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Abstract 

The etiology of childhood cancer remains largely elusive.  In rare cases, genetic 

mutations and environmental exposures such as radiation are known causes.  For the vast 

majority of childhood cancer patients, there is no known cause for their disease.  With an 

increasing number of childhood cancer survivors, the need to understand disease for 

patients and their families is becoming even more vital.  This dissertation will describe 

three different investigations to understand the role of genetic or inborn factors play in 

the etiology of childhood cancer.   

The first study reviewed investigates family history in acute lymphoblastic 

leukemia (ALL) patients.  Family history information can provide insight into the genetic 

(and/or shared environmental) basis of an illness.   We investigated the association of 

family history of specific cancers and non-malignant diseases in one of the largest case-

control studies of childhood ALL conducted to date.  In this study, family history of 

cancer was not significantly more frequent among ALL cases compared to controls.  The 

likelihood of family history of esophageal cancer was lower in ALL cases as compared to 

controls but the number of affected relatives was small in both groups and due to multiple 

comparisons performed in the statistical analysis may not be a true association.  For 

selected non-malignant conditions, significant inverse associations with family history of 

allergic disease, food and drug allergy, rheumatoid arthritis and risk of ALL were 

observed.   

The second study reviewed focuses on the association of rib anomalies and 

childhood cancer.  Congenital anomalies have been associated with childhood cancer 
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syndromes in many large epidemiological studies using population based registries.   This 

study sought to better understand and more robustly describe the association between 

childhood cancer and morphological defects of the ribs in a hospital-based case-control 

United States population.    Our results indicate a modest but fairly robust association 

between rib anomalies (RA) and childhood cancer.  RAs were associated with increased 

odds of the individual cancer types AML, renal tumors, and hepatoblastoma. 

 The final study reviewed examines common genetic variation associated 

with pediatric osteosarcoma (OS).  A small subset of individuals develop OS due to a 

hereditary predisposition syndrome such as Li Fraumeni, Retinoblastoma, or Rothmund-

Thompson syndrome.  Mutations in the TP53, RB, and RECQL4 genes are highly 

penetrant and can confer up to a 90% chance of developing OS.   We hypothesized that 

single nucleotide polymorphisms (SNPs) in these genes, and those in the same pathways 

affect risk of OS less drastically.  In this analysis, we conducted a case-parent triad study 

to examine main effects of DNA repair and metabolism genes in pediatric OS.  We 

identified a nonsynonymous SNP in RECQL4 that was most associated with OS although 

not significantly after correction for multiple comparisons.  No significant associations of 

DNA repair genes previously described were replicated in this study. The three studies 

described above provide insight into the family history, congenital anomalies, and genes 

involved in molecular pathways associated with childhood cancer.   

 



 

 vi 

Table of Contents 

Acknowledgements…..…………………………….……………………………………..i 

Dedication…......................................................................................................................iii 

Abstract...………………………………………………………………………………...iv 

Table of Contents………..………………………………………………………………vi 

List of Tables……………...……………………………………………………………viii 

List of Figures………………………...……………………………………………….....ix 

List of Abbreviations…………………………………………………………………….x 

Chapter 1. Introduction……………………….…………………………………………..1 

 Descriptive epidemiology of childhood cancer…………………………………...1 

 Investigations of the heritability of childhood cancer……………………………..2 

 Investigations of an inborn etiology to childhood cancer…………………………4 

 Investigations of the genes and variants underlying childhood cancer……………5 

 Statement of thesis………………………………………………………………...6  

Chapter 2. Family history of cancer and non-malignant diseases and risk of childhood 

acute lymphoblastic leukemia: A Children’s Oncology Group Study………………...…12 

 

Introduction………………………………………………………………………15 

 

Materials and Methods………………………………………………………...…15 

 

Results……………………………………………………………………………19 

 

Discussion………………………………………………………………………..21 

 

Chapter 3. Association of rib anomalies and cancer..………………………….……….34 

Introduction………………………………………………………………………36 

 

Materials and Methods…………………………………………………………...36 



 

 vii 

 

Results…………………………………………………………………………....39 

 

Discussion………………………………………………………………………..41 

 

Chapter 4. Common variation in DNA integrity and repair pathway genes and pediatric 

osteosarcoma……………………………………………………………………………..49 

 

Introduction………………………………………………………………………51 

 

Materials and Methods………………………………………………………...…53 

 

Results ……………………………………………………………………………57 

  

Discussion………………………………………………………………………..58 

 

Chapter 5. Conclusion…………………………………………………………………..64  

 

Bibliography…………………………………………………………………………….75 

 

Appendix A. Sibling medical history questionnaire…………………………………….98 

 

Appendix B.  Family medical history questionnaire………………………………….101 

 

Appendix C. Rib Assessment abstractor tool………………………………………….104  

 

Appendix D.  Classification of rib anomalies in cases and controls…………………...105 

 

Appendix E.  Candidate genes and SNPs in association with risk of OS…………...…106  

Appendix F. Considerations for a hypothetical genetic counseling PhD degree………112 



 

 viii 

List of Tables 

Chapter 1 

Table 1. Age-Adjusted Invasive Cancer Incidence Rates and 95% Confidence Intervals 

for Ages 0-19 by International Classification of Childhood Cancer (ICCC ) Group and 

Subgroup, and Age, United States………………………………………………………11 

 

Chapter 2 

Table 1. Characteristics of cases and controls……………………………………….…..28 

Table 2.  Family history of cancer and risk of childhood ALL…………………….....…29  

 

Table 3. Family history of malignancy classified by cancer site and risk of childhood 

ALL……………………………………………………………………………………....30 

 

Table 4.  Medical family history of selected non-malignant diseases…………………...31 

 

Chapter 3 

 

Table 1. Description of images available and evaluable…………………………………44  

 

Table 2. Demographics of pediatric cancer cases and controls………………………….45 

 

Table 3.  Rib number in pediatric cancer cases and controls…………………………….46 

 

Table 4. Description of rib anomalies in pediatric cancer cases and controls…………...47 

 

Table 5.  Rib anomalies identified by individual cancer types…………………………..48 

 

Chapter 4 

Table 1. Characteristics of OS cases…………………………………………………….63  

  



 

 ix 

List of Figures 

Chapter 4 

Figure 1. Network of candidate genes interactions………………………………………61 

Figure 2. Number of triads and SNPs included in the analysis after each step in data 

cleaning…………………………………………………………………………………..62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 x 

List of Abbreviations 

ALL   Acute lymphoblastic leukemia  

AML   Acute myelogenous leukemia  

ABGC  American Board of Genetic Counseling 

BMT   Bone marrow transplantation 

CT   Computed tomography 

CNS   Central nervous system 

C7   Cervical vertebra 7 

ESE   Exonic splicing enhancer 

GWAS  Genome-wide association studies  

htSNP  Haplotype-tagging SNPs  

Hox   Homeobox-containing genes  

L1   Lumbar vertebra 1 

MRI   Magnetic resonance imaging 

MALDI-TOF  Matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometer  

MAF   Minor allele frequencies 

MCDB&G  Molecular, Cellular, Developmental Biology, and Genetics 

NSGC  National Society of Genetic Counselors 

nsSNP  Non-synonymous single nucleotide polymorphisms 

OR   Odds ratio 

OS   Osteosarcoma 

RA   Rib anomalies  

SNPs   Single nucleotide polymorphisms 

WT1   Wilm’s tumor 1 mutation related disorder 

 

 

 

 



 

 1 

CHAPTER 1. INTRODUCTION 

 

DESCRIPTIVE EPIDEMIOLOGY OF CHILDHOOD CANCER 

Childhood cancers are a diverse group of tumors that differ from the cancers that 

arise in adulthood.  Childhood cancers are broadly defined as cancers developing in 

individuals less than 20 years of life.  Childhood cancers can be more finely grouped into 

infant cancer which occurs at less than 1 year of age and adolescent cancer between the 

ages of 15-19 [1]. Because of the multiplicity of histological differences in childhood 

cancer, categorization is further accomplished through a standardized method based on 

morphology and topography.  The categorization is described in the International 

Classification of Childhood Cancer Third Edition (ICCC-3) using codes from the 

International Classification of Diseases for Oncology, 3rd Edition (ICD-O-3) to create 

twelve distinct categories and 47 subcategories (Table 1) [2, 3].   

Together childhood cancers account for 0.5% of all cancers in industrial countries 

and about 2% of the total cancer diagnoses in the United States [4, 5].  Each year in the 

United States, over 8,500 cases of cancer are diagnosed in children under the age of 15 

[6].  Compared to adult cancer, the wide variety and rarity of childhood cancers has made 

studying the etiology difficult [7].  Various research study designs have been 

implemented to determine environmental and genetic etiologies of childhood cancer.  

Studies of genetic factors have been accomplished through twin studies, family history 

studies, linkage studies, and more recently candidate gene and genome-wide association 

studies as described below.  Studies first must aim to identify the degree to which 
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childhood cancer is heritable.  The genetic investigations then attempt to determine the 

genes and variants that underlie the heritability.     

 

INVESTIGATIONS OF THE HERITABILITY OF CHILDHOOD CANCER 

Heritability: twin studies 

One approach to studying the underlying contribution of genetics to childhood 

cancer is through the determination of heritability.  Heritability is defined in statistical 

terms as the proportion of phenotypic variation in a population that is due to genetic 

variation between individuals [8].  Heritability is most commonly estimated through 

studies of twins who are either concordant (i.e. both have cancer) or discordant (i.e. one 

twin has cancer and the other does not).  It is possible to separate inherited from 

environmental factors since monozygotic twins are genetically identical and dizygotic 

twins share 50% of their genes, but both share the same environment.  Higher 

concordance of childhood cancer in monozygotic twins compared to their dizygotic 

counterparts is suggestive of heredity [8].  

Several twin studies have been conducted on childhood cancers with the majority 

of publications focused on acute lymphoblastic leukemia (ALL) [9-11].  In general, there 

does not appear to be high concordance in childhood cancer with the exception of 

hematological malignancies.  Hematological malignancies have been noted to present 

more commonly in monozygotic twins due to in utero twin transmission in which 

concordance is due to the exchange of blood in utero and not due to shared genetics [9, 

10, 12].  Reported elevated risk in monozygotic twins in addition to leukemia has been 
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noted in neuroblastoma, central nervous system (CNS) tumors, Wilms tumor and 

Hodgkin lymphoma [13-16].  Due to the rarity of childhood cancer, twin studies have 

been limited by a small number of cases, usually less than 50, in the non-hematological 

cancers.  This is particularly troublesome for identifying genetic causes in childhood 

cancer as the twin studies are only capable of identifying highly heritable genetic factors.  

Diseases with lower heritability may be missed in these analyses; therefore insight into 

the etiology of childhood cancer has been limited in twin studies.  An alternative method 

to assess the genetic and shared environmental contributions to childhood cancer is 

through the investigation of not only siblings but entire family histories.  

Family history studies 

Family history is a mainstay in medical care and has been shown to predict risk of 

many health concerns including cancer [17, 18].  Familial clustering of cancer is helpful 

for understanding its etiology most notably through identification of hereditary cancer 

syndromes.  Several factors suggestive of hereditary cancer include: autosomal dominant 

inheritance, multiple affected individuals, young age of onset, bilateral cancer sites, and 

multiple primary cancers.   Examples of hereditary cancer syndromes with increased risks 

for childhood cancers include Li Fraumeni (i.e. soft tissue sarcomas, osteosarcoma, 

central nervous system tumors, adrenocortical carcinomas) and familial adenomatous 

polyposis (i.e. hepatoblastoma, medulloblastoma) [19-21].  However, these conditions are 

rare and constitute only a small percentage of cancer cases [22].   

More recently, research has begun to look at alternative inheritance patterns and 

more subtle risk estimates of cancer and other diseases in family members of childhood 
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cancer patients [23].  Population based familial cohorts such as the Swedish Family 

Cancer Database provide large numbers of cases to investigate more obscure associations 

with childhood cancer in parents and siblings [24].  For instance, one study examining 

first degree relatives of childhood brain tumor cases showed distinct patterns of familial 

risk such as parental CNS cancers associated with offspring with only astrocytomas and 

salivary gland tumors associated with medulloblastoma [25].  Identifying these novel 

associations permits further investigation into rare and likely low frequency genetic 

variants or shared environmental factors.   

Family history studies can also be expanded to include non-cancer related 

conditions that could be similarly contributing to disease.  Several studies of the most 

common childhood cancer, ALL, have examined family history of disease but with 

inconsistent and non-replicated conclusions [26-35].  The second chapter of this thesis 

will describe family history in one of the largest case-control studies of childhood ALL 

conducted to date.  The main aim was to investigate the association of family history of 

specific cancers and the non-malignant diseases of allergic diseases, autoimmune 

diseases, birth defects, and thyroid conditions.  

 

INVESTIGATIONS OF AN INBORN ETIOLOGY OF CHILDHOOD CANCER 

Phenotype correlations 

Another way to examine the genetic basis of disease takes a different approach by 

examining individual differences to provide insight into the underlying genetic 

mechanisms.  The association between congenital anomalies and childhood cancer is a 
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significant example.  This well studied phenomenon was first described by Robert Miller 

in the 1960s [36-38].  Major associations of Down syndrome with acute lymphoblastic 

leukemia as well as Wilm’s tumor with aniridia and renal anomalies were first noted by 

examination of death certificates [38].  Later the list of clinical syndromes associated 

with both congenital anomalies and childhood cancer was further defined and expanded 

to include Fanconi anemia, Gorlin syndrome and WT1 gene mutations [39-42].  

Population based studies connecting birth defect and cancer registries continued to 

support the association of congenital anomalies and increased risk of childhood cancer 

[34, 43-47].  Registry based data was however limited in the quality of data and types of 

congenital anomalies that could be assessed.  More detailed analyses of both minor and 

major anomalies by trained dysmorphologists increased the quality of data on congenital 

anomalies and further supported the association [48-53].   

 A finer analysis of specific congenital anomalies and childhood cancers is 

necessary to determine the etiological associations between defects in embryogenesis and 

carcinogenesis.  Rib anomalies (RA) are a particularly interesting abnormality for 

understanding the connection between development and cancer etiology.  First, 

individuals with Gorlin syndrome have been shown to have RAs and increased risk of 

medulloblastoma and basal cell carcinoma [39, 42].  Second, mice with homeobox gene 

defects, a set of evolutionarily conserved developmental genes, have an increased number 

of RAs [54].  Third, altered expression of hox genes has been described in oncogenesis 

particularly in leukemiogenesis [54].   
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Studies of rib anomalies in humans have suggested an association with childhood 

cancer however the studies differed in the specific type of RAs investigated [55-57].    

The second study in this thesis sought to better understand and more robustly describe is 

the association between childhood cancer and morphological defects of the ribs in a 

United States population.  The main aim was to determine the frequency of numerical 

and other rib anomalies in children with cancer and control children.   In addition we 

investigated whether specific childhood cancers had a higher prevalence of RAs.   

 

INVESTIGATIONS OF THE GENES AND VARIANTS UNDERLYING 

CHILDHOOD CANCER 

The majority of previous genetic research on the etiology of childhood cancers 

has focused on rare and high risk mutations leading to Mendelian disorders.  The 

technique of genetic linkage analysis has been used very successfully to identify these 

high penetrance genes involved in childhood cancers.  Newer research methods have 

been used to investigate the contribution of common genetic variants (minor allele 

frequencies of greater than five percent) with lower effect sizes on the development of 

disease.   The basis for these investigations comes from the common disease-common 

variant theory which states that common diseases are caused by widespread alleles that 

individually have little effect but in concert confer a high risk [58, 59].   

Linkage analyses 

 Genetic linkage analysis is a means for identifying a region of the genome 

associated with disease.  The method relies on the concept that genes on the same 
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chromosome tend to segregate together or are linked.  Genetic markers (i.e. 

microsatellites or single nucleotide polymorphisms) throughout the genome can be traced 

throughout generations to examine nonrecombinant (same as the parents) and 

recombinant (different than parents) chromosomes.  Measures of the frequency of 

recombination of the markers provides an estimate of the distance of the separating of 

genetic markers.   

Linkage analysis in human genetic studies requires either a small number of very 

large families or a large number of somewhat smaller families.  Both have advantages 

and disadvantages but require the collection of multiple affected family members detailed 

phenotype and genotype information.  There have been many successful linkage analyses 

which have identified disease causing genes including the recent identification of the 

anaplastic lymphoma kinase gene as a predominant gene associated with familial 

neuroblastoma [60].  

Candidate gene association studies 

Candidate gene association studies take a different approach in which a 

predetermined set of genes and particular alleles are analyzed in cases versus controls to 

determine if an association with disease exists and if so the strength of the association. 

The study design therefore identifies not only a genomic region but also a specific gene 

and allele.  Candidate gene association studies generally interrogate common variation 

within a biologically relevant pathway.  They are supported from data showing that in 

certain single gene disorders common variants in the same genes lead to an increased 

disease risk although less than that seen due to pathologic mutations [61-63].  The 
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approach has been said to take advantage of the “power of the pathway” to create 

sufficient power to overcome limitations of genome-wide association studies (GWAS) 

studies multiple testing [64].   Criticisms of the approach arise from the history of 

publication bias in which the first candidate gene studies often had much stronger effects 

than subsequent research studies [65].   Small samples with severe cases, population 

heterogeneity, and publication bias all potentially contributed to these findings.  Thus, it 

has been argued that candidate gene studies should be cautious regarding findings and 

propose meta-analyses with broad populations after initial positive results.  In the future, 

the newer methods of next generation sequencing and whole genome sequencing may be 

used to identify even rarer variants with moderate effect sizes, but these methods are still 

in their infancy and will require even greater stringency.   

 Traditionally candidate gene association studies were performed via case-control 

study designs.  A newer approach is the case-parent triad design, which is beneficial in 

that the model does not require control recruitment and intrinsically adjusts for 

population stratification.  The method uses genotype data from cases and parents to test if 

the distribution of candidate alleles in cases deviates from that expected by Mendelian 

inheritance [66].  The statistical approach permits the estimation of gene main effects on 

disease risk as well as gene-environment and gene-gene interactions [67].   Furthermore, 

the recruitment of parents and cases is particularly useful in childhood conditions such as 

cancer in which parents are usually available and willing to participate.   

Osteosarcoma (OS), the most frequent bone cancer in children under the age of 

20, is a childhood cancer in which few candidate gene association studies have been 
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conducted to date [1, 6].  Three small studies support a potential association of DNA 

repair genes and OS risk [68-70].  Established genetic risk factors are the hereditary 

cancer syndromes of Retinoblastoma, Li Fraumeni, Rothmund-Thompson, Werner, and 

Bloom due to mutations in the DNA repair and metabolism genes RB1, TP53, RECQL4, 

WRN, and BLM genes, respectively [19, 71-74].  Additionally mutations in this set of 

genes are frequently mutated in sporadic OS tumors [75].  Given the clear role of DNA 

repair and metabolism genes in both hereditary OS risk and sporadic OS mutagenesis as 

well as preliminary data from genetic epidemiological studies, we hypothesized that 

common polymorphic variants, SNPs with mild effects in TP53, RB1, RECQL4, WRN, 

BLM and their molecular pathways lead to increased risk of developing sporadic OS.  

The third study of this dissertation aimed to determine the genetic contribution of SNPs 

with greater than one percent minor allele frequencies in relevant DNA repair and 

metabolism pathways to the etiology of OS in a national prospective case-parent triad 

design investigation.  

Genome-wide association studies 

Testing the common disease-common variant hypothesis has been accomplished 

by genome-wide and candidate gene association studies.  A GWAS is defined as a 

genetic association study in which the density of genetic markers and the extent of 

linkage disequilibrium is sufficient to capture a large proportion of the common variation 

in the human genome in the population under study, and the number of specimens 

genotyped provides sufficient power to detect variants of modest effect [76].   Over a 

thousand GWAS publications have linked common diseases to over 5,000 SNPs most 
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with less than a 1.5 fold increased risk as of 2011 [77].  Unfortunately even with the large 

contribution of GWAS results, the majority of genetic variation remains unknown [78].  

A GWAS of OS was not possible given the sample size and monetary limitations of our 

investigation.  Future collaborations will permit the inclusion of cases identified through 

this study to be included in a larger scale GWAS of OS. 

STATEMENT OF THESIS 

What is known about the genetic etiology of childhood cancer comes 

predominantly from highly penetrant genes.  Yet these instances of genetic and familial 

diseases make up less than 5% of all cases [22].   This thesis will combine three different 

types of etiological investigations including examinations of family history, congenital 

anomalies, and common genetic variation to better understand the genetic etiology of 

childhood cancer.   First, family history of cancer and other diseases was analyzed in a 

case-control study of ALL.  Second, the association of childhood cancer with RAs was 

assessed in a hospital based case-control study.  Third, the contribution of common 

genetic variation in DNA repair and metabolism pathways leading to OS was assessed 

using a population based case-parent triad study design.  
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Table 1. Age-Adjusted Invasive Cancer Incidence Rates and 95% Confidence 

Intervals for Ages 0-19 by International Classification of Childhood Cancer (ICCC ) 

Group and Subgroup, and Age, United States
1, 2

 

 

 
1. Rates are per 1,000,000 persons and are age-adjusted to the 2000 U.S. standard population (Census P25–1130). 
2. Categorized according to the 2005 International Classification of Childhood Cancer based on ICD-O-3.  

3. Data are from selected statewide and metropolitan area cancer registries that meet the data quality criteria for all 
invasive cancer sites combined. Rates cover approximately 99% of the U.S. population. 
 

Cancer Types  

Age  

0-14  0-19  

All ICCC Groups Combined 
155.3 

(152.2-158.5) 

171.1 

(168.3-173.9) 

I Leukemias, 

myeloproliferative & 

myelodysplastic diseases 

49.5 

(47.8-51.3) 

45.2 

(43.8-46.7) 

II Lymphomas and 

reticuloendothelial neoplasms 

16.3 

(15.3-17.4) 

24.7 

(23.6-25.8) 

III CNS and misc intracranial 

and intraspinal neoplasms 

33.1 

(31.7-34.6) 

30.2 

(29.0-31.4) 

IV Neuroblastoma and other 

peripheral nervous cell tumors 

11.1 

(10.3-12.0) 

8.5 

(7.9-9.2) 

V Retinoblastoma 
4.0 

(3.6-4.6) 

3.0 

(2.7-3.4) 

VI Renal tumors 
8.3 

(7.6-9.0) 

6.7 

(6.1-7.3) 

VII Hepatic tumors 
2.5 

(2.1-2.9) 

2.3 

(2.0-2.6) 

VIII Malignant bone tumors 
6.8 

(6.1-7.5) 

8.6 

(8.0-9.3) 

IX Soft tissue and other 

extraosseous sarcomas 

10.7 

(9.9-11.5) 

12.2 

(11.5-13.0) 

X Germ cell, trophoblastic 

tumors & neoplasms of gonads 

5.4 

(4.8-6.0) 

11.0 

(10.3-11.8) 

XI Other malignant epithelial 

neoplasms and malignant 

melanomas 

6.7 

(6.1-7.4) 

17.6 

(16.7-18.5) 

XII Other and unspecified 

malignant neoplasms 

0.6 

(0.5-0.9) 

0.7 

(0.5-0.9) 



 

 12 
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Background:  Studies of family history of cancer and non-malignant diseases in 

childhood acute lymphoblastic leukemia (ALL) show inconsistent findings.   Most 

studies show no increased risk with family history of cancer.  Non-malignant diseases 

such as allergic diseases, autoimmune diseases, birth defects and thyroid diseases have 

been reported to be associated with ALL.  

Methods: We conducted a case-control study of family history of cancer and selected 

non-malignant conditions (allergic diseases, autoimmune diseases, birth defects, and 

thyroid diseases). ALL cases were obtained from Children’s Cancer Group institutions 

from January 1989 to June 1993.  Controls were recruited via random digit dialing.  

Family history for first degree relatives and grandparents of ALL cases and controls was 

collected by structured telephone questionnaires.  Conditional logistical regression was 

used to calculate odds ratios adjusting for potential confounders. 

Results: We found a borderline association of ALL and having a family member with a 

history of cancer in cases (n=1,842) compared to controls (n=1,986) (OR=0.98, 95% 

CI=0.93, 1.00) and an inverse association for esophageal cancer based on small numbers.  

Family history of food and drug allergies demonstrated a modestly reduced risk 

(OR=0.83, 95%CI=0.73, 0.95) as did family history of rheumatoid arthritis (OR=0.79, 

95%CI=0.65, 0.96).  There were no associations with family history of any autoimmune 

diseases, immunodeficiencies, birth defects, thyroid diseases and risk of childhood ALL. 

Conclusions: These results show no association of overall family history of cancer with 

childhood ALL, while providing additional evidence for an inverse association with 

family history of allergic disease.  Two potentially new associations of ALL with family 
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history of esophageal cancer and rheumatoid arthritis require confirmation in other 

studies and validation with medical records.   
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INTRODUCTION 

 Acute Lymphoblastic Leukemia (ALL) is the most common childhood malignancy, 

affecting 3.9 per 100,000 children at ages 0-14 each year in the United States [79, 80].  

Causal factors contributing to the risk of ALL include several congenital diseases as well 

as exposure to ionizing radiation, but the causes of a large proportion of the cases remain 

unknown [81-83].  The identification of other risk factors leading to ALL is thus an 

important objective for future research.   

 Family history of cancer and other diseases can provide insight into the genetic 

(and/or shared environmental) basis of an illness.   Several studies of ALL have 

examined family history of disease, but have not provided consistent conclusions [26-35].  

Most studies show no increased risk with a family history of cancer, but associations with 

specific cancer sites including brain, breast, colon/rectum, genital, lip/oral, kidney cancer, 

and testicular teratomas have been reported [84-88].  We investigated the association of 

family history of specific cancers and non-malignant diseases in one of the largest case-

control studies of childhood ALL conducted to date. 

 

MATERIALS AND METHODS 

Study Population 

 A detailed description of the methods used for this case-control study has been 

published elsewhere [89].  Case eligibility included being newly diagnosed with ALL 

prior to age 15 years at a former Children’s Cancer Group (CCG) institution from 

January 1
st
, 1989 to June 15

th
, 1993.  The CCG was a National Cancer Institute-funded 
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cooperative clinical trials group composed of institutions in the United States, Canada, 

and Australia now encompassed by the Children’s Oncology group [90].   Of the 120 

CCG institutes, 108 from the US and Canada participated in this study.  Approximately 

50% of childhood leukemia cases in the US were cared for by CCG institutes during the 

time of the study period [91].  Cases were eligible if the patient’s biological mother had a 

telephone in the home and spoke English.  Controls were identified using a random digit 

dialing methodology [92].  Controls were individually matched to the cases on age (no 

more than a 25% difference in age at diagnosis of the case, with a maximum difference of 

2 years), sex, race (white, black, or other), and telephone area code and exchange of the 

case’s residence at diagnosis.   

Data Collection  

 Separate telephone interviews with mothers and fathers were conducted using 

structured questionnaires.  Of the 2081 eligible cases, 1914 mothers of cases (92.1%) 

completed a telephone interview and 1842 were matched (88.6%).  There were 167 

(7.9%) non-participants among the eligible cases including 70 (3.4%) due to parental 

refusals, 41 (2.0%) due to physician refusals, 18 (0.9%) who were lost to follow-up, and 

38 (1.8%) who did not participate for other reasons.  Of the 2,597 identified controls, 

1987 mothers of controls (76.5%) completed interviews.  One control was not matched to 

a case leading to a total of 1986 (76.5%) controls.  There were 610 (23.5%) non-

participants among the eligible controls including, 457 (17.6%) due to parental refusals, 

17 (0.7%) who were lost to follow-up, and 136 (5.2%) who did not participate for other 

reasons.   Seventy-two cases were not able to be matched on age and race to controls 
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resulting in a total of 1842 matched case-control pairs (1:1 match = 1704 sets, 1:2 match 

= 132 sets, 1:3 = 6 sets).  Paternal interviews were completed for 86.5% of eligible cases 

(1801 / 2081) and 69.8% of controls (1813 / 2597).   

 Family history information was collected for full and half siblings by maternal 

interview.  When available each biological parent completed questions on their family 

history.  For cases where a direct paternal interview was not obtainable, mothers were 

asked to provide surrogate data.  Specifically, the interview collected all cancer diagnoses 

(classified according to International Classification of Diseases, Ninth Edition (ICD-9) 

codes) and age at diagnosis.  Data on non-malignant diseases were selected based upon 

hypothesized associations with ALL at the time of data collection and included allergic 

diseases (food and drug allergies, asthma, hay fever, and hives), anemia, autoimmune 

diseases (multiple sclerosis, rheumatoid arthritis, psoriasis, ulcerative colitis, celiac 

disease, lupus, sarcoidosis, ankylosing spondylitis, and diabetes), birth defects, and 

thyroid diseases (hyperthyroidism or Grave’s disease, thyroiditis or Hashimoto’s disease, 

and hypothyroidism).      

 Statistical analysis 

 Dichotomous variables were created to designate any or no family history of cancer 

and non-malignant disease.  Categorical variables were created to assess dose-response 

for the number of relatives with cancer and selected non-malignant diseases.  Cut points 

were determined such that each category contained sufficient data with five being the 

maximum number of categories.  Using dichotomous variables, we further examined 

family history among parents only, grandparents only, maternal relatives only (i.e., risk in 
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maternal relatives regardless of occurrence in paternal relatives including proband’s 

mother, maternal grandmother, and maternal grandfather), family history among paternal 

relatives only, family history among male relatives only and female relatives only. 

The covariates maternal age at birth of the proband, birth weight and total number of 

relatives were chosen a priori for inclusion in regression models. Increased maternal age 

and high birth weight have been associated with increased risk of ALL [93-95].  

 Conditional logistical regression was used to calculate odds ratios (OR) and 95% 

confidence intervals (CI) to evaluate the potential associations between family history of 

disease and risk of ALL.  Analyses for cancers and selected non-malignant disease were 

adjusted for maternal age, birth weight and total number of relatives (Table 1).  Personal 

history of allergies was also adjusted for in the disease specific analysis.  Additional 

analyses examined family history of disease occurring among parents, grandparents, 

maternal, paternal, male and female relatives separately.  Sensitivity analyses were 

completed to exclude data from cancers diagnosed after the primary cancer and data from 

paternal proxy interviews.   Exclusion of multiple primary cancers permitted the analysis 

of solely primary cancers separate from multiple cancer diagnoses which could be 

mistaken for metastases or treatment-related secondary cancers.  For the analysis 

dropping paternal proxy data, matched pairs were broken to allow unconditional logistic 

regression.  Categorical data for the number of affected relatives were analyzed using a 

test for trend.  SAS statistical software (Version 9.2, Cary, NC) was used to perform all 

data analyses.   
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RESULTS 

Demographics 

 Cases were mainly 2-5 years of age at ALL diagnosis, primarily white, with a 

somewhat greater proportion being male.  Compared to cases, controls were more likely 

to be white and of higher socio-economic status based on differences in income and 

maternal education (Table 1).  The mean number of siblings (1.5), parents (1.9), 

grandparents (3.7), and total relatives (7.1) with family history data was the same in cases 

and controls. 

Family history of cancer 

 Having a reported family history of any type of cancer in one or more relatives was 

borderline associated with childhood ALL (OR=0.98, 95% CI=0.93, 1.00) but did risk 

increase significantly with an increasing number of relatives with cancer (Table 2).  The 

origin of cancer in parents, grandparents, maternal or paternal relatives only showed no 

associations (OR=0.85, 95%CI=0.56, 1.29, OR= 0.91, 95%CI=0.77, 1.07, OR=0.97, 

95%CI=0.83, 1.13 and OR=1.01, 95%CI=0.86, 1.18 respectively).  Risk of ALL was not 

associated with family history of cancer when considering female or male relatives only 

(OR=1.00, 95%CI= 0.86, 1.16 and OR=0.91, 95%CI= 0.78, 1.06, respectively).  Younger 

age at cancer diagnosis (i.e., cancer < 40 years of age) was not different in family 

members of cases compared to controls (OR=0.92, 95%CI=0.78, 2.31).   Family history 

of malignancy and ALL associations did not differ based upon inclusion of multiple 

primary cancer diagnoses or exclusion of paternal proxy interviews (data not shown).    

Family history of 18 cancer sites or grouping of sites categorized by ICD-9 site was 
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assessed for associations with ALL (Table 3).  With the exception of esophageal cancer, 

which showed an inverse association with risk of ALL (OR= 0.22, 95%CI = 0.07, 0.80), 

there were no significant associations between cancers sites and the risk of ALL.   

Family history of non-malignant disease  

 Significant inverse associations were found for family history of allergic diseases 

(OR= 0.86, 95% CI = 0.73, 1.00) and specifically food and drug allergies (OR= 0.83, 

95% CI = 0.73, 0.95), but not other allergic conditions (Table 4).  The association was 

predominantly seen in families with five or more relatives with allergic diseases 

(OR=0.75, 95% CI=0.61, 0.92).  Maternal family history of allergic diseases was 

negatively associated (OR=0.86, 95% CI = 0.76, 0.98), whereas paternal family history 

was positively associated with ALL (OR =1.23, 95% CI=1.07, 1.41).     

Family history of any autoimmune disease was not associated with increased risk of ALL 

(OR= 0.92, 95%CI= 0.80, 1.06), nor were specific autoimmune diseases  associated with 

an evaluated risk including  multiple sclerosis, psoriasis, ulcerative colitits, celiac disease, 

lupus, sarcoidosis, ankylosing spondylitits, and diabetes.  Only rheumatoid arthritis 

showed a significant association (OR=0.79, 95%CI=0.65, 0.96). 

 Birth defects, immunodeficiency/recurrent infections, and thyroid disease among 

family members were not significantly associated with risk of ALL (OR= 0.87, 95% CI= 

0.65, 1.16, OR=0.97, 95% CI=0.81, 1.17, OR=1.16, 95% CI = 0.67, 2.00, respectively).  

Family history of anemia was also acquired but was not included in the analysis due to 

concerns of ambiguity ranging from the acute myeloid precursor myelodysplastic 

syndromes (MDS) to iron deficiency, hemolytic, autoimmune and other disorders causing 
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anemia.  Associations of family history of non-malignant disease with ALL did not 

materially differ after exclusion of paternal proxy interviews (data not shown).  

DISCUSSION 

 This study is one of the largest case-control studies of family history of cancer and 

selected non-malignant conditions in childhood ALL to date.  The large sample size 

permitted analysis of relatively rare cancer sites and specific allergic, autoimmune, and 

thyroid diseases.  The current study suggested some novel associations between family 

history of malignant and benign diseases and childhood ALL.  

 In this study, family history of cancer was not significantly more frequent among 

ALL cases compared to controls. No significant associations were noted for family 

history of 17 specific cancer sites, maternal or paternal cancer only, male or female 

cancer only, or cancer in relatives less than 40 years of age.  Interestingly, the likelihood 

of family history of esophageal cancer was lower in cases compared to controls but the 

number of affected relatives was small and multiple comparisons performed.  For 

selected non-malignant conditions, significant inverse associations with family history of 

allergic disease, food and drug allergy, rheumatoid arthritis and risk of ALL were 

observed.  Below we will compare our results with those of previous published reports. 

 Epidemiological studies investigating family history of cancer have not provided 

conclusive evidence for any associations with ALL.  Six case-control studies have been 

completed almost exclusively by interview based questionnaires with the exception of 

one hospital based case-control study which verified cancer diagnoses via medical 

records [84-86, 96-98].  Five population based registries and one cancer survivor cohort 
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study assessed family history of cancer and ALL [24, 87, 88, 99-101].  Positive family 

history of hematological cancers in second degree relatives of ALL cases has been 

reported in one population based case-control study [84].  Specific cancer site 

associations that have been reported in one study but have not been replicated include 

brain, breast, colon/rectum, genital lip/oral, kidney cancer, and testicular teratomas [84-

88].  

 We did not find associations between any family history of cancer, hematological 

cancers, or any other previously reported solid tumor (i.e., brain, breast, colon/rectum, 

genital lip/oral, kidney cancer, and testicular teratomas).  An inverse association was 

noted for the risk of ALL and family history of esophageal cancer, based on small 

numbers, which to our knowledge has not been analyzed separate from stomach cancer.   

Studies have investigated esophageal and stomach cancer combined and not seen any 

significant associations.  Notably, risk factors are quite different for esophageal and 

stomach cancers [85, 86].  By dividing esophageal and stomach cancer, the analysis is 

limited by a small number of esophageal cases.   Other explanations for the significant 

result are unknown confounding factors or an artifact of multiple comparisons.  It is 

possible that individuals with a family history of ALL may be less likely to smoke.  

Inclusion of smoking status, a known risk factor for esophageal cancer, in our model was 

desired but not possible to examine smoking as a confounder.    

 Two reports support a protective effect of family history of allergies and risk of 

ALL [26].  Schuz et al. investigated first degree relatives’ medical histories of hay fever, 

neurodermatitis, asthma, contact eczema, hives, and food/drug allergies in a case-control 
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study [27].  Parents and siblings showed an underrepresentation of atopic disease.  In a 

separate case-control study, Rosenbaum et al. investigated personal and parental allergy 

histories and found a borderline non-significant inverse association between parental 

allergies and ALL risk [28].  Previously, allergies in siblings of the ALL cases in our 

study had been shown to have a significant inverse association with risk of ALL in 

probands (OR=0.9, 95%CI=0.8, 1.0) [29].  The current study expanded the analysis to 

include family history of allergies in parents and grandparents and finds an inverse 

association with allergic diseases.  Risk was predominantly related to food and drug 

allergies rather than asthma, hay fever, eczema, or hives.  

 Several associations have been described between family history of autoimmune 

diseases and ALL.   Till et al. first suggested that first and second degree relatives of 

children with leukemia were slightly more likely to have autoimmune disease than 

controls [30].  Buckley et al. reported an association with maternal diagnosis of multiple 

sclerosis and childhood ALL [31, 86].  Perrillat-Menegaux et al. conducted a case-control 

study which found a significant association with increased autoimmune disease in first 

and second degree relatives and ALL as well as any thyroid disease [86].  Family history 

of autoimmune thyroid diseases such as Grave’s disease or hyperthyroidism and 

Hashimoto’s disease and/or hyperthyroidism was specifically associated with risk, while 

associations were not found for ALL risk and diabetes mellitus, psoriasis, rheumatoid 

arthritis or multiple sclerosis.  Cohort studies in Sweden and Denmark have attempted to 

determine if children born to parents with autoimmune disease are at increased risk of 

childhood cancers.   In Sweden, mothers with autoimmune conditions did not have an 
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increased risk of childhood cancer with the exception of maternal diabetes [102].  In a 

similar Danish cohort study, parents with any autoimmune diseases showed a borderline 

significant association with childhood ALL [32].  

 We found no association with ALL and general autoimmune diseases or specific 

types.  Of note, we found a modest decreased likelihood of family history of rheumatoid 

arthritis in ALL cases (OR=0.79, 95%CI = 0.65, 0.96). Studies of rheumatoid arthritis 

and adult acute myeloid leukemia show an increased risk of adult leukemia but it is 

unclear whether the association is with rheumatoid arthritis or with the medications used 

to treat the disease [103-105].  

 Three out of four reports have suggested an association with leukemia and 

congenital anomalies in siblings and/or more distant family members of patients with 

childhood ALL.  Savitz et al. and Mann et al. both reported increased risk of congenital 

anomalies in siblings and first, second, and third degree relatives [33, 34].  A more recent 

study showed borderline increased risk of congenital anomalies in siblings and increased 

risk for family history of congenital anomalies in first and second degree relatives [35].  

An expanded analysis of 2,117 ALL cases, including our 1,842 cases, and their siblings 

did not find an increased risk of congenital anomalies with the exception of pancreas-

digestive tract anomalies [106].  We have additionally analyzed information on parents 

and grandparents and did not find a significant association between birth defects and 

family history in siblings, parents, and grandparents.   

 There are several strengths and limitations to the current study.  This is one of the 

largest case-control studies of ALL to investigate family history of cancer and the 
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selected non-malignant diseases.  Our large national sample permitted the study of many 

rare diseases among relatives.  Even with this large of a study, the analysis of family 

history of some conditions had limited power to detect associations.   

Data collected by self-report in a case-control study raise concern of misclassification 

[107].  Validation studies of cancer diagnoses show sensitivities of 30-83% depending on 

the type of cancer with highest sensitivity for breast, colorectal and prostate cancers and 

lower sensitivities for uterine cancers [108-110].  Minimal recall bias was reported in one 

study carried out in Utah, but genealogy is notably more important in Utah than in other 

geographic locations [109].  Accuracy of self-report of family history of autoimmune 

diseases is mixed.  Confirmation of autoimmune diseases with medical records shows a 

sensitivity of 76%, with sensitivity highest for systemic lupus erthematosus patients and 

lowest for rheumatoid arthritis patients [111].  There is a substantial problem with self-

report or family history report based on questionnaire only with rheumatoid arthritis.  

Rheumatoid arthritis may easily be confused with the more common and unrelated 

condition of osteoarthritis.  We did see an inverse association with rheumatoid arthritis 

but this result must be viewed skeptically as the validity of self-report may have 

compromised the analysis [112, 113].   

  Family history was obtained rapidly following diagnosis from first degree relatives 

(i.e. mothers and fathers) who completed surveys for their parents and children.  The 

accuracy of information collected from first degree relatives is improved compared to 

data collected from second degree relatives [110].  The collection of data shortly 

following diagnosis however made the age of parents and grandparents fairly young.  
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Null results of family history of cancer may thus be related to the relatively young age of 

family members.  Another possible concern of misclassification bias arises in the use of 

maternal surrogates for paternal interviews.   The exclusion of surrogate interviews in our 

sensitivity analysis did not reveal any differences from data obtained solely for mothers.   

Selection of hospital-based cases may give rise to mismatch when controls are selected in 

a population-based manner.  In this study, random digit dialing selected from the 

exchange of the case’s residence at diagnosis acted as a marker for similar geography.   

Although the possibility for a mismatch in the enrolled controls to the source population 

may exist, using exchange to match cases and controls may serve to better match the 

source population [92].   To minimize possible confounders, we chose a set of covariates 

a priori known to be associated with childhood cancer including maternal age, maternal 

education, family income, birth weight and total number of relatives.  Covariates are not 

known to be associated with family history of cancer or non-malignant diseases but were 

still chosen to be included in the analysis.  We are mindful that unknown confounders, 

such as smoking exposure, which was unknown for relatives, may still exist producing 

erroneous associations.  

 In summary, this study examining the association of family history of cancer and 

non-malignant diseases on the risk of ALL did not observe an association with a family 

history of cancer in first and second degree relatives.  Most previously reported cancer 

associations were not confirmed by our analysis providing additional evidence that  

family history of cancer is not an important risk factor for childhood  ALL.  More studies 

regarding family history of non-malignant diseases are needed to validate the accuracy of 
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disease reporting and provide insight into the true nature of potential associations, as well 

as mechanisms for the development of ALL.    
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Table 1. Characteristics of cases and controls 

 Cases Controls P-value 

Gender – male 1018 (55.2%) 1076 (54.2%) 0.54 

Age    

<12 months 64 (3.5%) 81 (4.1%) 0.07 

12-23 months 138 (7.5%) 189 (9.5%)  

2-5 years 1020 (55.4%) 1038 (52.3%)  

6-10 years 408 (22.2%) 466 (23.5%)  

11-15 years 212 (11.5%) 212 (10.7%)  

Race    

White 1492 (81.0%) 1720 (86.6%) <0.01 

Black 109 (5.9%) 94 (4.7%)  

Hispanic 153 (8.3%) 121 (6.1%)  

Other 88 (4.8%) 51 (2.6%)  

Maternal Age    

<20 159 (8.6%) 117 (5.9%) 0.01 

20-29 1127 (61.2%) 1257 (63.3%)  

30-39 540 (29.3%) 598 (30.1%)  

40 + 16 (0.9%) 14 (0.7%)  

Birth Weight    

 <2,500 grams 99 (5.4%) 110 (5.5%) 0.04 

2,500-4,000  1465 (79.5%) 1632 (82.2%)  

>4,000 278 (15.1%) 244 (12.3%)  

    

Mean number of 

relatives with disease 

history 

Mean (SD) Mean (SD)  

Siblings 1.5 (1.2) 1.5 (1.2)  

Parents 1.9 (0.2) 1.9 (0.3)  

Grandparents 3.7 (0.7) 3.7 (0.7)  

Total 7.1  (1.5) 7.1 (1.5)  
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Table 2.  Family history of cancer and risk of childhood ALL  

Family cancer history 

characteristics 

Case 

number 

(n=1842) 

Control 

number 

(n=1986) 

Adjusted 

OR
a
  

95% CI P-value  

(test for 

trend) 

Any relative with cancer
b 

730 833 0.98 0.93, 1.00  

Any relative with cancer 

according to the number 

of relatives with cancer 

     

0 1112 1153 1.00  P = 0.25 

 1 542 640 0.89        0.77, 1.03 

2 161 160 1.09        0.86, 1.39 

3+ 27 33 0.83        0.50, 1.40 

Parents only 45 58 0.85 0.56, 1.29  

Grandparents only 607 693 0.91 0.77, 1.07  

Maternal relatives only
b 

445 501 0.96 0.83, 1.12  

Paternal relatives only
b 

397 438 0.98 0.83, 1.15  

Female relatives only
b 

454 492 1.00 0.86, 1.16  

Male relatives only
b 

408 484 0.91   0.78, 1.06  

Any relative developing 

cancer at age less than 40 

years old 

641 737 0.92 0.78, 2.31  

 

a. Odds ratios were derived from conditional logistical regression analysis and are adjusted for maternal age, birth weight and total 

number of relatives. 

b. Any relative with cancer includes mother, father, maternal grandparents, paternal grandparents, and siblings.   Family history 

among maternal relatives only includes the proband’s mother, maternal grandmother, and maternal grandfather, family history among 

paternal relatives only includes proband’s father, paternal grandfather, and paternal grandmother, family history among male relatives 

only includes father, paternal grandfather, and maternal grandfather, family history among female relatives includes mother, paternal 

grandmother, and maternal grandmother. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 30 

Table 3. Family history of malignancy classified by cancer site and risk of childhood 

ALL 

Family history of 

cancer by cancer site 

ICD-9 

Codes 

Case 

number 

(n=1842) 

Control 

number 

(n=1986) 

Adjusted 

OR
a
  

(95% CI) 

Lip, oral cavity, pharynx  140-149 23 21 1.15 (0.64, 2.06) 

Esophageal 150.9 3 14 0.22 (0.07, 0.80) 

Stomach 151.9-

152.9 

19 33 0.61 (0.35, 1.05) 

Colon, rectum 153-154 75 87 0.94 (0.69, 1.30) 

Liver 155 44 34 1.37 (0.88, 2.14) 

Respiratory and 

intrathoracic organs 

(including lung) 

160-164 106 133 0.86 (0.66, 1.12) 

Lung 162 97 124 0.85 (0.65, 1.12) 

Bone, connective tissue 170-171 38 33 1.30 (0.84, 2.00) 

Melanoma 172 14 18 0.81 (0.40, 1.64) 

Skin 173 93 111 0.94 (0.71, 1.24) 

Breast 174 134 142 1.02 (0.80, 1.31) 

Uterine, ovarian 179-184 92 86 1.16 (0.86, 1.54) 

Prostate 185 50 58 0.89 (0.61, 1.29) 

Kidney 189 15 15 1.02 (0.52, 2.01) 

Brain 191 24 32 0.80 (0.49, 1.32) 

Thyroid 193 16 17 0.93 (0.47, 1.84) 

Lymphoma 200.1-202 31 31 0.96 (0.60, 1.55) 

Multiple Myeloma 203 4 8 0.54 (0.16, 1.83) 

Leukemia 204-208 28 36 0.85 (0.51, 1.43) 
a. Odds ratios were derived from conditional logistical regression analysis and are adjusted for maternal age, birth weight and total 

number of relatives. 
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Table 4.  Medical family history of selected non-malignant diseases 

 Case 

number 

(n=1842) 

Control 

number 

(n=1986) 

Adjust

ed OR
a
  

(95% CI) P-value 

(test for 

trend) 

Allergic Diseases
b 

1436 1610 0.86        0.73, 1.00  

Food and drug Allergies
 

1068 1231 0.83        0.73, 0.95  

Asthma 542 586 0.99        0.86, 1.13  

Hay Fever 754 863 0.89        0.78, 1.01  

Hives 473 522 0.98        0.85, 1.14  

Eczema 296 354 0.87        0.73, 1.04  

Number of relatives 

with allergic diseases 

     

0 1351 1425 1.00  P=0.14 

1 338 263 0.86        0.70, 1.05 

2 306 342 0.83        0.67, 1.03 

3 237 273 0.79        0.63, 1.00 

4 196 201 0.89        0.69, 1.14 

5+ 359 431 0.75        0.61, 0.92 

Parents only 967 1020 0.97 0.83, 1.12  

Grandparents only 727 769 1.09 0.92,1.30  

Maternal side only 937 1097 0.86 0.76, 0.98  

Paternal side only 870 844 1.23 1.07, 1.41  

Female relatives only 1007 1100 1.00 0.88, 1.14  

Male relatives only 869 915 1.06 0.93, 1.21  
      

Autoimmune diseases 491 461 0.92    0.80, 1.06  

Multiple Sclerosis 20 27 0.81 0.45, 1.46  

Rheumatoid Arthritis 220 286  0.79        0.65, 0.96  

Psoriasis 143 146 1.07        0.84, 1.36  

Ulcerative Colitis 81 81 1.07        0.78, 1.47  

Celiac Disease 6 7 1.06        0.35, 3.20  

Lupus 24 19 1.40        0.76, 2.55  

Sarcoidosis 5 7 0.80        0.25, 2.54  

Ankylosing Spondylitis 4 4 1.17        0.29, 4.82  

Diabetes 91 81 1.20        0.88, 1.64  
a. Odds ratios were derived from conditional logistical regression analysis and are adjusted for maternal age, birth weight and 

total number of relatives. 

b. All analyses including allergic diseases have been adjusted for personal history of allergies In addition to the variables 

listed above. 
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Table 4. (continued) 

 Case 

number 

(n=1842) 

Control 

number 

(n=1986) 

Adjust

ed 

OR* 

(95% CI) P-value 

(test for 

trend) 

Number of relatives 

with autoimmune 

diseases 

     

0 1351 1425 1.00  P=0.32 

1 351 421 0.88        0.74, 1.03 

2 102 100 1.08        0.81, 1.44 

3 22 29 0.79        0.45, 1.40 

4+ 16 11 1.47        0.67, 3.23 

Parents only 120 161 0.79 0.61, 1.04  

Grandparents only 326 328 1.10 0.90, 1.35  

Maternal side only 301 340 0.94        0.80, 1.12  

Paternal side only 232 266 0.93        0.77, 1.13  

Female relatives only 335 382 0.93        0.79, 1.10  

Male relatives only 223 242 0.98        0.81, 1.19  
      

Birth Defects 105 127 0.87       0.66, 1.14  

Number of relatives 

with birth defects 

     

0 1737 1859 1.00  P= 0.59 

1 93 112 0.87        0.65, 1.16 

2+ 12 15 0.85        0.40, 1.82 

Parents only 79 88 0.96 0.69, 1.34  

Grandparents only 27 43 0.63 0.37, 1.05  

Maternal side only 58 80 0.77        0.54, 1.09  

Paternal side only 54 50 1.17        0.78, 1.74  

Female relatives only 54 75 0.76        0.53, 1.08  

Male relatives only 61 59 1.11        0.76, 1.61  

      

Immunodeficiency & 

recurrent infections 

268 297 0.97        0.81, 1.17  

Number of relatives 

with immunodeficiency 

& recurrent infections 

     

0 1574 1689 1.00  P=0.36 

1 203 243 0.90        0.73, 1.10 

2 54 45 1.29        0.86, 1.92 

3+ 11 9 1.34        0.55, 3.28 
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Table 4. (continued) 

 Case 
number 
(n=1842) 

Control 
number 
(n=1986) 

Adjust
ed 

OR* 

(95% CI) P-value 
(test for 
trend) 

Parents only 8 9 0.98 0.35, 2.73  

Grandparents only 7 8 0.75 0.26, 2.18  

Maternal side only 203 228 0.99        0.97, 1.00  

Paternal side only 82 82 1.09        0.79, 1.51  

Female relatives only 204 237 0.92        0.75, 1.12  

Male relatives only 95 86 1.23        0.90, 1.68  
      

Thyroid 231 236 1.16        0.67, 2.00  

Hyperthyroidism or 

Grave’s Disease 

92 90 1.12        0.83, 1.51  

Thyroiditis or 

Hashimoto’s 

27 25 1.16        0.67, 2.00  

Hypothyroidism 130 151 0.95        0.74, 1.22  

      

Number of relatives 

with thyroid disease 

     

0 1611 1750 1.00  P= 0.41 

1 197 193 1.16        0.92, 1.41 

2+ 34 43 0.87        0.55, 1.37 

Parents only 69 65 1.17 0.82, 1.67  

Grandparents only 153 152 1.10 0.85, 1.44  

Maternal side only 169 177 1.05        0.84, 1.31  

Paternal side only 65 67 1.08        0.76, 1.53  

Female relatives only 201 216 1.03        0.84, 1.26  

Male relatives only 30 26 1.22        0.72, 2.07  
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Background: Major and minor congenital anomalies have been found more often in 

children with cancer than in those without.  Rib abnormalities (RAs) are common 

anomalies which have been associated with childhood cancer in three studies; however 

the studies differed in the specific type of RAs implicated.  This study sought to clarify 

the literature.   

 

Methods:  RAs were assessed predominantly by x-ray in a hospital based case-control 

study.  Pearson’s chi-square test was used to assess categorical data.  Dichotomous 

variables were created for normal or abnormal RAs.  Logistic regression was used to 

calculate odds ratios (OR) and 95% confidence intervals (CI) adjusting for age and sex.  

 

Results:  There was a significant difference in the number of cases versus controls with 

RAs after controlling for age and sex (OR =1.60, 95% CI:1.0, 2.65).  Cases with acute 

myelogenous leukemia, renal tumors, and hepatoblastoma had increased number of RAs 

(OR=2.29, 95% CI: 1.02, 5.13, OR=3.73, 95% CI: 1.05, 13.22, OR= 14.43, 95%CI: 2.34, 

88.83, respectively). 

 

Conclusion:  The results of this study support previous reports that there is an association 

of rib anomalies with childhood cancer.  Further research is warranted to investigate the 

significance of the association of rib anomalies and childhood cancer.     
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INTRODUCTION 

 Multiple studies have demonstrated an association between morphological 

abnormalities and pediatric cancer [44, 48, 114].  Associations between congenital 

anomalies and cancer predisposition syndromes are noted in single gene disorders such as 

Gorlin syndrome, Fanconi anemia, and Wilm’s tumor 1 mutation related disorder (WT1) 

[39-42].  Even in the absence of single gene disorders, several epidemiological studies 

have provided data showing an association between childhood cancer and rib anomalies 

(RAs) [55-57].  Normally, an individual has 12 pairs of ribs with a total of 24 ribs.  

Abnormalities of the ribs can be numerical (e.g. > or < 24 ribs) or structural (e.g. cervical 

ribs, bifid ribs, synostoses, and segmentation defects).   All three previous studies 

examining RAs have reported an association with childhood cancer; however the studies 

differed in the specific type of RAs implicated.  This study sought to better understand 

and more robustly describe the association between childhood cancer and morphological 

defects of the ribs in a United States population.     

 

MATERIALS AND METHODS 

Subject selection 

 RAs were assessed in a hospital based case-control study.   Cases consisted of all 

pediatric hematology and oncology and bone marrow transplantation (BMT) patients 

treated at the University of Minnesota Medical Center –Fairview in Minneapolis, MN for 

malignancy during 2003-2009.  Cases must have been diagnosed between the ages of 0-

19 years and had been imaged during the study period.   Children with a known 
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syndrome (e.g. bone marrow failure syndromes, Down syndrome, 

muccopolysaccaridoses) identified through our database were excluded; we expect that 

only very minimal number of syndromic cases were missed.  Controls were randomly 

selected pediatric patients who received a chest X-ray at Fairview Ridges Hospital in 

Burnsville, MN during June and October of 2003-2008.  Controls were chosen from this 

community hospital as they more likely represent the general Twin Cities pediatric 

population.  Indications for chest x-rays in controls included asthma or shortness of 

breath, bronchitis, chest pain, possible pneumonia, trauma, and others (e.g. foreign body).  

The study was approved by the University of Minnesota Institutional review board. 

Data collection and quality assurance 

 Images were reviewed for numerical and structural RAs according to previously 

described scoring methods [57, 115].  The latter were: cervical ribs (left, right, or bilateral 

not including transverse apophysomegalies), bifid ribs (left, right, or bilateral), rib 

synostoses/ fusion (left, right, bilateral), vertebral segmentation anomaly, and post 

surgical repairs.  Chest x-rays were evaluated whenever possible, with additional images 

evaluated when clarification was needed.  When a chest x-ray was unavailable, magnetic 

resonance imaging (MRI) or computed tomography (CT) was evaluated.  An electronic 

database was created using FileMaker Pro 10 software to assist in abstracting data.  The 

abstraction instrument was first tested by two radiologists independently reviewed a 

random sample of 100 images to assess the inter-rater reliability (kappa statistic) of the 

abstraction tool.  The initial abstraction tool showed substantial agreement for the 

availability of images (Kappa [K]=1.00), rib number (K=0.75), and bifid ribs (K=0.79) 
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[116].  Moderate agreement was noted for the evaluability of images (K=0.57) and 

cervical ribs (K=0.52).  Improvements to the abstraction tool included clarification of the 

definition of which images were considered not evaluable due to the inability to clearly 

visualize the C7 and L1 vertebra.   After the original review of images, two radiologists 

analyzed all positive images.  Of the 82 images scored positive by the resident, the 

radiologists found 77 positive images indicating a 94% agreement.  A complete 

reanalysis of the radiologists’ data found no substantial differences compared to the 

resident (data not shown). 

 Using the improved abstraction instrument one radiology resident reviewed each 

radiograph, followed by  post hoc evaluation of a random sample of 100 images by two 

radiologists to determine inter-rater reliability of availability of images (K = 1.0), 

evaluability of images (K=0.80), and the presence of rib anomaly (K=0.85).  The high 

level of agreement between the radiologists and radiology resident provided confidence 

to allow the resident’s evaluations to stand in the analysis.  Blinding reviewers to case 

status was not entirely possible due to visual clues (i.e. visible tumors, signs of surgery) 

or other indicators in the patient’s electric medical record; however they were not made 

aware of the study’s hypothesis until completion of data collection. 

Statistics 

 Pearson’s chi-square test was used to assess categorical data differences between 

cases and controls.  Dichotomous variables were created for normal or abnormal ribs (any 

rib anomaly including abnormal rib number, cervical ribs, bifid ribs, and rib synostoses), 

rib number (24 and <24, >24), cervical and bifid ribs.  Only one rib synostoses/fusion or 
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segmentation defects was detected and so these were not analyzed.  All cases as well as 

individual cancer types with greater than 5 cases with RAs were analyzed.  Unconditional 

logistic regression was used to calculate the ORs and 95% CI for RAs adjusting for age 

and sex.    

Sensitivity analyses were completed to examine the possibility of bias introduced from 

the selection of cases and controls; these included analyses with each indication for X-ray 

in controls dropped in turn, exclusion of all individuals who resided outside the state of 

Minnesota, restriction by image type, and separate analyses of pediatric BMT and 

hematology/oncology patients.  All statistical analyses were performed using SAS® 

Version 9.2 software (SAS Institute Inc., Cary, NC, USA).   

 

RESULTS 

 There were 625 eligible cases (pediatric hematology/oncology, n=409, BMT, n= 

216) and 1499 eligible controls (Table 1).  Controls had a higher percentage of available 

images (93.2%), but a lower percentage of evaluable images (81.2%) (Table 2).  Cases 

that had cancer types not frequently requiring chest imaging (e.g. brain tumors) were 

more likely to have no images available but on the whole most cases had multiple chest 

x-rays or CT images.  Controls on the other hand were selected based on having had a 

single chest x-ray and the indications for imaging were less likely to necessitate a chest x-

ray of the entire rib cage or follow-up imaging.  Reasons for non-evaluation included 

inability to visualize cervical vertebra (C7), lumbar vertebra (L1), both C7 and L1 or poor 

quality.  The resulting ratio of evaluable images for cases to controls was 1:2.5.  The 
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radiologist used various means for identifying rib anomalies with the preference first via 

X-ray followed by CT-scan.  The image types available differed in cases and controls 

(p<0.0001).  Controls had a higher percentage of x-rays (99.6% versus 88%) and cases 

had a higher percentage of available CTs (12.0% versus 0.2%) (Table 1).  Study 

participants varied significantly by age at first chest imaging, ethnicity, and residence but 

did not differ by gender (Table 2).   

 Rib number assessed as an integer differed in cases and controls (Fisher’s exact p-

value = 0.008) (Table 3).  When categorized as less than or greater than 24 ribs, the crude 

analysis was borderline significant with an OR of 1.57 (95% CI: 0.98, 2.53) and when 

adjusted for age and sex attained significance with an OR of 1.66 (95%CI: 1.00, 2.74) 

(Table 4).  A similar association was seen after excluding BMT cases (OR=1.78, 95%CI: 

1.01, 3.12).    

 Presence of any RA was also borderline significant in the crude analysis (OR=1.55 

(0.98, 2.46)), but significant after adjustment (OR=1.60, 95%CI: 1.0, 2.65) (Table 4).  

Removing BMT cases strengthened the association (OR = 1.81; 95%CI: 1.05, 3.10).  

Cervical ribs was the only structural RA with sufficient numbers of events to permit 

analysis.  The inclusion of all cases demonstrated no association between cervical ribs 

and pediatric cancer in the crude and adjusted models.  Removal of BMT cases increased 

the OR, but it was not significant. 

 Individual cancer types with substantial numbers of cases with RAs (n>15) are 

noted in Table 5.  Cases with renal tumors and acute myelogenous leukemia (AML) had a 

statistically significant increased odds of RAs compared to all controls in both the crude 
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and adjusted models.  Hepatoblastoma was not included in our main analysis due to a 

limited number of cases, but two out of the five cases had a rib anomaly (ORcrude=14.14, 

95% CI: 2.34, 88.83, ORadjusted=14.43, 95% CI: 2.34, 88.83).  All other cancer types did 

not show a significant association with RAs (Table 5).  The same analysis was completed 

for the association of abnormal rib number as opposed to total RAs and individual cancer 

type with similar findings, (data not shown). 

 Dropping each control x-ray indication in turn or BMT cases did not markedly alter 

results (data not shown).  Excluding all individuals living outside the state of Minnesota 

or x-ray only images greatly reduced the number of analyzable cases making the 

associations essentially null.  Interestingly, when RAs and rib number were separated into 

two ethnic categories (Caucasian and non-Caucasian) a statistically significant result was 

noted for Non-Caucasians (OR=2.13, 95% CI =1.1, 4.08) but not in Caucasians alone 

(OR=1.06, 95% CI: 0.44, 2.53).  

DISCUSSSION  

 We detected a moderate but fairly consistent association of RAs and childhood 

cancer, which remained despite several sensitivity analyses that we performed to 

compensate for limitations.  The findings further appeared to be strongest in AML, renal 

tumors, and hepatoblastoma.  Our results offer partial confirmation of three previous 

studies on the topic.  Loder et al. and Schumacher et al. reported an association of RAs 

with abnormal rib number whereas Merks et al. failed to confirm this association [55-57].  

Merks et al. and Schumacher et al. found an association of cervical ribs and overall 

childhood cancer, but the studies showed discrepant results between which childhood 
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cancers were associated with cervical ribs.  It should be noted that transverse 

apophysomegalies were not included in our definition of cervical ribs which may account 

for the lack of a positive association found in these studies. Our results are similar to 

Loder et al. with a small percentage of identifiable cervical ribs and a significant 

association of abnormal rib number with pediatric cancer [56].  We did not see significant 

associations with other cancers previously reported with the exception of Wilm’s tumor  

[55].  Our results exhibited an increased number of RAs in CNS neoplasms but the result 

was not significant.  A reduced number of CNS and miscellaneous intracranial and 

intraspinal neoplasms in our analysis may have prohibited power to detect a significant 

association.    

 The United States study by Loder et al. is closest to our population and may 

account for the similarity of results between the studies.  Data on rib anomalies may not 

be generalizable to all ethnic populations.  To the extent that we could rely on self-

reported ethnicity data (Caucasian and non-Caucasian), we found an association limited 

to non-Caucasians although this is not a large percentage of our study population.  Future 

studies may help to better understand the role of ethnicity on rib anomalies and the 

association with childhood cancer.  

 The hospital based case-control study design had several limitations.  The study 

population was created from a convenience sample which to some extent limited our 

analyses.    Case and control selection has the potential to introduce bias.  Cases in our 

study were obtained from a tertiary care center.  Cases were likely unaware of RAs and 

therefore unlikely to be differentially ascertained based on this basis.   The underlying 
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cohort which gave rise to the cases in our study would be difficult to define.   In an 

attempt to best replicate the source cohort, controls were obtained from a hospital-based 

clinic to better represent the pediatric population of Minnesota, but we cannot rule out 

bias due to mismatch between sources of cases and controls.   Controls were included in 

our study for a variety of conditions to dilute any effect of one condition increasing the 

likelihood of obtaining a chest x-ray due to having an RA.   

 Our results indicate a modest but fairly robust association between RAs and 

pediatric cancer generally in line with other findings.  Particularly, RAs were associated 

with increased odds of the individual cancer types AML, renal tumors, and 

hepatoblastoma.  Pediatric cancer etiology remains an elusive area of research with great 

need for better understanding.  Prospective studies examining the genetics of RAs and 

childhood cancer may provide insight into the pathways leading to the development of 

pediatric cancer.   
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Table 1. Description of images available and evaluable  

Eligible participants Cases 

(n=625) 

Controls 

(n=1499) 

 

    

Available images 478 (78.5%) 1398 (93.2%)  

    

Evaluable Images 459 (96.0%) 1135 (81.2%)  

     X-ray 404 (88.0%) 1131 (99.6%) P <0.0001 

     CT 55 (12.0%) 2 (0.2%) 

     Other 0 (0.0%) 2 (0.2%) 

    

Non-evaluation Images  19 (4.0%) 263 (18.8%)  

Both C7 and L1 not visible 0 (0%) 1 (0.3%) P = 0.94 

C7 not visible 10 (52.6%) 133 (50.5%) 

L1 not visible 9 (47.4%) 125 (47.5%) 

Poor quality 0 (0%) 4 (1.5%) 
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Table 2. Demographics of pediatric cancer cases and controls  

 Cases  

(n=459) 

Controls 

(n=1135) 

P-value 

Age at first chest image 

(years, sd) 

9.42 (5.91) 5.57 (5.65) P < 0.0001 

Age at diagnosis 8.19 (5.91) -  

    

Gender    

Female 182 (40.3%) 494 (43.6%) P= 0.23 

Male 270 (59.7%) 639 (56.4 %) 

    

Ethnicity    

African-American 7 (3.5%) 111 (12.8%) P < 0.001 

Asian 9 (4.5%) 30 (3.5%)  

Caucasian 173 (84.6%) 627 (72.7%)  

Hispanic/Latino 7 (3.5%) 50 (5.8%)  

Other 8 (4.2%) 45 (5.2%)  

    

Residence    

Local (MN resident) 302 (67.4%) 1108 (97.9%) P <0.0001 

Non-local  146 (32.6%) 24 (2.1%)  

    

Indications for chest x-

ray in controls 

   

Asthma or shortness of 

breath 

- 187 (16.5%)  

Bronchitis - 256 (22.5%)  

Chest pain - 105 (9.3%)  

Possible pneumonia - 416 (36.7%)  

Trauma - 46 (4.0%)  

Other - 122 (10.8%)  
*Sex was missing for 2 controls and 7 cases, ethnicity is missing for 272 controls and 254 cases, indications for chest 
x-ray were missing in 2 controls. 
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Table 3.  Rib number in pediatric cancer cases and controls 

 Cases 

(N=455)* 

Controls 

(N=1133)* 

P=value 

20 0 (0%) 1 (0.1%) P = 0.008 

 22 10 (2.2%) 24 (2.1%) 

23 8 (1.8%) 2 (0.2%) 

24 426 (93.6%) 1086 (95.9%) 

25 4 (0.9%) 12 (1.1%) 

26 7 (1.5%) 8 (0.7%) 
* Any noticeable surgical alterations effecting the rib cage were excluded from the analysis (control =2, cases =4)   
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Table 4. Description of rib anomalies in pediatric cancer cases and controls 

 Total 

Cases 

(N=455) 

Total 

Controls 

(N=1133) 

Crude OR+ 

(95%CI), p-

value 

Adjusted OR* 

(95%CI),  

p-value 

Adjusted OR * 

without BMT 

(95%CI),  

p-value 

Any Rib 

anomalies  

31 

(6.8%) 

51 

(4.5%) 

1.55  

(0.98, 2.46), 

p=0.06 

1.60  

(1.00, 2.65), 

p=0.05 

1.81  

(1.05, 3.10), 

p=0.03 

Rib number  

(< or >24) 

29 

(6.4%) 

47 

(4.1%) 

1.57  

(0.98, 2.53), 

p=0.06 

1.66 

(1.00,2.74), 

p=0.05 

1.78  

(1.01, 3.12), 

p=0.05 

Cervical Ribs 6 9 1.67  

(0.60, 4.72), 

p=0.13 

1.63  

(0.55, 4.80), 

p=.38 

2.61  

(0.89, 7.68), 

p=0.08 
+ Fisher’s Exact test was used to determine the p-value for cervical ribs in the crude analysis. 
*Adjusted for sex and age at first chest imaging 

Any rib anomaly including abnormal rib number, cervical ribs, bifid ribs, and rib synostoses.  The total rib anomalies 
are not the sum of abnormal rib number and rib abnormalities due to some individuals who had both abnormal rib 
number and abnormality.  Each case was only counted once.  Any noticeable surgical alterations were excluded from 
the analysis (control =2, cases =4)   
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Table 5.  Rib anomalies identified by individual cancer types 

 

 

 

  Normal  

Ribs 

Abnormal 

Ribs 

Crude OR 

(95%CI) 

Adjusted 

OR  
(95% CI) 

Total Cancers 455 424 (93.2%) 31 (6.8%) 1.55  

(0.98, 2.46) 

1.60  

(1.0, 2.65) 
      

I. Leukemias, myeloproliferative 

diseases, and myelodysplastic 

221 206 (93.2%) 15 (6.8%) 1.54 

(0.85,2.80) 

1.55 

(0.84,2.88) 

a. Lymphoid leukemias 105 99 (94.3%) 6 (5.7%) 1.40 
(0.58, 3.36) 

1.27 
(0.51, 3.11) 

b. Acute myeloid leukemias 78 70 (89.7%) 8 (10.3%) 2.42 

(1.11,5.31) 

 

2.29 

(1.02, 5.13) 

c. Chronic myeloproliferative diseases 20 20 (100%) 0 (0.0%) - - 

d. Other specified or unspecified 

leukemias 

18 17 (94.4%) 1 (5.6%) 1.36 

(0.18, 10.44) 

1.16 

(0.15, 8.98) 
      

II. Lymphomas and reticuloendothelial 

neoplasms 

50 49 (98.0%) 1 (2.0%) 0.47 

(0.06, 3.49) 

0.37 

(0.05, 2.89) 

a. Hodgkin lymphomas 29 29 (100%) 0 (0%) - - 

b. Non-Hodgkin lymphomas (except 

Burkitt lymphoma) 

12 11 (91.7%) 1 (8.3%) 2.10 

(0.27, 16.63) 

1.67 

(0.21,13.41) 

c. Other specified or unspecified 

lymphomas 

9   9 (100%) 0 (0%) - - 

      

III. CNS and miscellaneous intracranial 

and intraspinal neoplasms 

34 31 (91.2) 3 (8.8%) 2.24 

(0.66, 7.59) 

2.00 

(0.59, 6.77) 
      

IV. Neuroblastoma and other peripheral 

nervous cell tumors 

31 29 (93.6%) 2 (6.4%) 1.46 

(0.34, 6.30) 

1.48 

(0.34, 6.40) 
      

V. Renal tumors 20 17 (85.0%) 3 (15.0%) 3.74 

(1.06, 13.19) 

3.73 

(1.05, 13.22) 
      

VII. Malignant bone tumors 39 37 (94.9%) 2 (5.1%) 1.15  

(0.27, 4.89) 

0.95 

(0.21, 4.31) 

a. Osteosarcomas 21 19 (90.4%) 2 (9.5%) 2.23  

(0.51, 9.85) 

1.81 

(0.38, 8.53) 

b. Ewing tumor and related sarcomas of 

bone 

15 15 (100%) 0 (0%) - - 

c. Other specified and unspecified 

malignant bone tumors 

3 3 (100%) 0 (0%) - - 

      

VIII. Soft tissue and other extraosseous 

sarcomas 

30 29 (96.7%) 1 (3.3%) 0.73 

(0.10, 5.41) 

0.64 

(0.08, 4.91) 

a. Rhabdomyosarcomas 15 14 (93.3%) 1 (6.7%) 1.52 

(0.20,11.75) 

1.35 

(0.17, 10.62) 

b. Other specified or unspecified soft 

tissue sarcomas 

15 15 (100%) 0 (0%) - - 

      

Controls 1133 1082 (95.5%) 51 (4.5%)   
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Background:  Osteosarcoma (OS) is the most common pediatric cancer that affects the 

bone.  Most cases of OS are classified as sporadic, as no endogenous and exogenous risk 

factors have been identified.  A small subset of individuals develops OS due to a 

hereditary predisposition syndrome from mutations in the TP53, RB1 and RecQ helicase 

genes.  Common variation (i.e. single nucleotide polymorphisms or SNPs) in these DNA 

repair and metabolism genes, and those in the same pathways, may affect risk of OS.  

Methods: We conducted a case-parent triad study to examine main effects of DNA repair 

and metabolism genes in pediatric OS.  OS cases were obtained from Children’s 

Oncology Group institutions and parents served as controls.  A total of 110 triads were 

included in the analysis.  Risk ratios for the main effect of gene polymorphisms were 

calculated using log-linear models
. 
  

Results: We found the RECQL4 SNP (rs4244612) was most associated with OS 

although not significant after correction for multiple comparisons.  We did not detect any 

associations with OS including previously identified SNPs in TP53, MDM2 or other 

DNA repair genes such as FANCM and MPG.   

Conclusions: These results show no association of SNPs in the chosen DNA repair and 

metabolism candidate genes.  The results indicate that an agnostic approach such as 

GWAS is necessary to identify common variants leading to pediatric OS.  
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INTRODUCTION 

 Osteosarcoma (OS) is the most frequent bone cancer in children under the age of 

20 [1, 6].  Most cases of OS are classified as sporadic, since no endogenous or exogenous 

risk factors have been identified.  A nonspecific clinical presentation without known risk 

factors leads to missed diagnoses and delayed treatment.  Misdiagnosis or a lack of 

diagnosis occurs in 69% of OS cases and leads to an average 15-week delay in treatment 

[117].   Recognition of risk factors in sporadic OS will be instrumental in preventing 

misdiagnoses and advancing treatment. 

 Most OS tumors present with complex chromosomal abnormalities and 

considerable heterogeneity and as a consequence understanding the somatic drivers of OS 

has been difficult.  In addition, the rarity of OS has made the identification of risk factors 

particularly challenging [118].  Established genetic risk factors are the hereditary cancer 

syndromes of Retinoblastoma, Li Fraumeni, Rothmund-Thompson, Werner, and Bloom 

due to mutations in the DNA repair and metabolism genes RB1, TP53, RECQL4, WRN, 

and BLM respectively [19, 71-74].  Mutations in RECQL4 are remarkable for nearly 

100% penetrance of OS by age 30 [71].  RECQL4 mutations are also distinctively 

detrimental to the skeletal system.  Rothmund-Thompson patients develop striking 

skeletal abnormalities, short stature, and abnormal nails and teeth [119]. Mice models 

show similar phenotypes [120].  In mice, Recql4 protein localizes around the growth 

plate of active osteoblasts, suggesting a role of RECQL4 in osteoblast development and 

precise regulation of RECQL4 appears to be vital for proper osteoblast and bone 

formation [75].  Although less penetrant, mutations in TP53 and RB1 confer a 13% and 
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6% risk [19, 72].  Precise estimates of the risk of OS in Werner and Bloom syndrome do 

not exist due to the rare nature of the diseases, but multiple case reports of OS occurring 

in patients with these syndromes supports an association [73, 74].  Furthermore, 

mutations in this set of genes are frequently mutated in sporadic OS tumors.  For 

example, mutations in TP53, RB1 and REQL4 are seen in 40-60%, 70%, and 4% of OS 

tumors, correspondingly [75].  The specific mechanism and pathways leading to OS 

remains unclear, but de-regulation of these DNA repair and metabolism proteins is 

important for the development of OS.  Given the clear role of DNA repair and 

metabolism genes in both hereditary OS risk and sporadic OS mutagenesis, we 

hypothesized that common polymorphic variants with mild effects in TP53, RB1, 

RECQL4, WRN, BLM and other genes that function as important regulators in their 

molecular pathways lead to increased risk of sporadic OS.   

 Three small studies have examined a potential association of DNA repair genes 

and OS risk [68-70].  A candidate gene association study of 124 OS cases and 12 single 

nucleotide polyporphisms in TP53 showed an increased risk of OS associated with two 

variants (IVS2+38, rs1642785 and Arg72Pro, rs1042522) [70].  A second study of 201 

OS cases examined one SNP in MDM2 (T309G, rs2279744), a regulator of the p53 

protein, and a second in TP53 (Arg72Pro, rs1042522).  The MDM2 SNP was associated 

with increased risk of developing OS specifically in females.  No increased risk of OS 

was noted with TP53 [69].  A final study of 161 candidate genes re-examined 101 of the 

124 OS cases mentioned above to expand the analysis to include 2,835 SNPs in various 

DNA repair pathways.  The authors found an association with three genes including 
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FANCM (rs1367580, rs11845507, rs4900664, rs7141145) and MPG (rs216614). A SNP 

downstream of MDM2 (rs1690916) was associated with decreased risk of OS and the 

previously identified associated SNP in MDM2 (rs2279744) was marginally non-

significantly associated with OS risk [68].    

 Given the small sample sizes, wide age distributions, and inconsistent findings, 

we aimed to determine the genetic contribution of common SNPs in the TP53, RB1, and 

RecQ helicase pathways to the etiology of pediatric OS through a comprehensive 

candidate gene association study using a nationwide, prospective case-parent triad design.  

 

MATERIALS & METHODS 

Participants  

 Cases of primary pediatric OS (ICCC 9180-9200) were identified through the 

Childhood Cancer Research Network.  Eligible cases were diagnosed between 

12/24/2007-3/31/2010, were <20 years of age and had at least one biological parent able 

to read English or Spanish and willing to participate. The study employed a case-parent 

triad design.  Families with either both biological parents (triads) and one biological 

parent (dyads) were included.  University of Minnesota staff made initial contact with 

subjects, obtained informed consent, collected subject questionnaires and buccal cell 

samples, entered data and assured data quality.  The study protocol and informed consent 

was been approved by the University of Minnesota Institutional Review Board.  

Pathway articulation  
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 To identify genes in the RB1, TP53, and RECQ helicases’ pathways, we used 

computational genomic software programs in conjunction with traditional literature 

searches.  A preliminary search of indirect and direct protein-protein interactions was 

completed using Ingenuity Pathway Analysis (Ingenuity® Systems, www.ingenuity.com) 

[121].  Genes identified through IPA that interacted most closely with RECQL4 and also 

had connections with RB1, TP53, WRN, or BLM added three additional candidate genes 

including RAD51, RECQL5, and CDKN2A. A Pubmed literature search of candidate 

gene association studies of OS identified potential associations with FANCM, MDM2, 

and MPG [68].  Finally, a literature search of biologically important interactions with 

genes in our candidate list was completed.  From this review, we chose to include 

RECQL, TOP3A, E2F1, and EP300 [122-126].  A network of candidate genes 

interactions was then created using IPA (Figure 1).   

Candidate variant selection 

 We chose variants in candidate genes based on effect on function as described in 

the literature or by SIFT and PolyPhen criteria as well as haplotype tagging.  A list of 

non-synonymous SNP (nsSNP) was created using e!Ensemble BioMart (dataset: 

Ensemble Variation 64, Homo sapiens Variation (dbSNP 132;ENSEMBL), Filters: 

multiple chromosomal regions, SIFT deleterious, PolyPhen possibly and probably 

deleterious, only validated variations) [127]. SIFT and Polyphen algorithms are used to 

predict the likelihood of nsSNPs being deleterious.  SIFT calculates a conservation score 

based on species homology and compares that score to random amino acid construction.  

Polyphen combines a sequence alignment score with predictions for changes in protein 

http://www.ingenuity.com/
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structure to estimate effects on protein function [128, 129].  The final list of SNPs was 

refined to include only those with minor allele frequencies (MAF) of >0.01, total number 

of alleles tested >100, and accessibility via dbSNP.  We also chose SNPs based on ability 

to describe sequence diversity according to haplotypes.  HaploView, the HapMap project 

database (version 3, release 2, analysis panel CEU+TBI), was used to identify haplotype-

tagging SNPs (htSNP) with MAF of >0.05 to represent large blocks of linkage 

disequilibrium [130].  The final set of 15 candidate genes identified 183 htSNPs and 

nsSNPs for genotyping.   

Genotyping 

 SNP genotyping was performed using the Sequenom iPlex assay and a matrix-

assisted laser desorption/ionization time-of-flight mass spectrometer (MALDI-TOF) at 

the University of Minnesota Biomedical Genomics Center Genotyping Facility [131].  In 

this method, SNP genotype is determined by the mass of reaction sequences obtained by 

MALDI-TOF mass spectrometry.  The mass of every extended PCR product differs 

based on the single mass-modified terminator nucleotide.  A single termination mix and 

universal reaction conditions permits determination of up to 40 SNPs in a single well of a 

384-well plate termed multiplexing.   

Data cleaning 

 SNP genotype results were assessed for genotyping errors (i.e. discrepant 

duplicate samples and SNP call rates) and discrepant family data (i.e. mistaken paternity, 

switched samples) in 178 triads (Figure 2).   A set of 10% duplicate samples was 

genotyped to identify SNPs that did not replicate well.  If a SNP did not replicate, it was 

 Figure 6.  Algorithm for candidate variant selection  
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discarded for all individuals (n=0).  First, triads in which cases had greater than 10% 

missing genotypes were removed (n=68 triads). Second, individual SNPs with call rates 

less than 90% in the remaining samples were excluded from the analysis (n=12).  Some 

SNPs chosen with MAFs of about 0.01 showed no genetic variation in our subjects and 

were therefore excluded (n=37). Data was analyzed for triads with greater than 5% 

discrepant genotypes between parent and child, however no excessive discrepancies were 

identified.  In cases of discrepancy less than 5%, the individual SNP was set to missing.  

After data cleaning, there were a total of 134 SNPs and 110 triads included in the 

statistical analyses.   

Statistical analyses 

 Estimates of relative risks were analyzed using case-parent triad data in a log-

linear approach as previously described [132, 133].  A case-parent triad design was 

chosen as an efficient design due to the availability of parents, easier recruitment of 

controls, and natural correction for population stratification.  The log-linear model 

permits estimates of relative risk by determining if the triad category differs from what 

we would expect based on no association, therefore indicating over transmission at that 

SNP.  Zero Inflated Poisson models were used to account for small or zero counts in triad 

genotype categories that could lead to unstable risk estimates.  An expectation-

maximization algorithm was incorporated in the analysis to account for missing data (i.e. 

poor performing samples/genotyping).  P-values were adjusted for multiple comparisons 

using a Bonferroni correction. The statistical analysis was performed using SAS 

software, Version 9.2, SAS Institute Inc, Cary, NC, USA as well as R Version 2.13.2.   
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RESULTS 

Subjects 

 A total of 110 cases and 110 triads were analyzed (Table 1).  Cases were 

predominantly from the United States (n=98, 92.5%) and self-identified as white (n=82, 

77.4%) with an increased proportion of males (n=71, 67%).  The average age was 13.4 

year (standard deviation (SD) 3.12, range: minimum = 5, maximum = 18).  Tumors 

categorized by histology were predominantly high grade (n=32, 36%), osteoblastic 

(n=21, 23.6%), and chondroblastic (n=19, 21.4%) located in the lower limbs specifically 

the femur (n=39, 38.2%) and tibia (n=31, 30.4%).  Cases included our analysis were 

compared to those collected with and without DNA, similarities were noted gender 

(p=0.06), age (p=0.14), but differed by histology (p<0.001).  The location of the OS 

tumors was similar to SEER, however we saw a greater percentage of lower limb tumors 

(82% versus 68%) and lower percentage of hip (3% vs 5%), head (9% vs 2%), and chest 

(2% vs 3%) compared to SEER data which examined an older cohort of OS cases 

(p=0.03) [1]. 

Genetic analysis 

 The SNPs with the lowest p-values prior to adjustment were rs12946752 

(p=0.004, padj=0.50), a SNP located 800 base pairs 5’ to TOP3A and rs4244612 

(p=0.004, padj=0.59), a SNP located within RECQL4 leading to a nucleotide and amino 

acide substitution (c.801G>C, p.Glu267Asp).  However, no SNPs were significantly 

associated with risk of OS after adjusting for multiple comparisons using the most 
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conservative Bonferroni correction. Associations were not seen for the previously 

identified SNPs in TP53 (rs1042522) and MDM2 (rs2279744).   

 

DISCUSSION 

 Using a prospective case-parent triad design, we aimed to determine the genetic 

contribution of common SNPs in the TP53, RB1, and RecQ helicase pathways to the 

etiology of pediatric OS. In this analysis, we did not detect any associations with OS 

including previously identified SNPs in TP53, MDM2 or other DNA repair genes such as 

FANCM and MPG.  The RECQL4 SNP (rs4244612) was most associated with OS 

although not significant after correction; however, it is potentially plausible due to its 

location in a predicted exonic splicing enhancer (ESE).  ESEs are specific DNA motifs 

involved in constitutive and alternative splicing.   Serine/argentine-rich (SR) splicing 

factors bind to ESEs to regulate alternative splicing [134].  The RECQL4 SNP is 

predicted to introduce new binding sites for two SR proteins, SC35 and SRp40 [135].  

Analysis of RECQL4 alternative splicing in SNP carriers may shed light onto the 

potential functional effects on protein structure and ultimately OS.  

 The candidate gene approach is a hypothesis driven method that is limited by the 

accuracy of prior knowledge of the biological pathways leading to disease.  Our approach 

considered known Mendelian diseases with increased risk of OS as highly suggestive 

gene targets.  The pathway was constructed using a computer program and literature 

search with the primary concentration on the Recq helicases, TP53 and RB1 genes. The 

role of several proteins in this pathway such as p53 and Rb are well characterized, 
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whereas others such as RECQL4 are continuing to evolve with novel partners and 

pathways being identified.  Over time many candidate gene studies have found smaller 

disease associations overtime and do not reproduce initial findings in subsequent 

replications [65].  Therefore, even with a better understanding of OS biology, other 

candidate genes are likely not going to be most effective means to identify underlying 

genetic determinants.  A genome-wide association study (GWAS) may be a better 

approach.  GWAS studies use a hypothesis-free strategy and have led to the identification 

of novel pathways for other complex genetic diseases [136].   

 The case-parent triad design was used to assess the magnitude of the association 

and allele specific risks.  Advantages to this approach included easier control recruitment 

and the ability to intrinsically adjust for population stratification.  The design is 

particularly effective for complex childhood diseases in which identification of cases is 

fostered by national organizations such as the Childhood Cancer Research Network and 

parents are able motivated controls.  In addition, age-matched controls may be difficult to 

recruit especially for genetic testing related research in minors.  These controls would 

also need to be matched on ethnicity to ensure that associations were truly based on 

differences in genetics and not merely based on the population structure.  In the case-

parent triad design, the nontransmitted chromosome from the parent serves as an 

ethnicity matched control avoiding the need to adjust for population stratification [132].    

 Our study and analysis was limited by a small sample size that could lead to the 

inability to detect small increases or decreases in relative risk.  A large percentage of 

cases (38%) could not be analyzed due to insufficient quantities of DNA.  For this reason 
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our sample size was lower than anticipated and decreased our power to detect significant 

associations.  The population was representative of the overall population of OS cases 

recruited to the study but with a slightly higher percentage of lower limb tumors. Yet 

with 110 cases, this study is unique in that it is the largest and only study to assess 

associations of childhood OS with DNA repair genes.  The inclusion of cases into pooled 

or eventually meta-analyses may be advantageous given the rarity of the condition and 

limited available populations. 

 In summary, our analysis did not find any novel or previously associated SNPs 

that lead to an increased or decreased risk of OS after adjustment for multiple 

comparisons.  Due to the non-replication of candidate gene association studies in OS, 

future studies may consider combining cases from various samples to perform a 

hypothesis-free GWAS to identify novel pathways.     
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Figure 1. Network of candidate genes interactions 
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Figure 2. Number of triads and SNPs included in the analysis after each step in data 

cleaning 
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Table 1. Characteristics of OS cases 

 Cases 

(n=110) 

P-value 

Gender – male 71 (67.0%) <0.001 

   

Race   

White    82 (77.4%)  

Black     7 (6.6%)   

Other    11 (10.4%)  <0.0001 

Unknown    6 (5.6%)   

   

Histology   

High Grade                 32 (36.0%) <0.0001 

Osteoblastic      21 (23.6%)  

Chondroblastic        19 (21.4%)  

Fibroblastic                 8 (9.0%)  

Telangiectatic              4 (4.5%)  

Periosteal                  2 (2.3%)  

Low Grade                   1 (1.1%)  

Osteoblastic & Chondroblastic            1 (1.1%)  

Osteoblastic & Fibroblastic            1 (1.1%)  

   

Bone   

Femur                   39 (38.2%) <0.0001 

Tibia 31 (30.4%)  

Humerus                       15 (14.7%)  

Fibula                          7 (6.9%)  

Other 10 (10%)  

                             

Country   

United States           98 (92.5%)   <0.0001 

Canada                   8 (7.5%)     

   

Age   

<10 13 (12.3%) <0.0001 

10 8 (7.5%)  

11 7 (6.6%)  

12 13 (12.2%)  

13 6 (5.7%)  

14 10 (9.4%)  

15 21 (19.8%)  

16 8 (7.5%)  

17 14 (13.2%)  

18 6 (5.7%)  
*Missing – sex (n=4), race (n=4), histology (n=21), distance (n=54), bone (n=8), country (n=4) 
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CHAPTER 5. 

CONCLUSIONS 

 

 The genetic etiology of childhood cancers remains mainly unknown.  This thesis 

used three methods to elucidate the role of genetics or inborn factors in the development 

of childhood cancer.  In chapter 2, family history of cancer and other non-malignant 

diseases was assessed to identify associations with the most common childhood cancer, 

ALL.  Chapter 3 uses a similar case-control design, however investigates the association 

of all childhood cancers with congenital malformations of the ribs.  The last method in 

chapter 4, used a case-parent triad design and candidate gene approach to investigate the 

genetic etiology of the most common childhood bone cancer, OS.  The outcomes of each 

study reveal insight into the hypothesized underlying genetic etiology and future 

directions of research. 

Chapter 2 

 Associations of family history of cancer and non-malignant diseases on the risk of 

ALL have been mixed and inconsistent.  Previously reported cancer associations were not 

confirmed by our analysis providing further evidence that family history of cancer is not 

a central risk factor for childhood ALL [84-88].  Conversely, our study found an inverse 

association with allergic diseases which has been repeatedly reported in previous 

investigations [26-29].  It has been hypothesized that individuals with allergic diseases 

may have increased immune surveillance which in turn leads to the identification and 

destruction of pre-leukemic cells [137].  A second hypothesis by Schmiegelow suggests 
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that early childhood increased plasma cortisol levels seen in children with atopy could 

lead to the destruction of ALL cells [138, 138-140].  ALL cells are highly sensitive to 

glucocoritcosteroids such as cortisol and therefore higher levels could offer protection 

from leukemia [141, 142].   

 Further studies regarding family history of non-malignant diseases are needed to 

validate the accuracy of disease reporting via self report and medical documentation as 

well as the exact timing and duration of allergies.  In addition studies should provide 

insight into the true nature of potential associations as well as mechanisms for the 

development of ALL.  Moving forward, confirmation of allergies via medical records and 

biological markers involved in immunological processes such as B-cell mediated humoral 

response, eosinophil production, or other potentially cytotoxic immune mediation will be 

necessary for determining the true nature of the association [137, 143].   

Chapter 3 

The existence of common genetic and/or developmental origins in congenital 

anomalies and childhood cancer is a rich area for future investigation.  An interesting 

concept not yet investigated in the literature is the genetic contribution to the 

development of RAs.  Nothing is currently known about the heritability of RAs in 

humans.  Understanding the heritability of RAs may permit a better understanding of the 

genetic versus environmental basis of RAs and disease.  As discussed in Chapter 1, 

estimates of heritability are commonly accomplished through twin, family, and 

population based studies.  Due to limitations in identifying and connecting family 

members’ electronic medical records, we were unable to obtain rib anomaly information 
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on family members of cases or controls.  A separate prospective study may permit the 

collection and connection of child and parental medical records.  Obtaining sufficient 

numbers of paired radiographs may not be possible with a hospital based sample size.  

Thus, obtaining a large sample of family members in a population based registry is likely 

the most feasible means of obtaining radiographs on multiple family members to evaluate 

presence of RAs.  If RAs are found to be heritable, families identified in the population 

based studies could be enrolled in research to identify highly penetrant genes through 

linkage analysis or whole genome sequencing.        

In addition if RAs are found to be heritable, particularly of interest are the types 

of RAs that may provide hints to underlying genes implicated in the association of RAs 

with childhood cancer.  A common underlying association between abnormal homeobox-

containing genes (Hox) gene expression, RAs, and childhood cancer has been 

hypothesized [54].  A growing set of literature has developed to support their hypothesis.  

The anterior and posterior patterning of paraxial mesoderm including rib development is 

mediated by Hox genes.  Hox genes are highly conserved transcription factors containing 

a DNA-binding domain called a homeodomain.  In humans, there are 39 Hox genes 

arranged in four clusters of 13 paralogous groups determined by the similarity of 

sequence as well as position.  Developmental biology experiments have continued to 

show that deregulation of Hox genes in mice cause RAs.  Hox gene mutations leading to 

RAs in mice have been seen in Hox paralogous groups 5-10 (as reviewed by Mallo et al.) 

[144].  For example, HoxPG5 has a similar expression pattern as HoxPG6 and affects the 

anterior rib cage including the cervical and thoracic skeleton [145].  Inactivation of 
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HoxPG6 leads to smaller ribs and several RAs including absence of the first rib and distal 

fusions [145].  HoxPG9 appears to control sterna versus floating ribs.  In the absence of 

HoxPG9 genes, no floating ribs develop.  Expression of HoxPG10 inhibits rib formation 

and inactivation leads the prospective lumbrosacral region acquiring thoracic-like 

characteristics [146].   

Hox genes involved in rib development have also been associated with 

oncogenesis, especially leukemogenesis.  The HOXA9 gene is of particular interest in 

leukemia. Hoxa9 expression in cell culture models shows a dose-dependent phenotype in 

which complete loss of hoxa9-/- causes effects of leukemogenesis whereas 

heterozygosity of hoxa9 +/- does not [147].  In addition, HOXA9 is an independent 

marker of poor progress in patients with myeloid leukemia [148]. Furthermore, HOXA9 

fusion proteins with nucleoporin protein (NUP98-HOXA9) have been found to be 

transforming mutations in leukemia [149].  Of note, the NUP98-HOXA9 fusion gene 

induces the formation of p57 (KIP2) which is also noted to be higher in hepatoblastoma 

than in normal tissues [150].  Lastly, the mixed lineage leukemia translocations show 

increased expression of multiple Hox genes including HOXA4, HOXA5, HOXA7, and 

HOXA9 [151, 152].  Of note, an increased prevalence of RAs was associated with AML 

and hepatoblastoma in our analysis. 

In addition to AML and hepatobalstoma, childhood kidney cancers were also 

associated with RAs.  Lumbrosacral HOX genes (9-13) are critically important for early 

kidney organogenesis.  The Hox paralogous groups 9, 11, and 13 have recently been 

shown to be abnormally expressed in adult renal cell carcinomas compared to normal 
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kidneys [153, 154].  Thus, evidence exists to support the common underlying defects in 

Hox genes leading to cancers and RAs identified in our analysis. 

Although not noted as significant in our study, investigations into the association 

with cervical RAs may be another interesting area for future investigation.  The incidence 

of cervical ribs has been associated with major congenital anomalies in stillborn fetuses 

and increased risk of early mortality [155, 156].  I would hypothesize that most mutations 

leading to significant RAs, especially Hox mutations, would be embryonic lethal. 

However due to redundancy of Hox genes in humans, genetic variations could lead to 

milder phenotypes.  Another possible area of investigation could examine fetal demises 

with and without RAs.  In this case, a candidate gene association study examining HOX 

genes could be utilized.  It is possible that mutations leading to the severe 

phenotypes associated with fetal demise and, cancer in patients that survive are de 

novo.  Hox mutations/variants would not be inherently evolutionarily advantageous.  

Therefore these genetic variants may be more recent, rare events.  Ideally I would want to 

sequence Hox genes to look for novel, rare genetic variants leading to RAs and childhood 

cancer.    

From this body of developmental biology and oncology studies, it is evident that 

the specific types of RAs may be associated with Hox gene defects and cancer and should 

be further investigated.   

Chapter 4 

 Since this candidate gene association study for osteosarcoma was proposed and 

designed in 2008, the trend for studying common variants in common diseases has 
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transitioned from candidate gene to genome-wide.  Traditionally, a hypothesis driven 

approach was preferred.  It was predicted that SNPs with the largest effect on function 

(i.e. nonsynonymous versus synonymous) and location (i.e. exonic versus intronic versus 

intragenic) were the best candidates.  Over 950 GWAS studies have been published [77].  

The results show novel disease mechanisms albeit usually small increased risks (median 

OR = 1.3).  Associated SNPs scan the genome in a representative fashion with only a 

slight increased presentation in nonsynonmous sites [157].  In addition, candidate gene 

association studies have now been noted to be inconsistent and difficult to replicate [65]. 

 Thus, the traditional hypothesis driven approach seems to have failed in most 

association studies.  For these reasons, a GWAS for OS is the next proposed method for 

understanding common genetic risk factors.  Sample sizes have historically been a 

detriment to childhood cancers, however the COG and international collaborations have 

made the investigation of childhood cancer GWAS successful.  For example, two GWAS 

studies have provided previously unknown associated genes with ALL[158, 159].  Genes 

that were replicated in both studies include IKZF1 (OR = 1.69, p=1.20 x 10
-19

, OR = 

1.69, p=8.8 x 10
-11

) and ARID5B (OR=1.65, p=6.69 x 10
-19

, OR=1.91, p=1.4 x 10
-15

).  

These genes have important roles in lymphocyte and B-cell lineage development, 

respectively.  Our samples will be pooled with other cases in order to perform a GWAS 

for OS.    

Implications of genetic epidemiological research and genetic counseling  

 Genetic epidemiology studies focus on populations with the ultimate goal of 

understanding the genetic etiology of disease in order to prevent childhood cancers from 
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occurring or at a minimum increase the ability to diagnose, treat, and screen at an 

individual level.  Studies in this paper cannot yet be utilized for individuals however they 

raise interesting points of discussion.  As mentioned previously, OS can be easily missed 

due to its general clinical presentation.  On the other hand, RECQL4 mutation carriers 

almost inevitably develop OS.  How do we better determine which patients are at highest 

risk of OS through genetic susceptibility assays and then offer proper personalized 

screening?  Furthermore, it is known that children with major congenital anomalies are at 

increased risk of childhood cancer, yet we cannot determine who will develop cancer or 

which type.  How can we combine information on phenotypes and biomarkers to 

determine the underlying genetic pathways leading to disease?  Lastly, some ALL cases 

could be found as early as birth through the identification of translocations on new born 

screening bloodspots.  One ALL associated translocation is seen in about 1% of cord 

blood samples so the majority of individuals identified at risk would not actually develop 

leukemia [160].  Should we be screening babies born with translocations and counseling 

families on the risks for developing ALL?  As more light is shed on the possibilities for 

future genetic risk counseling and treatment for childhood cancer, the implementation of 

such knowledge into practice may be best accomplished by genetic counselors. 

The term “genetic counseling” first emerged in the 1940s as a concept credited to 

Sheldon Reed, who envisaged the activity as a “kind of genetic social work without the 

eugenic connotations” [161]. The most recent definition of genetic counseling is more 

specific, but Reed’s concept is retained: “Genetic counseling is the process of helping 

people understand and adapt to the medical, psychological, and familial implications of 
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genetic contributions to disease” [162]. The first graduate-level genetic counseling 

training program opened at Sarah Lawrence University in 1969, and today there are 

dozens located around the globe [163].  The first professional organization for genetic 

counselors—the National Society of Genetic Counselors (NSGC)—was formed in the 

1970s, and standards and processes for board certification of genetic counselors were 

established by the American Board of Medical Genetics in 1981 [now administered by 

the American Board of Genetic Counseling (ABGC)].  

 Today, a typical genetic counseling program is a professional, two-year master’s 

degree. Although most programs are professional (rather than research-based), in 2003 

the ABGC formally mandated that all accredited training programs must include a core 

research component. In fact, students usually perform independent research and/or work 

in multidisciplinary research teams as part of their training. Graduate program course 

work entails both didactic and clinical practicum components that focus on topics such as 

human genetics, molecular biology, biochemistry, biostatistics, risk assessment, 

professional ethics, and research methods; content is constantly updated in response to 

technological advances. Graduates of these programs often work in clinical service 

capacities, but a substantial proportion are engaged primarily in research roles, and some 

have made substantial contributions in this domain [164]. At some institutions 

(particularly large, tertiary care centers with an academic focus that house genetic 

counseling MS programs), genetic counselors are already integrated into some 

translational research teams and may serve as principle investigators.  
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Discussions began over 30 years ago regarding the creation of a genetic 

counseling doctoral degree to address interest and need for genetic counselors performing 

research [165].  Genetic counselors have repeatedly expressed interest in an advanced 

degree [165-167].  In 1989, a survey of 337 genetic counselors (54% of NSGC members) 

suggested that one third of genetic counselors would pursue a PhD degree if given the 

option [165].  A similar study in 2006 showed nearly an identical percentage of genetic 

counselors that indicated they would pursue a degree in genetic counseling if available 

[166].  Over half of the respondents in the 2006 study, expressed interest in a PhD due to 

their desire to contribute to the field and professional development/satisfaction.  However 

the majority of genetic counselors did not want to perform research full-time, instead they 

preferred to perform research to a lesser extent with only 25% of their job responsibilities 

dedicated to research. The advantages and limitations of creating a genetic counseling 

doctoral degree continue to be researched and debated through the NSGC and ABGC, yet 

no recommendations or guidelines have been established.  Regardless of  not having any 

established genetic counseling doctorate programs, the percentage of genetic counselors 

holding advanced degrees has increased from 0.6% in 2003 to 2% in 2010 [168].   

Whether through formal genetic counseling education or with skills gained from 

masters level training, genetic counselors could assist in the furthering of translational 

research as well as clinical findings.  Fundamentally, genetic counselors’ training is 

devoted to producing professionals who excel at two interrelated tasks, both of which 

could beneficially be exploited for translational research. First, genetic counselors are 

experts in communicating about complex, often very technical issues with clients from a 
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variety of educational, socioeconomic, and ethnocultural backgrounds.   This 

communication process encompasses eliciting pertinent medical and psychological 

information and discussing risks, benefits, and limitations to various available courses of 

action and tests. Effective communications related to such complex and potentially 

sensitive issues is founded on the development of good rapport between the genetic 

counselor and the patient/client.  

This relationship relates to the second task at which genetic counselors are 

experts—namely, identifying and addressing client concerns and emotional reactions 

related to the discussion. Genetic counselors are explicitly trained (in a range of 

interviewing techniques to provide short-term counseling and psychological support) to 

help clients to understand their experiences, behaviors, emotions, and attitudes in such a 

way as to clarify their own beliefs and values and to promote autonomous and informed 

decision making.  Further, genetic counselors would be well placed to help a research 

team design the best approach to navigate the ethical and practical challenges that arise.  

Training programs and clinical experience all equip genetic counselors to manage large 

numbers of client (or research subject) case files, organize data, communicate with team 

members, as well as track and summarize pertinent information—all skills that are crucial 

for a good research PI.    

A chasm still exists between biomedical researchers and patients.  Our 

understanding of diseases is growing but the findings are not resulting in new prevention, 

diagnostics, and treatments as quickly.   In order to bridge the gap researchers must cross 

what has been termed the valley of death [169].  Genetic epidemiological researchers and 
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genetic counselors may mutually benefit from developing research partnership that 

attempt to understand the etiology of childhood cancer crossing the valley together 

leading to earlier diagnosis, better treatment, and ultimately the elimination of childhood 

cancer.    
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Appendix A. Sibling medical history questionnaire  
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Appendix B.  Family medical history questionnaire 
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Appendix C. Rib Assessment abstractor tool  
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Appendix D.  Classification of rib anomalies in cases and controls 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rib anomaly Cases 

(n=31) 

Controls 

(n=51) 

Aplasia 12
th
 ribs 10 23 

Cervical ribs   

- Bilateral 5 6 

- Right 1 3 

- Left 0 0 

Lumbar ribs   

- Bilateral 4 5 

Bifurcation   

- Right 0 2 

- Left  0 2 

Synostosis  1 0 

Abnormal rib number 
(N/S) 

  

23 8 2 

25 2 6 
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 Appendix E.  Candidate genes and SNPs in association with risk of OS 

Gene SNP Chr* Position* Alleles 

Risk 

Allele 

Minor 

allele MAF
# 

Consequence of 

transcript RR1* RR2* p-value 

Adj  

p-value 

BLM rs11852361 15 91326099 C/T T T 0.0753 NON_SYN CODING 1.0137 0.0019 0.8468 1 

BLM rs12720097 15 91306241 G/A A A  0.0074 NON_SYN CODING 0.6676 0.0492 0.9638 1 

BLM rs16944803 15 91318158 A/G G G 0.259 INTRONIC 0.9356 0.9067 0.9776 1 

BLM rs16944863 15 91354782 A/G G G 0.1331 INTRONIC 0.8777 1.6724 0.6462 1 

BLM rs2238337  15 91355732 T/C T T 0.3416 INTRONIC 1.4792 2.9558 0.1686 1 

BLM rs2270131 15 91352927 G/A T A 0.1848 INTRONIC 0.6539 0.5693 0.4931 1 

BLM rs2518967 15 91311017 C/T G C 0.2257 INTRONIC 0.6975 0.6633 0.5109 1 

BLM rs2518968 15 91307410 C/G G G 0.4911 INTRONIC 1.172 1.3454 0.8506 1 

BLM rs2532105 15 91355485 G/A T A 0.1065 INTRONIC 1.3435 0 0.3702 1 

BLM rs28384988 15 91292908 A/G G G     NA    NON_SYN CODING   NA               NA       NA        NA 

BLM rs28745020 15 91283743 G/A G A 0.4982 INTRONIC 0.8823 1.1626 0.7643 1 

BLM rs3815003 15 91312823 A/G G G 0.331 SPLICE_SITE 0.7851 0.5192 0.5353 1 

BLM rs389480   15 91351930 G/A T G 0.465 INTRONIC 0.7949 1.01 0.6682 1 

BLM rs401549   15 91356504 A/G G G 0.3556 INTRONIC 0.6233 0.868 0.2575 1 

BLM rs4932363 15 91323101 G/A A A 0.0483 INTRONIC 0.954 2254.82 0.4118 1 

BLM rs7162960 15 91287412 A/G G G 0.2762 INTRONIC 0.8423 1.068 0.8319 1 

BLM rs7175811 15 91331546 G/A A A 0.3935 INTRONIC 0.7701 0.5555 0.4902 1 

BLM rs7179346 15 91338160 T/G G G 0.117 INTRONIC 0.6052 2.2886 0.2985 1 

BLM rs7184015 15 91274575 G/T T T 0.3469 INTRONIC 0.8671 1.4285 0.6231 1 

CDKN2A rs2811708 9 21973422 G/T T T 0.2788 INTRONIC 0.8776 0.6078 0.763 1 
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CDKN2A rs2811709   9 21980151 A/G A A 0.1154 INTRONIC 0.6659 1.3825 0.5957 1 

CDKN2A rs2811710   9 21991923 C/T T T 0.3983 INTRONIC 0.8287 0.611 0.7763 1 

CDKN2A rs3731201   9 21988896 C/T/A/G G C 0.1514 INTRONIC 0.8519 0.5196 0.8252 1 

CDKN2A rs3731217   9 21984661 A/T/G/C G C 0.1488 INTRONIC 0.8315 0 0.443 1 

E2F1 rs3213150   20 32272201 G/A/T/C T A 0.2807 INTRONIC 0.7462 0.7428 0.6857 1 

E2F1 rs3213173   20 32265246 G/A A A 0.0034 NON_SYN CODING 20944 0.9907 0.9997 1 

E2F1 rs3213176   20 32264675 G/A A A 0.0373 NON_SYN CODING 1.0682 0 0.4153 1 

E2F1 rs35385772 20 32266134 G/A A A 0.0201 NON_SYN CODING 0.5015 0.0088 0.828 1 

EP300 rs1033611 22 41558232 A/G A A 0.3627 INTRONIC 0.9509 0.8878 0.9805 1 

EP300 rs20551    22 41548008 A/G G G 0.2786 NON_SYN CODING 0.9063 1.3471 0.7656 1 

EP300 rs2076578   22 41569609 C/T T T 0.3235 INTRONIC 0.8081 1.4078 0.4361 1 

EP300 rs9611505 22 41540279 T/C C C 0.2842 INTRONIC 1.0636 1.0563 0.9829 1 

EP300 rs79276543 22 41562621 T/G T G 0.0033 NON_SYN CODING 0.0001 0.0039 0.2984 1 

EP300 rs7510675 22 41549297 A/G A A 0.2299 INTRONIC 0.8599 0.6518 0.8041 1 

FANCM rs11157432 14 45619217 A/G G G 0.0954 INTRONIC 1.3237 0 0.4113 1 

FANCM rs226981  14 45662325 A/G G G 0.414 INTRONIC 1.334 1.2285 0.7172 1 

FANCM rs226984    14 45651681 G/A G G 0.266 INTRONIC 0.8768 0.7467 0.8878 1 

FANCM rs3825625 14 45604404 G/A A A 0.0928 UPSTREAM 0.893 0.1605 0.2198 1 

FANCM rs6572296 14 45666497 G/T T T 0.1349 INTRONIC 0.9113 0.0001 0.2475 1 

MDM2 rs1201644  12 69214691 C/T T T 0.4873 INTRONIC 0.4318 1.1475 0.0131 1 

MDM2 rs1695147 12 69230189 G/T G G 0.1893 INTRONIC 0.7928 1.4189 0.7467 1 

MDM2 rs2279744 12 69202580 T/G G G 0.3745 INTRONIC 1.3794 3.1177 0.1033 1 

MDM2 rs3730581   12 69219492 G/A A A 0.371 INTRONIC 1.1355 2.7269 0.1018 1 



 

 108 

MDM2 rs3730617   12 69224892 T/G G G 0.0554 INTRONIC 0.4259 0 0.1482 1 

MPG rs1061438   16 134457 T/C T T 0.1557 INTRONIC 0.9104 0 0.0401 1 

MPG rs2541632 16 131109 G/A G G 0.1678 INTRONIC 1.4835 0.7767 0.527 1 

MPG rs3176383   16 129448 A/C C C 0.0067 NON_SYN CODING 0.6697 0.0878 0.9634 1 

RAD51 rs12593359 15 41023878 T/G T T 0.4317 3PRIME_UTR 1.5317 0.8343 0.1427 1 

RAD51 rs2304579 15 40991153 A/G G G 0.0906 INTRONIC 0.7372 0.2359 0.419 1 

RB1 rs17071686 13 48985639 C/A A A 0.0134 INTRONIC 0.2044 0 0.3193 1 

RB1 rs3092903   13 49033954 C/G G G  0.0156 NON_SYN CODING 0.142 0.0048 0.3696 1 

RB1 rs4151467 13 48919923 T/C C C 0.0385 INTRONIC 1.1963 0.0032 0.9603 1 

RB1 rs4151510 13 48945175 G/A A A 0.0936 INTRONIC 1.4102 0.0026 0.7132 1 

RB1 rs4151539 13 48955458 C/G G G 0.0069 NON_SYN CODING 0.4998 0 0.4997 1 

RB1 rs520342    13 48916895 C/T T T 0.2581 INTRONIC 1.7306 2.1712 0.3692 1 

RECQL rs1061626   12 21654469 A/C C C 0.1818 5PRIME_UTR 0.5679 0.8398 0.2852 1 

RECQL rs1065751   12 21643223 C/T A T 0.0167 NON_SYN CODING 0.4541 0.0088 0.6808 1 

RECQL rs12231436 12 21649539 A/C C C 0.2394 INTRONIC 1.5737 1.1694 0.3974 1 

RECQL rs1860947  12 21654644 C/A C C 0.1783 UPSTREAM 1.3569 0.7808 0.5279 1 

RECQL rs2110159   12 21649160 T/C C C 0.4194 INTRONIC 1.2779 1.3484 0.8244 1 

RECQL rs2192170   12 21633036 C/T T T 0.1014 INTRONIC 1.0693 0 0.1536 1 

RECQL rs2284392 12 21631934 G/A A A 0.382 INTRONIC 1.2965 0.4344 0.0384 1 

RECQL rs2284393 12 21647337 T/C C C 0.2391 INTRONIC 1.3471 1.2675 0.6912 1 

RECQL rs2284394 12 21651267 G/A G G 0.306 INTRONIC 1.6625 1.5364 0.3148 1 

RECQL rs2300211 12 21653119 A/C A A 0.5036 INTRONIC 1.2242 0.7709 0.5103 1 

RECQL rs3752648   12 21628791 T/C C C 0.4871 INTRONIC 1.0231 0.9032 0.9477 1 
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RECQL rs6501        12 21624569 A/C C C 0.0101 NON_SYN CODING 0.2499 0 0.2109 1 

RECQL rs997820    12 21627557 A/C C C 0.3228 INTRONIC 1.7191 0.9975 0.2164 1 

RECQL rs7976409   12 21635605 G/A A A 0.1625 INTRONIC 0.9332 1.1422 0.9622 1 

RECQL4  rs34293591 8 145738669 G/A A A 0.0168 NON_SYN CODING 0.4541 0.0152 0.6814 1 

RECQL4 rs10111332 8 145747628 T/C C C 0.4532 DOWNSTREAM 1.1101 1.764 0.4097 1 

RECQL4 rs2306386 8 145742879 A/G A A 0.4333 

CODING 

SYNONYMOUS 1.4668 3.3453 0.0873 1 

RECQL4 rs2721149 8 145723419 T/G T G 0.4466 UPSTREAM 1.2628 3.5373 0.0254 1 

RECQL4 rs2721190 8 145742514 T/C T T 0.01 NON_SYN CODING 0.3414 0.013 0.6599 1 

RECQL4 rs2721191 8 145739679 C/T T T 0.0067 
NON_SYN CODING 

0.6805 0.0677 0.9637 1 

RECQL4 rs34293591 8 145738669 G/A A A 0.0136 
NON_SYN CODING 

0.2079 0.0124 0.3704 1 

RECQL4 rs34642881 8 145742799 A/G G G 0.0201 
NON_SYN CODING 

0.6892 0.0084 0.903 1 

RECQL4 rs35098923 8 145738687 C/T T T 0.0105 
NON_SYN CODING 

0.3272 0.0161 0.6574 1 

RECQL4 rs35842750 8 145740375 G/A A A 0.0236 
NON_SYN CODING 

26926.2 1719.1 0.0499 1 

RECQL4 rs4244611 8 145739924 C/T T T 0.4801 INTRONIC 0.2904 0.2162 0.015 1 

RECQL4 rs4244612 8 145741702 C/G C G 0.4484 NON_SYN CODING 0.3046 0.2263 0.0044 0.59797 

RECQL5 rs78900078 17 73643493 G/T T T 0.0067 INTRONIC 5291.96 0.0063 0.4999 1 

RECQL5 rs114003047 17 73625210 C/T T T  0.0074 
NON_SYN CODING 

0.0001 0.0067 0.1598 1 

RECQL5 rs35566780 17 73625852 C/T T T 0.014 
NON_SYN CODING 

110784 0.9524 0.0914 1 

RECQL5 rs76300532 17 18196027 A/G A A 0.0067 
NON_SYN CODING 

7498.87 0.9834 0.2501 1 

RECQL5 rs820196    17 73627539 T/C C C 0.2234 
NON_SYN CODING 

1.0836 0.8481 0.9139 1 

RECQL5 rs820199    17 73629007 C/T T T 0.3566 INTRONIC 0.7275 1.2989 0.2806 1 

TOP3A rs7207123 17 18208544 G/A A A 0.3597 INTRONIC 1.0368 0.4621 0.3672 1 

TOP3A rs12946752 17 18176423 C/T C C 0.3235 INTRONIC 2.1114 0.4083 0.0037 0.50151 
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TOP3A rs2294913 17 18202996 G/A A A 0.2199 INTRONIC 0.9994 1.348 0.9117 1 

TOP3A rs28671051 17 18194248 C/T T T 0.017 NON_SYN CODING 0.3329 0.0002 0.1132 1 

TOP3A rs3088175   17 18177578 T/A/G/C C G 0.0881 3PRIME_UTR 1.349 1.4509 0.8575 1 

TOP3A rs34001746 17 18188582 T/G G G 0.0068 NON_SYN CODING 0.0001 0.0084 0.1643 1 

TOP3A rs4925159 17 18185510 G/A/T/C A A 0.4491 INTRONIC 1.1362 0.7246 0.5567 1 

TOP3A rs9909732 17 18181592 C/T T T 0.01 
NON_SYN CODING 

0.0001 0.0001 0.0261 1 

TP53 rs1042522   17 7579472 G/C C C 0.318 
NON_SYN CODING 

0.8893 1.2121 0.7679 1 

TP53 rs11652704 17 7584400 T/C C C 0.1549 INTRONIC 1.4839 0 0.083 1 

TP53 rs12951053 17 7577407 A/C C C 0.0964 INTRONIC 1.0189 1856.24 0.5622 1 

TP53 rs1625895 17 7578115 A/G A A 0.1678 INTRONIC 1.1629 3348.78 0.4081 1 

WRN  rs2737364 8 31047104 C/G C C 0.1558 DOWNSTREAM 1.0678 0.2906 0.3714 1 

WRN  rs2737365 8 31047205 A/G A A 0.0569 DOWNSTREAM 0.8359 0.0017 0.6616 1 

WRN  rs2737372 8 31050275 T/C C C 0.3345 DOWNSTREAM 0.7524 0.501 0.454 1 

WRN  rs3087425 8 30977810 C/T T T 0.0033 NON_SYN CODING 9292.23 0.9906 1 1 

WRN  rs4733225 8 30977392 T/C C C 0.1849 INTRONIC 0.4747 1.1489 0.0705 1 

WRN  rs6982140 8 30999428 T/C C C 0.0451 INTRONIC 1.0898 0.0037 0.9894 1 

WRN  rs6982948 8 31030275 C/A C C 0.1301 INTRONIC 1.0092 0 0.1393 1 

WRN  rs7819335 8 31047858 G/A A A 0.0725 DOWNSTREAM  NA      0 0.1204 1 

WRN rs10441481 8 30933043 A/G A A 0.3899 INTRONIC 1.4303 0.9017 0.3516 1 

WRN rs10503881 8 30914073 C/G G G 0.0614 INTRONIC 0.6583 0.0004 0.7092 1 

WRN rs10808311 8 30898262 C/T C T 0.4567 INTRONIC 1.3219 1.0239 0.6907 1 

WRN rs10954775 8 30968665 A/C C C 0.3276 INTRONIC 0.4262 0.8392 0.0199 1 

WRN rs10954778 8 31008747 A/G G G 0.2877 INTRONIC 0.5566 1.8305 0.0354 1 
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*Abbreviations – Chromosome, Chromosome position, Risk allele, Minor Allele Frequency, Relative Risk 1 (based on having one risk allele), Relative Risk 2 (based on having two risk alleles)

WRN rs11574203 8 30924376 A/G G G 0.0069 INTRONIC 6631.91 0.9866 0.3573 1 

WRN rs11574205 8 30924833 C/A A A 0.031 INTRONIC 0.8983 802.241 0.4397 1 

WRN rs11574274 8 30958561 C/T T T 0.0101 INTRONIC 0 0.0036 0.065 1 

WRN rs11574276 8 30959000 T/A A A 0.1707 INTRONIC 1.2232 0.5662 0.6623 1 

WRN rs11574283 8 30968429 C/T T T 0.0067 INTRONIC 5108.11 0.9861 0.3527 1 

WRN rs11574304 8 30973811 C/T T T 0.0442 INTRONIC 0.8088 0.003 0.931 1 

WRN rs11774065 8 145759247 G/A A A 0.266 DOWNSTREAM 0.9916 0.436 0.4131 1 

WRN rs11774682 8 31034275 C/T T T 0.0274 DOWNSTREAM 0.8432 0.0014 0.6559 1 

WRN rs13269094 8 30896151 T/G G G 0.1004 INTRONIC 0.6748 0.0002 0.3191 1 

WRN rs13278931 8 30879207 G/T T T 0.4316 INTRONIC 1.1081 0.5121 0.212 1 

WRN rs13439388 8 31040069 G/A G G 0.5243 DOWNSTREAM 0.5149 0.5731 0.1706 1 

WRN rs1346044 8 31024654 T/C C C 0.2528 
NON_SYN CODING 

1.0192 0.5905 0.7257 1 

WRN rs1800391 8 30938704 G/A A A 0.0465 
NON_SYN CODING 

0.4771 0.0015 0.4414 1 

WRN rs1801195 8 30999280 G/T T G 0.4792 
NON_SYN CODING 

0.9577 1.2732 0.7772 1 

WRN rs1895736 8 30957126 T/G G G 0.0438 INTRONIC 1.0926 0.0043 0.9887 1 

WRN rs2230009 8 30921935 G/A A A 0.037 NON_SYN CODING 0.8057 0.0032 0.9403 1 

WRN rs2243826 8 30908937 G/T T T 0.0941 INTRONIC 0.8335 2.3989 0.479 1 

WRN rs2247189 8 30948072 T/A A A 0.0368 INTRONIC 0.6281 0.0021 0.7653 1 

WRN rs2543621 8 30870317 C/T C C 0.0426 INTRONIC 0.957 0.0176 0.9982 1 

WRN rs2553268 8 30936356 C/A C C 0.2878 INTRONIC 0.9788 1.2273 0.9458 1 

WRN rs2725389 8 30956935 A/T T T 0.047 INTRONIC 0.7905 4.0539 0.3818 1 

WRN rs2737362 8 31046444 C/G C C 0.1306 DOWNSTREAM 1.3122 0 0.0657 1 
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Appendix F. Considerations for a hypothetical genetic counseling PhD degree 

 Many genetic counselors may participate in small research projects, work on a 

research team, or collaborate with a team of researchers, but the majority will likely not 

want to devote the time, energy, and writing that it required to develop and maintain an 

independent research program, the hallmark of doctoral training.  A PhD in genetic 

counseling would likely be attractive to and beneficial for a small subset of individuals 

who have a strong desire to perform research or provide genetic counseling education.    

 A genetic counseling PhD program must have genetic counselors with established 

research histories that can guide and support students in their professional development.  

A required research component to genetic counseling education is fairly new to the field.  

The majority of counselors have little formal research training.  Thus, qualified genetic 

counseling mentors may be limited in some institutions.  In addition, there will need to be 

mentors available in supporting disciplines such as ethics, counseling psychology, 

epidemiology, clinical genetics, pharmacology, oncology, and psychology.   Combined 

specialty projects may be advantageous or even recommended to provide joint 

mentorship and expand genetic counseling research, especially when qualified mentors 

are sparse.  Research collaborations enrich and broaden learning providing additional 

opportunities and skills that cannot be provided solely by genetic counselors.    

 If there is student desire, qualified mentors, and a supportive institutional 

infrastructure, the next important piece to a genetic counseling PhD program is a 

structured curriculum.  Probably the most important aspect of an independent genetic 

counseling PhD is the ability to focus specifically on research related to genetic 
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counseling.  A major limitation to obtaining a PhD in genetics or counseling departments 

is following the structured requirements of that program.  For instance, as a part of my 

PhD program in Molecular, Cellular, Developmental Biology, and Genetics 

(MCDB&G), I was required to take classes in Molecular, Cellular, Developmental 

Biology and Genetics in order to obtain a degree under that name. In order to gain the 

necessary skills to perform research related to genetic counseling, I also needed to 

complete training in biostatistics, epidemiology, statistical programming, and teaching.   

In my graduate training, I completed 117 credits of coursework (24 thesis and 83 class 

credits) which is 53 more than the 30 required by the MCDB&G PhD program.  

Furthermore, I participated in three basic science research rotations that were educational 

but completely unrelated to advancing the skills related to my research.  The ability to 

follow a curriculum specific to genetic counseling would have saved me, my advisor, and 

the department a considerable amount of time and money.              

 One advantage to an independent PhD program in genetic counseling is the 

potential increased funding.  Currently, most masters programs do not have fellowships 

for research and therefore fellowships for students wishing to pursue a PhD are 

nonexistent.  Genetic counseling mentors may be better able to obtain funding and 

fellowships with a structured PhD program.   In addition, genetic counseling predoctoral 

students may better qualify for a wider range of NIH funding.  On the other hand, NIH 

funding may become harder to obtain for non-PhD genetic counselors.  The terminal 

degree would no longer be a master’s degree.  Practicing genetic counselors may need to 

obtain additional training in order to continue to receive funding.  Currently funding for 
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projects with a genetic counseling focus is piecemealed together in order to overcome 

funding limitations.  During my predoctoral training, I applied for and obtained a T32 

fellowship.  Unfortunately due to my genetic counseling work, I could not accept the 

fellowship.  The NIH committee decided that since my clinical work was not directly 

related to my predoctoral work that I did not meet criteria.  The ability to combine 

clinical with research experiences should be, in my opinion, mutually beneficial and 

supported.   

 The curriculum for a hypothetical PhD program would include all of the required 

courses for the genetic counseling program.  Genetic counseling coursework is necessary 

for board certification and therefore there is little, if anything, that could be removed for 

programs.  I would suggest that predoctoral genetic counseling students take more 

intensive research methods courses possibly in place of the current research classes. In 

addition, I would suggest that the students take an additional year of course work 

focusing on study design both qualitative and quantitative methods, biostatistics, and 

grant writing.  If predoctoral students are most interested in education, I would include an 

optional preparing future factory class.    

 Genetic counselors with PhDs would be specialized in research design, grant 

writing, and in some cases teaching.  The skills could be transferred to many areas 

including academia, industry, non-profit organizations, and others. Specifically in 

academics, some genetic counselors have run into obstacles obtaining grants and tenure-

track faculty positions due to lack of having a PhD degree.  Genetic counselors with 

PhDs could encourage more institutions to offer faculty positions.  The PhD could also 
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open doors to an increased diversity of research and educational opportunities.   The field 

of genetic counseling continues to expand with the growing number of types of positions, 

patients we serve, and ethical issues that arise in practice.  A PhD in genetic counseling 

may be the next step in our professional evolution. 

Example Curriculum: 

Year Spring  Fall 
 1 GC curriculum: 

Medical Genetics 

GC Special Topics 
Behavioral or Epidemiology Genetics 

Clinical Rotation 

GC curriculum: 
Advanced Human Genetics 

Genetic counseling in practice 
Health sciences terminology or 

anatomy  

Clinical rotation 

2 GC curriculum: 
Counseling 

Psychosocial issues in GC 

Qualitative and/or quantitative research 
methods 

Clinical Rotation 

GC curriculum: 

Counseling 

Psychosocial issues in GC 

Grant writing 
Clinical Rotation 

3 Additional PhD Coursework: 
Biostatistics I 

Statistical programming 

Preparing future faculty (optional) 

Additional PhD coursework: 
Biostats II 

Other specialized courses  

 

4 Research Research 

5-7 Research Research 

 


