated whether the regions of the 

genome (i.e. local ancestry) had predicted ancestries that were significantly different in cases and 

controls. This analysis was conducted using logistic regression models with case/control status as 

the dependent variable and local ancestry as the independent variable, adjusted for global ancestry 

proportions and sex. Ancestry proportions in all models were included as continuous variables. 

All statistical analyses were performed in R version 3.6.0. Unless otherwise noted, a p-value < 

0.05 was considered statistically significant. 

Results 

In the case control study of Europeans, we replicated the effect of 5 susceptibility loci at 

chromosomes 1p36.1, 6p25.1, 10q21.3, 15q15.1 and 20p11.22, with per-allele ORs for 

statistically significant SNPs ranging from 1.65 to 1.77 (Table 5-2). At 6p25.1, we observed 

significant associations with the reported risk SNP (rs7742053; OR [95% CI]: 1.65 [1.30, 2.09]) 

and its moderately correlated proxy SNP reported in the GWAS of ES (Table 5-3; rs1286037; 

r2
EUR = 0.44; OR [95% CI]: 1.41 [1.17, 1.70]). The risk SNP at 20p11.22 was also  significantly 

associated with ES (rs6047482; OR [95% CI]: 1.72 [1.39, 2.17]) as well as a  reported proxy SNP 

(rs6137387; r2
EUR = 0.57; OR [95% CI]: 1.75 [1.35, 2.33]). At 20p11.23, a susceptibility locus 

reported as independent of 20p11.22, we failed to replicate the effect of the risk SNP (rs6106336; 

OR [95% CI]: 1.14 [0.88, 1.46]) or its proxy eQTL (rs6106336; OR [95% CI]: 1.04 [0.81, 1.33]) 

in Europeans. We note that adjustments for global ancestry proportions and sex did not 

substantially alter effect estimates (crude results presented in Table 5-4 and Table 5-5). 

In Latinos, we replicated the effect of 3 susceptibility loci at 1p36.22, 10q21.3 and 15q15.1 

(Table 5-2). At 6p25.1, we did not observe a significant association with rs7742053 (OR 

[95%CI]Not-Matched = 1.57 [0.80, 3.02]; OR[95%CI]Matched = 1.79[0.83, 3.81]) or its moderately 

correlated eQTL (Table 5-3; rs1286037 r2
AMR = 0.17; OR [95%CI]Not-Matched = 1.57 [0.80, 3.02]; 

OR[95%CI]Matched = 1.81[0.86, 3.82]).  SNPs at the 20p11 locus were found to be either 

statistically significant (rs6047482; OR [95%CI]Not-Matched = 1.85 [1.09, 3.33]) or to approach 

significance (rs6106336: OR [95%CI]Not-Matched = 1.78 [0.99, 3.21]) in the analysis of unmatched 

controls, but did not reach statistical significance in the analysis of matched controls (Table 5-2). 

Additionally, we did not observe an association with correlated SNPs reported as putatively 
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functional at the 20p11.22 (rs6137387 r2
AMR = 0.40; OR [95%CI]Not-Matched = 1.92 [0.93, 4.17]; 

OR[95%CI]Matched = 1.69[0.85, 3.57]) or 20p11.23 (rs6047241 r2
AMR = 0.67; OR [95%CI]Not-Matched 

= 1.34 [0.75, 2.36]; OR[95%CI]Matched = 1.33 [0.73, 2.42]). We note that SNPs that did not reach 

significance at 6p25.1 and 20p11 had similar effect estimates as those reported in the GWAS of 

ES (Table 5-2).40 A further exploration of these 6 susceptibility loci in Latinos did not identify 

any additional independent risk variants within 500kb of each known risk SNP that surpassed 

Bonferroni adjusted or the less-stringent Benjamini Holms-adjusted significance thresholds 

(Figure 5-4. Conditional association of SNPs +/- 500kb of index SNP. Dotted line indicates 

Bonferroni adjustments for each locus.).  

Results from our analysis of the weighted PRS are presented in Table 5-6. Overall, Latino cases 

had on average 1.3 more risk alleles than controls (1.2 more than matched controls) and European 

ES cases had on average 0.9 more risk alleles than European controls. In Latinos, we observed a 

one-unit increase in the PRS to be associated with a 3.04 times higher odds of ES using 

unmatched controls (95% CI: 1.92, 5.07)  and 3.11 times higher odds of ES using matched 

controls (95% CI: 1.87, 5.45 ). Similar observations were noted in Europeans; a one-unit increase 

in the PRS was associated with a 2.34 times higher odds of ES (95% CI: 1.99, 2.77). We also 

observed the discrimination ability of the PRS to have a consistent magnitude across populations 

(AUCNot-Matched Lations : 0.73 AUCMatched Lations = 0.73 AUCEuropeans: 0.68; Figure 5-5). Similar 

observations were observed for the PRS calculated only from the 3 risk SNPs that reached 

significance in Latinos. (Table 5-7 and Figure 5-6).  

The adjusted association of European and African ancestry proportions with ES in Latinos are 

presented in Table 5-8 (crude estimates are provided in Table 5-9). Notably, we observed a 15% 

decrease in the odds of ES for every 1% increase in African ancestry proportion (95% CI: 0.76, 

0.93). This finding remained stable in an analysis of Latino controls matched to ES cases on 

European ancestry (OR [95% CI]; 0.86 [0.77, 0.94]). From these results, we speculated that 

genomic regions descended from African ancestral origins may plausibly harbor genetic variants 

protective of ES. However, an exploratory admixture mapping analysis did not find segments of 

local ancestry that differed significantly between cases and controls after adjustments for multiple 

comparisons (Figure 5-7).  A promising locus was observed at chromosome 4, however, this 

locus showed a higher African ancestry in cases, contrary to our expectations, and did not overlap 

EWS-FLI1 binding sites or GGAA repeats (searched using CentriMO).203  
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Discussion  

In this study, we replicated the effect of previously reported susceptibility loci for ES risk in 

Europeans and found significant associations with 3 of the 6 loci in Latinos (1p36.22, 10q21.3, 

and 15q15.1). The magnitude and direction of significant effect estimates were consistent across 

studies, all of which demonstrating a per-allele ORs > 1.65. Additionally, we described an inverse 

association between global African ancestry and ES risk in Latinos after controlling for known 

risk SNPs, indicating that additional ancestry-specific alleles may influence ES susceptibility. An 

exploratory admixture mapping analysis did not discover genomic regions with a significantly 

different African ancestry proportions in cases as compared to controls, but was likely 

underpowered. Taken together, our results support Machiela et al.’s finding that a substantial 

number of common variants contribute to the genetic susceptibility of ES, and additionally show 

that their effects are broadly generalizable to Latinos. Larger admixture mapping analyses are 

needed to examine whether additional ancestry-specific alleles influence ES susceptibility.  

We replicated three previously reported loci in both Europeans and Latinos. This includes 

rs113663169 (1p36.22) upstream of TARBPD and rs2412476 (15q15.1) near BMF, BUB1B and 

PAK6.39,40 We also observed consistent associations across populations with rs10822056 

(10q21.3), a locus associated with variation in GGAA microsatellites that alters the expression of 

EGR2 when bound by EWS-FLI1.39,40,196 The 6p25 locus tagged by rs7742053 was associated 

with ES in Europeans but not in Latinos. Similar inconsistencies between populations were 

observed with the putatively functional proxy SNP (rs1286037) that is reported to increase the 

expression of RREB1, a gene expressed at higher levels in ES tumors than other pediatric 

sarcomas.40  Of note, Machiela et al. reported that the risk allele (A) for rs7742053 is also in 

moderate LD with a -/GAAG indel (rs10541084; r2
EUR =  0.13  and r2

AMR = 0.16) that may 

plausibly disrupt EWS-FLI binding in this region.40 As noted by Machiela et al., this indel is more 

common in European populations (43% in CEU) than admixed Amerindian populations (33% in 

AMR),197 which may have contributed to the null associations of this locus with ES in our study 

of Latinos.  

In Europeans, we replicated the association of 20p11.22 but not 20p11.23. At 20p11.22, the effect 

of rs6047482 or its proxy SNP (rs6137387; r2
EUR = 0.57  and r2

AMR = 0.40) may alter the 

expression of  NKX2-2 in ES tumors, a gene that is overexpressed by EWSR1-FLI1.40 The effect 

of rs6106336 at 20p11.23 was reported as independent of rs6047482 and correlated with an eQTL 

(rs6047241; r2
EUR = 0.98 and r2

AMR = 0.67)  for KIZ in several GTEx tissues.40  It is unclear why 

the 20p11.23 locus did not replicate in our study of Europeans. We note that imputation error is 
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unlikely the cause as all imputed SNPs were of extremely high quality (imputation scores > 0.98). 

We also note that we were likely adequately powered, as the frequency of the risk allele (G; 12%) 

and reported OR for rs6106336 are similar to others in our analysis that reached significance (e.g. 

rs7742053).197 Additionally, we expect the LD pattern at this locus to be similar among 

participants of primarily European ancestry in our analysis and those included in the GWAS of 

ES. Among Latinos, we observed the 20p11 locus to be associated with ES in the analysis of 

unmatched but not the matched controls. This may indicate that the moderately associated effects 

found in the unmatched analysis were biased from residual confounding of ancestry due to our 

sampling procedures. We note that the reported proxy SNPs (rs6137387 and rs6047241) were not 

significant in either Latino case-control sets. Altogether, we were unable to validate the existence 

of multiple independent variants at the 20p11 locus in Europeans and did not find their effects 

generalizable to Latinos.  

On average, the difference in the cumulative number of risk alleles between cases and controls 

was comparable in Europeans and Latinos. We also observed similar areas under the ROC and 

beta estimates from the logistic regression for the PRS between populations (using all risk SNPs 

or those only significant in Latinos).  These findings are notable given the wide disparities in 

incidence of ES across populations,10,102 as we would expect populations with highest risk (i.e. 

Europeans) to harbor risk alleles in greater number or a PRS with larger effect. One plausible 

explanation for our findings is the existence of other ancestry-specific alleles which influence ES 

susceptibility. Indeed, we observed a residual effect of African ancestry proportion on ES risk 

after controlling for known susceptibility loci. This indicates that alleles specific to African 

ancestral origins offer a protective effect on ES development, perhaps either by altering binding 

affinity for EWSR1-FLI1 or by preventing the initial translocation event from occurring.41 Our 

exploratory admixture mapping analysis did not identify regions of the genome with African 

ancestry proportions in greater frequency in cases compared to controls. However, much larger 

analyses of admixed ES cases are needed.204 

Ours is the first study to examine the influence of germline variation and genetic ancestry on ES 

risk in non-European populations. Nevertheless, there are notable limitations to consider. First, 

the Latino population is comprised of several sub-groups with heterogenous genetic ancestries.198 

Any associations observed in this study may have been confounded by differences in the genetic 

ancestry of the population from which Latino cases and controls were drawn. We attempted to 

minimize this bias by frequency matching HCHS/SOL controls to the distribution of the Latino 

population in the United States. We also note that available controls were substantially older than 
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cases. However, because the incidence of ES is extremely rare, we maintain that the controls used 

in this analysis represent the population of individuals without ES. Additionally, while we had 

adequate power to replicate the index SNPs at a 0.05 significance threshold, we had very limited 

statistical power for the admixture mapping analysis.  

Overall, we observed the effect of multiple susceptibility loci for ES to be broadly generalizable 

between populations of European and Latino ancestry. In addition, we provide evidence that 

ancestry-specific alleles that have yet to be discovered contribute to ES susceptibility, and likely 

explain the wide racial disparities observed with ES incidence. Larger admixture mapping studies 

of ES cases are needed to localize segments of the genome that may plausibly harbor additional 

risk variants.  
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Table 5-1. Reference populations used in ancestry estimation. 

Super-population Sub-population n 

AFR ESN 99 

AFR GWD 113 

AFR LWK 99 

AFR MSL 85 

AFR YRI 108 

AMR CLM 94 

AMR MXL 64 

AMR PEL 85 

AMR PUR 104 

EUR CEU 99 

EUR FIN 99 

EUR IBS 107 

EUR TSI 107 

Note: For ancestry inference in RFMix, sub-population labels were replaced with Super-

populations, and admixture was modelled between super-populations. 
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Figure 5-1. Ancestry proportions of study participants identified as Latino. 
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Figure 5-2. Global European or African ancestry proportions in cases and controls. “Latinos: 

matched” includes controls matched to cases on global European ancestry (+/- 2%). 
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Figure 5-3. Correlation between global Amerindian and European ancestry in Latinos. “Latinos: 

matched” includes controls matched to cases on global European ancestry (=/- 2%). 
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Table 5-2. Multivariable OR and 95% CI for ES risk SNPs in individuals of Latino or European ancestry. 

   Latinos Europeans GWAS of ESc 

   Not Matcheda Matchedb     

Region GWAS SNP Ref/Risk OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value 

1p36.22 rs113663169 C/T 3.7 (1.35, 12.5) 0.02 3.23 (1.15, 11.11) 0.04 1.75 (1.35, 2.33) < 0.01 2.05 (1.71, 2.45) < 0.01 

6p25.1 rs7742053 C/A 1.57 (0.8, 3.02) 0.18 1.79 (0.83, 3.81) 0.13 1.65 (1.3, 2.09) < 0.01 1.80 (1.48, 2.18) < 0.01 

10q21.3 rs10822056 C/T 1.76 (1.06, 2.95) 0.03 1.87 (1.1, 3.27) 0.02 1.77 (1.48, 2.12) < 0.01 1.76 (1.54, 2.02) < 0.01 

15q15.1 rs2412476 C/T 2.22 (1.32, 4) <0.01 1.96 (1.15, 3.45) 0.02 1.69 (1.39, 2.08) < 0.01 1.73 (1.48, 2.01) < 0.01 

20p11.22 rs6047482 T/A 1.85 (1.09, 3.33) 0.03 1.54 (0.88, 2.78) 0.14 1.72 (1.39, 2.17) < 0.01 1.74 (1.49, 2.04) < 0.01 

20p11.23 rs6106336 T/G 1.78 (0.99, 3.21) 0.05 1.64 (0.9, 2.99) 0.1 1.14 (0.88, 1.46) 0.32 1.74 (1.43, 2.12) < 0.01 

a) Controls were not matched to cases on European ancestry. 

b) Controls were matched to cases on European ancestry (+/- 2%).  

c) Results from the GWAS of ES.(Machiela et al., 2018) 

 

 

 

Table 5-3. Multivariable OR and 95% CI for putatively functional risk SNPs reported in the GWAS of ES among individuals of Latino or 

European ancestry. 

        Latinos Europeansc 

        Not Matcheda Matchedb     

Region GWAS SNP 

eQTL proxy 

SNPc Ref/Risk OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value 

6p25.1 rs7742053 rs1286037 A/G 0.96 (0.59, 1.54) 0.88 0.76 (0.44, 1.27) 0.3 1.41 (1.17, 1.7) < 0.01 

20p11.22 rs6047482 rs6137387 C/T 1.92 (0.93, 4.17) 0.08 1.69 (0.85, 3.57) 0.15 1.75 (1.35, 2.33) < 0.01 

20p11.23 rs6106336 rs6047241 A/G 1.34 (0.75, 2.36) 0.32 1.33 (0.73, 2.42) 0.34 1.07 (0.83, 1.38) 0.57 

a) Controls were not matched to cases on European ancestry.  

b) Controls were matched to cases on European ancestry (+/- 2%). 

c) Proxy SNPs are those reported in the GWAS of ES as putatively functional. (Machiela et al., 2018) 
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Table 5-4. Crude OR and 95% CI for ES risk SNP among individuals of Latino or European ancestry. 

 

 

 

 

Table 5-5. Crude OR and 95% CI for putatively functional risk SNPs reported in the GWAS of ES among individuals of Latino or European 

ancestry. 

        Latinos Europeans 

        Not Matched* Matched*     

Region GWAS SNP eQTL proxy SNP Ref/Risk OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value 

6p25.1 rs7742053 rs1286037 A/G 0.92 (0.58, 1.44) 0.71 0.87 (0.54, 1.37) 0.55 1.41 (1.17, 1.7) < 0.01 

20p11.22 rs6047482 rs6137387 C/T 2.44 (1.28, 5) 0.01 2.33 (1.2, 4.76) 0.02 1.69 (1.32, 2.22) < 0.01 

20p11.23 rs6106336 rs6047241 A/G 1.28 (0.73, 2.17) 0.38 1.2 (0.69, 2.05) 0.51 1.04 (0.81, 1.33) 0.74 

a) Controls were not matched to cases on European ancestry, each model adjusted for global European %, global African % and Sex.  

b) Controls were matched to cases on European ancestry (+/- 2%), each model adjusted for global African % and Sex.  

   Latinos Europeans 

   Not Matcheda Matchedb   

Region GWAS SNP Ref/Risk OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value 

1p36.22 rs113663169 C/T 3.33 (1.35, 11.11) 0.02 4 (1.59, 14.29) <0.01 1.82 (1.41, 2.38) <0.01 

6p25.1 rs7742053 C/A 1.41 (0.73, 2.61) 0.29 1.52 (0.76, 2.96) 0.22 1.7 (1.32, 2.17) <0.01 

10q21.3 rs10822056 C/T 1.67 (1.05, 2.69) 0.03 1.7 (1.05, 2.79) 0.03 1.74 (1.46, 2.08) <0.01 

15q15.1 rs2412476 C/T 2.33 (1.39, 4) <0.01 1.92 (1.19, 3.23) <0.01 1.67 (1.35, 2.04) <0.01 

20p11.22 rs6047482 T/A 2.22 (1.33, 3.85) <0.01 2.08 (1.25, 3.7) <0.01 1.69 (1.35, 2.08) <0.01 

20p11.23 rs6106336 T/G 1.84 (1.06, 3.18) 0.03 1.62 (0.93, 2.82) 0.09 1.07 (0.83, 1.36) 0.62 

a) Controls were not matched to cases on European ancestry. 

b) Controls were matched to cases on European ancestry (+/- 2%).  
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Figure 5-4. Conditional association of SNPs +/- 500kb of index SNP. Dotted line indicates Bonferroni adjustments for each locus. 
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Table 5-6. Multivariable OR and 95% CI for the PRS weighted by beta coefficients from the 

GWAS of ES 

 

 

 

 

 

 

Figure 5-5. AUC for weighted PRS calculated from 6 risk SNPS. 

 

 Diff. in No. of risk allelesc OR (95% CI) p-value 

Latinos      

Not Matcheda 1.3 3.04 (1.92, 5.07) < 0.01 

Matchedb 1.2 3.11 (1.87, 5.45) < 0.01 

Europeans 0.9 2.34 (1.99, 2.77) < 0.01 

a) Controls were not matched to cases on European ancestry. 

b) Controls were matched to cases on European ancestry (+/- 2%).  

c) Difference in the cumulative number of risk alleles in cases compared to controls.  
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Table 5-7.   Multivariable OR and 95% CI for the PRS weighted by beta coefficients from the 

GWAS of ES calculated from 3 SNPs significant in Latinos.  

 

 

 

 

 

 

 

 

 

 

Figure 5-6. AUC for weighted PRS calculated from 3 risk SNPs found to be significant in 

Latinos (rs113663169, rs10822056, and rs2412476).

 Diff. in No. of risk allelesc OR (95% CI) p-value 

Latinos      

Not Matcheda 0.75 3.99 (2.06, 8.35) < 0.01 

Matchedb 0.76 4 (2.04, 8.39) < 0.01 

Europeans 0.59 2.48 (2.02, 3.06) < 0.01 

a) Controls were not matched to cases on European ancestry.  

b) Controls were matched to cases on European ancestry (+/- 2%).  

c) Difference in the cumulative number of risk alleles in cases compared to controls.  

    

   



84 

 

 

 

Table 5-8. Multivariable OR and 95% CI for a percentage point increase in European or African 

ancestry in Latinos.  

 

 

 

 

 

 

 

Table 5-9. Crude OR and 95% CI for a percentage point increase in ancestry proportions among 

Latinos 

 

 Not Matcheda Matchedb 

European %  1 (0.98, 1.02)  0.98 (0.96, 1) 

African % 0.85 (0.76, 0.93) 0.85 (0.76, 0.92) 

a) Controls were not matched to cases on European ancestry.  

b) Controls were matched to cases on European ancestry (+/- 2%). 

 Not Matcheda Matchedb 

European %  1.02 (1, 1.04) 1 (0.98, 1.01) 

African % 0.85 (0.75, 0.93) 0.83 (0.75, 0.91) 

Amerindian % 1.01 (0.99, 1.03) 1.02 (1, 1.04) 

a) Controls were not matched to cases on European ancestry.  

b) Controls were matched to cases on European ancestry (+/- 2%). 
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Figure 5-7.  Results from admixture mapping analysis of local African ancestry in cases compared to controls. 

Logistic regression is adjusted for global African ancestry proportion, global European ancestry proportion, and sex. Dashed line 

indicates statistical significance from Bonferroni adjustments. 
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Chapter 6: Summary 

Key findings 

The main research aims of this dissertation were as follows. First, we sought to ascertain the 

influence of census tract-level socioeconomic status (CT-SES) and race/ethnicity on sarcoma 

incidence and metastasis at diagnosis across the age span. Second, we aimed to re-examine the 

contribution of common genetic variants to osteosarcoma by prioritizing those that localized to an 

open chromatin region (OCR) of osteoblasts, the cell type from which osteosarcoma is believed 

to emerge. Finally, we aimed to determine whether the effect Ewing sarcoma (ES) susceptibility 

loci discovered in European populations generalize to Latinos and whether additional ancestry-

specific alleles not yet discovered may explain the dramatic racial/ethnic disparities in incidence.  

In the first manuscript of Project 1, we found race/ethnicity to be more often associated with 

sarcoma incidence than CT-SES. Twelve of the 35 subtype age-group combinations evaluated 

were significantly associated with CT-SES, most of which occurred in the older adult age group 

strata. Conversely, nearly every subtype evaluated displayed racial/ethnic differences in incidence 

rates that were independent of CT-SES. Overall, these findings indicate that genetic variation 

associated with ancestry may play a stronger role than area-level SES-related factors in the 

etiology of soft tissue and bone sarcomas.  

In the second manuscript of Project 1, we found little evidence of an association of CT-SES with 

metastases at diagnosis across most of the 25 sarcoma subtype-age group combinations evaluated. 

However, in a secondary analysis restricted to adults, we observed patients with Medicaid or no 

insurance had an increased odds of presenting with metastatic soft tissue sarcomas compared to 

privately insured patients; the risk of metastatic osteosarcoma and Ewing sarcoma, the two bone 

sarcoma subtypes evaluated, was not associated with insurance status in adults. With regards to 

race/ethnicity, we observed an increased odds of presenting with metastases in non-Hispanic 

(NH)-black adults diagnosed with leiomyosarcoma and unclassified sarcomas compared to NH-

white adults that was independent of CT-SES and insurance status. These findings indicate that 

delayed access to care may increase the risk of presenting with an advanced stage at diagnosis for 

several soft tissue sarcoma subtypes in adults, whereas inherent biological factors may contribute 

to the metastatic progression of osteosarcoma and Ewing sarcoma, as well as the racial disparities 

observed with metastatic leiomyosarcoma and unclassified sarcomas. 



87 

 

In project 2, we observed GWAS loci enrichment to be highest in the OCR of osteoblasts 

compared to all other primary cell types from ENCODE. In our replication analysis, five of the 36 

loci in the lowest p-value interval (p < 1x10-4)  that overlapped an osteoblast OCR were 

significant at the unadjusted but not adjusted significance thresholds, and most altered the 

expression of nearby candidate genes in skeletal muscle tissue (i.e MCC, GDI2, and SLC22A). 

Overall, our findings provide evidence that several common variants which reside in osteoblast 

OCRs contribute a weak effect on osteosarcoma development by altering regulatory mechanisms 

that localize to an osteoblast’s OCR.   

In the final project, we replicated the effect of previously reported susceptibility loci for ES in 

Europeans and found significant associations with 3 of the 6 loci in Latinos (at 1p36.22, 10q21.3, 

and 15q15.1). Additionally, we discovered an inverse association between global African 

ancestry and ES risk in Latinos after controlling for known risk SNPs, indicating that additional 

ancestry-specific alleles may influence ES susceptibility. An exploratory admixture mapping 

analysis did not discover genomic regions with significantly different ancestral origins in cases as 

compared to controls but was likely underpowered. Taken together, our results support recent 

finding that a substantial number of common variants contribute to the genetic susceptibility of 

ES, and additionally showed that their effects are broadly generalizable to Latinos.  

Strengths and limitations 

A primary strength of Project 1 was the use of a large, population-based cancer registry that 

enabled informed analyses among individually rare subtypes of sarcoma. Our results thus provide 

investigators with a more detailed overview regarding the extent to which the factors studied are 

associated with sarcoma development and progression. We also note that utilizing registry-based 

data likely avoided biases that arise from studies that rely on participant self-report (e.g. recall 

bias) or active participation (e.g. selection bias).  

A key strength of Project 2 was the use of a biologically driven prioritization scheme for re-

analyses of existing genetic datasets. This novel method enabled us to identify nominally 

significant SNPs that plausibly function in osteosarcoma development by altering the expression 

of nearby candidate genes. Many of these SNPs likely would not have been examined without 

leveraging the biological context of osteoblast OCRs.  We were also able to combine our newly 

created dataset of osteoblasts with existing OCR datasets from ENCODE, enabling us to compare 

GWAS SNP enrichment across several distinct cell types. Finally, the EM-LRT method used in 

our replication analysis can handle situations in which genetic information is missing from one 
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parent. This was particularly useful as over 50% of families in our analysis had missing genotype 

data from one parent.  

Project 3 was the first analysis to examine the effect of germline variation and genetic ancestry in 

a non-European population. The observation that the effect of three susceptibility loci discovered 

in Europeans generalize to Latinos strengthens the evidence for their involvement in ES 

development. Additionally, we described an inverse association with ES risk and African genetic 

ancestry, providing evidence that ancestry-specific risk alleles underly the wide racial disparities 

observed with ES incidence. Finally, we selected Latino controls by frequency matching to the 

distribution of Latino subpopulations in the United States. This likely reduced selection bias, 

given that the Latino population is comprised subgroups of heterogenous genetic ancestry.  

Despite these strengths, several limitations require consideration. With regards to Project 1, we 

note that accurately diagnosing sarcomas remains a clinical challenge,113,114 and recording their 

diagnostic codes into tumor registries is subject to error.115,116 Misclassification of sarcoma ICD-

O-3 codes is therefore possible and may have been greater among individuals with lower SES, as 

they may have had reduced access to specialty sarcoma centers or clinical trials. Additionally, 

SEER includes individual-level insurance status for cases but does not include it in calculations of 

population denominator estimates. This precluded us from using insurance status as a measure of 

SES in our analysis of incidence rates (Project 1 – Manuscript 1). Other individual-level SES 

characteristics (e.g. income or educational attainment) are not publicly available from SEER. 

Finally, the CT-SES measure was assigned to a case based upon their address at diagnosis. This 

may not account for potentially long latency periods between exposure and diagnosis, during 

which time a case may have moved between areas of high or low SES.  

For Project 2, we note that the OCR of pre-osteoblasts or other cell stages along the osteoblast 

lineage were not available for analysis. We also note SNPs that localize outside of osteoblast 

OCRs but which are associated with tumor development would not have been nominated for 

replication in our study. A notable example includes the GRM4 locus, which resides outside of 

osteoblast OCRs but has recently been shown to influence osteosarcoma progression via IL23 

expression in tumor-infiltrating myeloid cells.191 

A limitation of Project 3 is the use of cases and controls from different studies. As we noted 

previously,  the Latino population is comprised of several sub-groups with heterogenous genetic 

ancestries,198 and any associations observed in this study may have been confounded by 

differences in the genetic ancestry of the population from which Latino cases and controls were 

drawn. We attempted to minimize this bias by frequency matching Latino controls to the 
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distribution of the Latino population in the United States. We also note that available controls in 

Project 2 and 3 were substantially older than cases. However, because the incidence of ES and 

osteosarcoma is extremely rare, we maintain that the controls used in these analyses represent the 

population of individuals without these sarcomas.  

Future Directions. 

Overall, our findings provide insight in to the genetic and non-genetic factors associated with 

sarcoma incidence and outcomes and provide direction for future research. For example, by 

examining the independent association of race/ethnicity with sarcoma incidence and progression 

in Project 1, we highlight subtypes most likely influenced by genetic ancestry. A notable example 

is Ewing sarcoma, a subtype with dramatically lower incidence rates in NH- blacks compared to 

NH-whites. A genetic basis for these disparities was supported in Project 3; we found ES cases to 

have a substantially lower proportion of their genome descended from African ancestral origins 

than controls, even after controlling for known risk alleles. Although an admixture mapping 

analysis did not localize segments of the genome with significantly different ancestral origins in 

cases compared to controls, it was likely underpowered. Future analyses should utilize results 

from Project 1 to guide larger admixture mapping analyses of ES and other sarcoma subtypes.  

Our findings from Project 2 lend support to utilizing open chromatin profiles in future analyses of 

sarcoma. Importantly, restricting genetic analyses to these regions can increase the statistical 

power of existing genetic datasets by limiting the number of hypothesis tests performed, thereby 

enabling the discovery of SNPs that may not have otherwise reached significance. This is 

particularly useful for sarcoma research, as genomic analyses are oftentimes constrained by the 

extreme rarity of the disease and consequently few cases available for genotyping. Additionally, 

utilizing open chromatin profiles from a range of different cell types can serve to identify a 

subtype’s cell-of-origin because GWAS SNP enrichment is likely highest in these cell types.  

Analyses should continue to leverage open chromatin profiles for future sarcoma research.  

Conclusion 

Altogether, we provide evidence that the development and progression of several sarcoma 

subtypes is influenced by germline genetic variants, the frequency of which may depend upon 

ancestral origin and explain the wide racial/ethnic disparities observed. This, of course, is not 

universally the case. The development of many sarcoma subtypes, particularly those diagnosed in 

older adults, appear influenced by area-level SES-related factors, and the risk of metastatic 

progression prior to the diagnosis of  soft tissue sarcoma subtypes in adults appears to increase 

with longer diagnostic delays. 
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