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Genome-wide association studies (GWAS) query the entire genome in a hypothesis-free, unbiased manner. Since they have

the potential for identifying novel genetic variants, they have become a very popular approach to the investigation of

complex diseases. Nonetheless, since the success of the GWAS approach varies widely, the identification of genetic variants

for complex diseases remains a difficult problem. We developed a novel bioinformatics approach to identify the nominal

genetic variants associated with complex diseases. To test the feasibility of our approach, we developed a web-based

aggregation tool to organize the genes, genetic variations and pathways involved in preterm birth. We used semantic

data mining to extract all published articles related to preterm birth. All articles were reviewed by a team of curators.

Genes identified from public databases and archives of expression arrays were aggregated with genes curated from the

literature. Pathway analysis was used to impute genes from pathways identified in the curations. The curated articles and

collected genetic information form a unique resource for investigators interested in preterm birth. The Database for

Preterm Birth exemplifies an approach that is generalizable to other disorders for which there is evidence of significant

genetic contributions.

Database URL: http://ptbdb.cs.brown.edu/dbPTBv1.php
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Introduction

The promises of the genomic era have been presented elo-

quently (1–3). While it is clear that ‘genomic medicine’ is in

its infancy, an impact on a number of important diseases

and insights into the pathobiology of others have already

been identified (1–3). Included among these is the recogni-

tion that minor variations in many different genes can form

the basis for variation in disease susceptibility. They are also

the substrate on which gene–environment interactions can

occur. However, the promise of the genome era has also

been met with skepticism as some results have been mixed

(4–9). The genome-wide association study (GWAS) ap-

proach queries the genome in a hypothesis-free, unbiased

approach, with the potential for identifying novel genetic

variants. While there have been a number of important

‘hits’, for example, macular degeneration, inflammatory

bowel disease, obesity (10–12), there are many ‘misses’

and failures to replicate findings even from large-scale

studies. Moreover, a GWAS-based interrogation of large

numbers of anonymous single nucleotide polymorphisms

(SNPs) or copy number variations (CNVs) severely limits

power and makes it nearly impossible, computationally,

to examine combinatorial gene–gene interactions (13–15).

However, employing pathway analysis or other a priori bio-

logical knowledge bases improves success in extraction of

valuable information from GWAS analyses (16,17).

We are interested in the genetic architecture of preterm

birth. We have developed an approach to identify a more

manageable set of candidate genes, which nonetheless in-

corporates some elements of genome-wide investigation

for the study of preterm birth. Our approach combines in-

formation from published literature with data from expres-

sion databases, linkage data and pathway analyses to

identify biologically relevant genes for testing in an associ-

ation study of genetic variants and preterm birth. We have
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developed a web-based, semantic data mining and aggre-

gation tool to ‘filter’ published literature for evidence of

association of preterm birth with genes, genetic variants,

SNPs or changes in gene expression. A trained curation

team extracted gene and protein information from pub-

lished articles specific to preterm birth. Identified genes

or sets of genes have been deposited into the database

with reference PubMed Identifier (PMID) number

and related information extracted from several resources

(18–20). In addition, genes identified from archives of

expression arrays and genomic regions identified from link-

age analyses have been aggregated with the genes curated

from the literature. Lastly, pathway analysis was used to

impute genes from pathways identified during curation.

These genes, their genomic location, the SNPs contained

therein and any associated CNVs are presented in a search-

able database.

The Database for Preterm Birth (dbPTB) is a robust

resource for the community of biologists, perinatologists,

geneticists and other investigators interested in the eti-

ology of preterm birth or related phenotypes. Moreover,

we believe this approach is generalizable to investigation

of other disorders where there is evidence for important

genetic contributions. The resources supporting this

approach have been made available in a publicly accessible

database at http://ptbdb.cs.brown.edu/dbPTBv1.php.

Methods

Retrieval of data and updates

The Database for Preterm Birth (dbPTB) was implemented

using a MySQL database running on a Linux server with

PERL and PHP scripts used for all data retrieval and

output. dbPTB used SciMinerTM to extract the gene and

protein information from published articles specific to pre-

term birth (21). From the 18 million records representing

22 000 journals that are housed in PubMed, we used com-

putational data mining to extract more than 30 000 articles

related to preterm birth and potentially including relevant

information on genes, SNPs or genetic variations. From fur-

ther refinements of the semantic language processing, we

identified 981 articles with putative information about

genes and genetic variants associated with preterm birth.

For the retrieval of articles to be curated, we used several

different approaches. First, we used queries which have

common and very well known keywords for preterm birth

and genetics, e.g. ‘preterm birth and genes’. Second, after

acceptance of extracted articles, we annotated all the med-

ical subject heading (MeSH) terms associated with these

papers. These were used to create new search queries incor-

porating the newly annotated MeSH terms. We called these

two approaches ‘forward and reverse curation’. Third, the

reference lists of each article under curation were also

carefully examined and potentially relevant articles were

extracted through SciMinerTM for curation. Bimonthly

search-runs for articles for curation are used to update

the database regularly.

Curation

All the filtered articles putatively contain information on

genes, gene–gene interactions and SNP information related

to preterm birth. To evaluate this evidence, we created a

curation team to read each publication. The team consisted

of researchers and medical students formally trained in the

molecular and cell biology and genetics of preterm birth.

Each article was carefully read. Attention was devoted in

particular to study design, relevance of the article to pre-

term birth per se and not issues related to prematurity but

distinct from preterm delivery. Articles that contained rele-

vant, statistically documented information on genes or

genetic variants related to preterm birth were ‘accepted’

and deposited into the database with their unique PMID.

Also entered into the database from each article were the

genes, genetic variants, SNPs, RefSNP accession ID (rs

number) (when available) and annotations describing

gene–gene interactions shown to be statistically significant-

ly related to an increased risk for preterm birth. We ac-

cepted in all cases the authors’ criteria for statistical

significance. All genes and genetic variants entered into

the database were entered using their unique HGNC num-

bers for identification. SNPs were entered into the database

and recorded with their appropriate rs number using

HapMap Data Release 27 (22). Where specific haplotypes

were shown to confer significant risk for preterm birth, all

the individual SNPs within the haplotype were entered into

the database. This was true even if by univariate analysis an

individual SNP was not statistically associated with increased

risk for preterm birth. Since they represent significant con-

founding factors in the risk and pathogenesis of preterm

birth, the association of premature rupture of the amniotic

membranes (PROM) and/or evidence of intra-amniotic infec-

tion with preterm birth were recorded. Thus, their associ-

ation with preterm birth individually is searchable within

the database. Lastly, for curation, in a minority of articles,

animal models rather than results from human patients

were reviewed. Similar criteria were used for ‘acceptance’

and inclusion of genes. In the case of data from mouse, rats

or other species, the human homolog was entered into

the database, again by its unique HGNC number.

Inter-rater reliability was assessed and k scores were

measured after training (23, 24). Inter-rater reliability was

maintained by formal, weekly ‘curation meetings’ where

difficult publications, or any publication a curation team

member felt would be useful for discussion and compari-

son, were reviewed conjointly. We designed and built a

separate database for the curation process, which allowed

remote login, password protected access to full text of the
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articles via the Brown University Library eJournals collec-

tion. This allowed annotation of the articles, putative

genes, SNPs and variants contained in the extracted

papers. Since the curation database allowed curators to

work remotely, it significantly accelerated the process of

curation. Articles which are accepted for preterm birth im-

mediately become accessible to dbPTB queries along with

all the relevant genetic data (Figure 1). An algorithmic de-

scription of the curation process in detail is shown in

Supplementary files.

Database queries

Voluntary practices by many investigators and the develop-

ment of mandatory data sharing policies for federally

funded projects have made available collections of high

dimension databases of expression data, data from linkage

analyses, databases of results from SNP arrays and data

from proteomic platforms. This includes transcriptome

wide data comparing RNA levels from tissues from preterm

deliveries with similar samples from term delivery. The

database queries may also include genomic regions identi-

fied from linkage analyses and the SNPs and genes therein.

These resources were searched for genes, genetic variants

and proteins related to preterm birth or showing differen-

tial association with preterm birth. We searched publically

available databases and, likewise, articles describing

genome- or transcriptome-wide analyses. We also searched

for articles that provided information on analyses of pro-

teins in body fluids or compartments that were analyzed

using contemporary proteomic techniques like mass spec-

trometry. Lastly, we searched new repositories from the

Heart, Lung, Blood Institute and the National Human

Genome research (NHGRI), including the Human Gene

Mutation Database and the Catalogue of Published

Genome-Wide Association Studies hosted by the NHGRI.

From databases or articles on transcriptome-wide analyses,

we again used the individual authors’ criteria for statistical

significance. We included genes whose expression was stat-

istically increased or decreased in association with preterm

delivery. Likewise, for proteomic analyses, we included

genes and proteins whose unusual presence in a body

fluid suggested a possible relationship to the pathophysi-

ology of preterm birth, e.g. proteomic analysis of amniotic

fluid.

SNP data

SNP data for each of the genes included in dbPTB is also

included in the database. The first source of this informa-

tion was from the literature curation itself. Wherever noted

by the original authors, we included specific SNPs (by rs

number). We also included specific polymorphisms for

which there was published information. The second and

larger source of SNP data in dbPTB comes from HapMap.

We include all the tag SNPs for each gene from HapMap

release number 27. The nominal haplotype block size in

from the HapMap investigations is 2–10 kb (22), so we

included all tag SNPs from 5-kb upstream to 5-kb down-

stream from the genomic sequence.

Data integration

As noted earlier, during the curation process, if an article

supported a specific gene, genetic variant, SNP or haplo-

type block, then those gene(s) and genetic variants were

deposited into dbPTB with the reference article anchored

by its unique PMID number. For each deposited gene, its

related information and SNP data were gathered. Gene in-

formation was extracted from NCBI Entrez Gene and HGNC.

NCBI dbSNP Build 126 was used for SNP information. We

also collected all MeSH terms provided by the National

Library of Medicine from the curated articles, which were

accepted into the database. For each article, we also stored

Figure 1. (A) Workflow for retrieval of articles, curation and extraction of genes from literature, microarray data and gene
interpolation for pathway analysis. (B) Total number of genes, their associated original sources and number of unique pathways
represented.
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the abstract and related information such as title, journal

and authors.

Pathway analysis

The Ingenuity Pathway Analysis (IPA, Ingenuity� Systems,

www.ingenuity.com) tool was used to identify pathways

and networks encompassing the genes we identified with

significant evidence for their involvement in preterm birth.

For this portion of the analysis, we used the genes which

were retrieved during the literature search. We also

included the genes and genetic variants identified in

public databases, largely transcriptome wide array data

sets (25, 26) and some proteomic analyses related to pre-

term birth (27). The genes identified by the Ingenuity path-

way analysis were enterer into the Kyoto Encyclopedia of

Genes and Genomes (KEGG) database. This allowed us to

identify the number and identity of pathways each gene or

variant was associated with.

Results

Curation results

From 31 018 articles dealing with preterm birth extracted

from PubMed by SciMiner, the ‘filtered set’ included 981

articles for which there was likely information about

genes and genetic variants. These articles contained infor-

mation on more than 1200 putatively related genes. From

among these articles, with over 5000 associated the MeSH

terms, we ‘accepted’ 142 articles described by a total of 960

unique MeSH terms. These articles contained statistically

valid associations of 186 genes with preterm birth. The

top 15 journals from which we extracted articles for cur-

ation are shown in Table 1. As can be seen, these were

largely clinical specialty journals. Likewise, we identified

and imported 215 genes from both published and public

databases containing array data and data from other prote-

omic analyses. We included an additional 216 genes based

on the interpolation from pathway analysis. These genes

were contained in 173 unique pathways. A pathway dia-

gram showing the workflow supporting retrieval of genes

from the literature and public databases and gene interpol-

ation from pathway analysis is shown in Figure 1.

These results are all available in the Database for

Preterm Birth (http://ptbdb.cs.brown.edu/dbPTBv1.php).

Currently, the dbPTB contains 617 genes (186 from litera-

ture curation, 215 from microarray and proteomic data-

bases and 216 from pathway interpolation). The specific

origin of inclusion is retrievable from dbPTB and also

shown in Supplementary Table S2. Also included in dbPTB

are the 156 963 SNPs contained with the genomic and

flanking regions of each gene in dbPTB. We have physically

mapped the genomic location for genes in dbPTB. This will

facilitate a number of investigations, including a more

efficient approach to GWASs to investigate preterm birth

and/or resequencing genomic regions with a more dense

coalition of genomic variations. Figure 2 shows a diagram

of all chromosomes and the number of genes mapped to

each. As can be seen, there were no genes that we

retrieved from the literature curation, databases or path-

way analysis that mapped to the Y chromosome. Figure 3

shows a representative distribution of genes on chromo-

somes 6 and 11 as well as an expanded view which shows

even greater resolution for a gene rich region on chromo-

some 11. Across the entire genome, there were genomic

regions where the gene density was quite low with up to

60 Mb separating identified genes. There were also many

regions with identified genes in close proximity with as

little as 1 kb separating the genomic sequences. These re-

sults are provided in dbPTB and in Supplementary Table S3.

Pathway information

A total of 25 networks were identified. The top func-

tions described by pathway analysis are listed in Table 2.

Among the major networks detected, several networks,

‘Inflammatory Response, Small Molecule Biochemistry, Cel-

lular Development, Hematological System Development

and Function, Cardiovascular Disease, Cellular Function

Table 1. Top 15 Journals with articles extracted for curation
in dbPTB

Journal Number of

articles for

curation

1. American Journal of Obstetrics

and Gynecology

84

2. Pediatric Research 46

3. Pediatrics 34

4. The Journal of Pediatrics 32

5. Obstetrics and Gynecology 17

6. Biology of the Neonate 14

7 The Journal of Clinical Endocrinology

and Metabolism

13

8. Journal of Perinatology 13

9. Journal of Perinatal Medicine 13

10. Archives of Disease in Childhood

Fetal and Neonatal Ed.

12

11. Human Molecular Genetics 12

12. International Journal of Gynecology

and Obstetrics

11

13. American Journal of Reproductive

Immunology

11

14. Proceedings of the National

Academy of Sciences

10

15. Endocrinology 9
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Figure 3. Representative examples of chromosomal location of genes for chromosomes 6 and 11.
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Figure 2. Number of genes among chromosomes identified from curated articles, databases and pathway analysis.
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and Maintenance, Connective Tissue Development and

Function, Drug Metabolism, Genetic Disorder’ represented

the largest portion of interaction domains.

Database content and functionality

dbPTB allows several query strategies to search related art-

icles, genes, SNPs, chromosomes or keywords against the

MeSH terms and abstracts of the curated articles. If a user

searches a gene of interest, and this gene is supported by

articles in the database, the output will include all the art-

icles supporting evidence for the queried gene’s relation-

ship to preterm birth. This includes the title of the articles,

name of the published journal and the link to the original

source, which most cases is NCBI PubMed. Moreover, infor-

mation about the gene and related links are shown. This

also includes links to Online Mendelian Inheritance in Man

(OMIM), the UCSC Genome Bioinformatics and Hugo Gene

Nomenclature (HGNC). Under the same search option, users

are able to see all related SNP data for each gene. For each

SNP, they are able to follow the link to the original source.

They also have an option to download all rs numbers for

the queried gene. In other searches, the users can get the

genes for a specific chromosome and then again the

related supporting evidence.

Discussion

We developed dbPTB, the database for preterm birth, to

create a more manageable set of genes and genetic vari-

ants that may be involved in preterm delivery. We reasoned

that this smaller set of candidates may allow important but

otherwise difficult computational approaches to examin-

ation of gene/gene interactions in combinatorial or high-

order fashion. We used the published literature as the first

basis for population of this database. Web-based semantic

data mining followed by careful manual curation was used

to recover over 981 articles. These articles contained puta-

tively nearly 1200 genes or genetic variants potentially

related to preterm birth. We ‘accepted’ 186 genes out of

this 1200. While literature curation provides access to

the known information on genetic variants associated

with preterm birth, it is not hypothesis-free. It is not a

discovery-based approach. In order to add a discovery

approach to our strategies, we also screened publically

available databases for information on preterm birth. We

reasoned that databases providing results from expression

arrays or transcriptome-wide interrogations of tissues or

body fluids comparing preterm deliveries with similar sam-

ples from those at full term would provide a

hypothesis-free interrogation. We were equally interested

in genes whose expression was either increased or

decreased. We also searched for databases of proteomic

results that might provide clues to preterm birth. The

genes representing the combination of these search

Table 2. Top functions of genes identified by pathway analysis

Function Number of

networks

Inflammatory Response 6

Small Molecule Biochemistry 5

Cellular Development 4

Hematological System Development and Function 4

Cardiovascular Disease 3

Cellular Function and Maintenance 3

Connective Tissue Development

and Function

3

Drug Metabolism 3

Genetic Disorder 3

Cell Signaling 2

Cellular Assembly and Organization 2

Connective Tissue Disorders 2

Embryonic Development 2

Hematological Disease 2

Infectious Disease 2

Inflammatory Disease 2

Lipid Metabolism 2

Molecular Transport 2

Amino Acid Metabolism 1

Antigen Presentation 1

Antimicrobial Response 1

Carbohydrate Metabolism 1

Cardiovascular System Development and Function 1

Cell Cycle 1

Cell Death 1

Cell-mediated Immune Response 1

Cell-To-Cell Signaling and Interaction 1

Cellular Compromise 1

Cellular Growth and Proliferation 1

Dermatological Diseases and Conditions 1

DNA Replication 1

Hematopoiesis 1

Infection Mechanism 1

Nucleic Acid Metabolism 1

Organismal Functions 1

Organismal Injury and Abnormalities 1

Organismal Survival 1

Organ Morphology 1

Recombination and Repair 1

Skeletal and Muscular Disorders 1

Skeletal and Muscular System Development

and Function

1

Tissue Morphology 1

The number of times each gene was included in different

networks is also shown.
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strategies were then entered into a pathway analysis. We

used both Ingenuity and the KEGG pathway (28). Our inter-

est was not to exclude all but those pathways with the

greatest statistical validity. Rather, we sought to identify

additional candidate genes who were clearly nested

within important pathways represented by the genes

retrieved by our search strategies, but whose only reason

for exclusion was failure to be interrogated experimentally.

We identified 186 genes using the literature-based cur-

ation, 215 genes from publically available databases and

an additional 216 genes from the pathway-based interpol-

ation. This total of 617 genes represents a parsimonious but

robust set of genes for which there is good evidence for

involvement in preterm birth. These genes and genetic vari-

ants can be used now in case–control studies comparing

genetic variants, SNPs or CNVs. By physical mapping,

these genes also point us toward candidates regions for

efficient strategies for re-sequencing in search of rare vari-

ants. We believe this approach to be generalizable to other

diseases and phenotypes.

GWASs have become a very contemporary and popular

approach to the investigation of complex diseases (29).

They have been made feasible through advances in tech-

nology and reduced costs (30). They have many great at-

tractions; especially the prospect of discovery of new

insights and novel gene–gene interactions not previously

recognized (14–16). However, genome-wide approaches

have also failed to demonstrate the ‘missing heritability’

in many common diseases (9, 31–34). There are several fac-

tors contributing to skepticism about the strength of this

approach. First among these is that the majority of SNPs

that have been identified through this approach are

rarely the causative variants (9). At best, they are in linkage

disequilibrium with the underlying pathogenic variant.

Even more frustrating has been the modest if not excep-

tionally low effect sizes associated with the genetic variants

that have been identified in most GWASs (6, 7). The low

effect sizes suggest that the underlying pathophysiological

causes, if they are genetic, are due to gene–gene inter-

actions, gene environment interactions or other mechan-

isms. However, pair wise or higher order combinatorial

effects from gene–gene interactions present difficult com-

putational challenges with the large number of polymorph-

isms used in the majority of recent GWA studies (14).

Importantly, new computational approaches have been de-

veloped which have identified gene–gene interactions in

large data sets (13–16). In some cases, these approaches

have been successful in identification of important gen-

etic associations in studies which failed to identify main

effects from individual variants (16,35–37). Moreover,

when coupled to pathway based analysis or other

approaches that use a priori biological knowledge,

these newer computational approaches aid greatly in

identification of important genetic contributions to risk in

complex diseases (16).

The genetics of preterm birth and approaches to identify

discrete genetic contributions to risk of preterm birth have

been discussed (38–44). Recent studies have focused on

genomic and proteomic approaches to diagnosing and

determining the mechanism(s) of preterm labor.

Polymorphic changes in the protein coding regions of spe-

cific genes and in regulatory and intronic sequences have

been described. In most of the studies reported to date,

candidate genes or proteins involved in inflammatory re-

activity or uterine contractility have been investigated

(34,38–55). Summaries of these observations and candidate

genes have been reported (42). Most of the studies re-

ported to date have involved modest sized patient cohorts

and polymorphisms from genes involved in infection/in-

flammation. The results suggest that alteration in the struc-

ture and/or expression of these proteins interacts with

infection and/or other environmental influences and is

associated with preterm birth. The results generally, how-

ever, do not provide insight into the causes of prematurity

in the absence of inflammation. They also do not demon-

strate whether the observed associations are reflective

of genetic mechanism(s) and/or gene–environmental

interactions.

It is important to identify the strategies that have been

used, the strengths and weaknesses of different

approaches and recent, representative examples from the

literature. Studies of the genetics of preterm birth are com-

plicated by numerous confounders. These include: impre-

cise, non-uniform definitions; differences in the etiology

of preterm delivery; the profound impact of environmental

influences like PROM, inflammation, drug use or other sig-

nificant clinical factors; the likely involvement of multiple

loci and/or genes and complex patterns of inheritance.

A precise estimate of the contribution(s) of genetic factors

to preterm birth has been hard to achieve (38–44). Twin

studies suggest heritability is up to 36%; however, differ-

ences in the definition of what constitutes a preterm deliv-

ery cloud the precision of those estimates (56, 57). The

history of a previous preterm birth is one of the best pre-

dictors of recurrence of preterm birth. Likewise, the obser-

vation that mothers who were preterm or have a first-order

relative with preterm birth are at increased risk of deliver-

ing prematurely both underscore the importance of genetic

factors (40). Sisters are more likely to be concordant for

preterm birth (16%) than sisters in law (9%) (58). A large

study examining kinships in Utah identified closer genetic

relationships among families with preterm birth than those

without (59). The veracity of this observation is considered

reasonable because the study was conducted among a

population group with a lower incidence of some of the

confounding environmental influences known to be asso-

ciated with preterm birth (e.g. drug use and alcohol).
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Whether fetal or parental genes contribute to the risk of

preterm birth has been investigated in several studies. One

of the aforementioned twin studies which used birth-

weight in its ‘definition’ of prematurity noted maternal ef-

fects to account for 40% of the variance in birthweight and

fetal factors to only account for 19% (60). This has been

challenged, however, by a larger study suggesting 70% of

the variance in birthweight is due to fetal genes (61). The

majority of the studies suggest that paternal factors are less

important in determining gestational length or birthweight

(61, 62). More recently, large epidemiological studies drawn

from population-based analyses in Sweden and Denmark

support a predominantly maternal origin for the genetic

contribution(s) to risk of preterm birth with little contribu-

tion by paternal or fetal genetic factors (63–66). Only one

linkage analysis and analysis of quantitative trait loci to

identify regions on specific chromosomes was ascertained

because large pedigrees with a family history of preterm

birth have been difficulty to acquire (67). Some discrete,

single gene disorders, like the relationship of Ehlers

Danlos syndrome to PROM and resultant preterm birth,

have been identified (68). Thus, while there is sufficient

information to suggest important genetic contribution(s)

to the risk of preterm birth, the epidemiological evidence

and pattern of inheritance all suggest that, similar to other

complex diseases like hypertension, diabetes and some psy-

chiatric disorders, preterm birth is a complex, polygenic dis-

order and likely entails activation and/or suppression of a

host of genes (69).

Our approach is predicated on the notion that, if SNPs

are contributing to the risk of preterm birth, they are likely

to interact in more than a simple additive fashion.

Therefore, a more manageable set of variants is needed

in order to begin to address the computational power

needed to identify those interactions. Our approach also

allows physical mapping and demonstration of significant

clustering of the genes associated with preterm birth across

the genome. These carefully curated articles and collected

genetic information form a unique resource for investiga-

tors interested in Preterm Birth.

Conclusion

The resource we have developed is useful because all the

data associated with the disease of interest (SNPs, genes,

variants and articles) are collated into a single source. The

dynamic nature and query options of dbPTB enable user

friendly access. The user interacts with dbPTB through a

web interface specifically built with flexible searching cap-

abilities and a robust output with supported links to ori-

ginal sources for people familiar with genetics and basic

sciences as well as largely clinical scientists. We believe

this approach is generalizable to other disorders for

which there is evidence of significant genetic contributions.

The generalizability of dbPTB to other diseases and pheno-

types applies to not only the literature curation and data-

base searching but also the pathway-based interpolations

for probable candidates. Moreover, this approach may aid

in identification of regions to search for rare variants and

narrow the list of putative genes to a workable number so

they can be assessed for their contribution to PTB in an

experimental model. The resources supporting this ap-

proach have been made available into a publicly accessible

database. The scripts and code are available from the

authors on request.

Supplementary Data

Supplementary Data are available at Database Online.

Funding

National Foundation March of Dimes Prematurity Initiative

(No. 21-FY08-563); National Institutes of Health (Grants

NIH-5T35HL094308-02 and NIH-NCRR P20 RR018728).

Conflict of interest. None declared.

References
1. Varmus,H. (2002) Getting ready for gene-based medicine. N. Engl.

J. Med., 347, 1526–1527.

2. Collins,F.S., Green,E.D., Guttmacher,A.E. et al. (2003) A vision for

the future of genomics research. Nature, 422, 835–847.

3. Feero,W.G., Guttmacher,A.E. and Collins,F.S. (2010) Genomic medi-

cine–an updated primer. N. Engl. J. Med., 362, 2001–2011.

4. Hunter,D.J. and Kraft,P. (2007) Drinking from the fire hose–statis-

tical issues in genomewide association studies. N. Engl. J. Med.,

357, 436–439.

5. Kraft,P. and Hunter,D.J. (2009) Genetic risk prediction–are we there

yet? N. Engl. J. Med., 360, 1701–1703.

6. Goldstein,D.B. (2009) Common genetic variation and human traits.

N. Engl. J. Med., 360, 1696–1698.

7. Hirschhorn,J.N. (2009) Genomewide association studies–illuminat-

ing biologic pathways. N. Engl. J. Med., 360, 1699–1701.

8. Cirulli,E.T. and Goldstein,D.B. (2010) Uncovering the roles of rare

variants in common disease through whole-genome sequencing.

Nat. Rev. Genet., 11, 415–425.

9. McClellan,J. and King,M.C. (2010) Genetic heterogeneity in human

disease. Cell, 141, 210–217.

10. Dewan,A., Liu,M., Hartman,S. et al. (2006) HTRA1 promoter poly-

morphism in wet age-related macular degeneration. Science, 314,

989–992.

11. Mathew,C.G. (2008) New links to the pathogenesis of Crohn dis-

ease provided by genome-wide association scans. Nat. Rev. Genet.,

9, 9–14.

12. Glessner,J.T., Bradfield,J.P., Wang,K. et al. (2010) A genome-wide

study reveals copy number variants exclusive to childhood obesity

cases. Am. J. Hum. Genet., 87, 661–666.

13. Gui,J., Andrew,A.S., Andrews,P. et al. (2010) A robust multifactor

dimensionality reduction method for detecting gene-gene

.............................................................................................................................................................................................................................................................................................

Page 8 of 10

Original article Database, Vol. 2012, Article ID bar069, doi:10.1093/database/bar069
.............................................................................................................................................................................................................................................................................................

D
ow

nloaded from
 https://academ

ic.oup.com
/database/article/doi/10.1093/database/bar069/430614 by guest on 09 April 2024

http://database.oxfordjournals.org/cgi/content/full/bar069/DC1


interactions with application to the genetic analysis of bladder

cancer susceptibility. Ann. Hum. Genet, 75, 20–8.

14. Cordell,H.J. (2009) Detecting gene-gene interactions that underlie

human diseases. Nat. Rev. Genet., 10, 392–404.

15. Moore,J.H. (2010) Detecting, characterizing, and interpreting

nonlinear gene-gene interactions using multifactor dimensionality

reduction. Adv. Genet., 72, 101–116.

16. Wang,K., Li,M. and Hakonarson,H. (2010) Analysing biological

pathways in genome-wide association studies. Nat. Rev. Genet.,

11, 843–854.

17. Ritchie,M.D. (2011) Using biological knowledge to uncover the mys-

tery in the search for epistasis in genome-wide association studies.

Ann. Hum. Genet., 75, 172–182.

18. Sherry,S.T., Ward,M.H., Kholodov,M. et al. (2001) dbSNP: the NCBI

database of genetic variation. Nucleic Acids Res., 29, 308–311.

19. Maglott,D., Ostell,J., Pruitt,K.D. et al. (2005) Entrez Gene:

gene-centered information at NCBI. Nucleic Acids Res., 33,

D54–D58.

20. Bruford,E.A., Lush,M.J., Wright,M.W. et al. (2008) The HGNC

Database in 2008: a resource for the human genome. Nucleic

Acids Res., 36, D445–D448.

21. Hur,J., Schuyler,A.D., States,D.J. et al. (2009) SciMiner: web-based

literature mining tool for target identification and functional en-

richment analysis. Bioinformatics, 25, 838–840.

22. International HapMap Consortium et al. (2005) A haplotype map of

the human genome. Nature, 437, 1299–1320.

23. Donner,A. and Klar,N. (1996) The statistical analysis of kappa stat-

istics in multiple samples. J. Clin. Epidemiol., 49, 1053–1058.

24. Reed,J.F. III (2000) Homogeneity of kappa statistics in multiple sam-

ples. Comput. Methods Programs Biomed., 63, 43–46.

25. Enquobahrie,D.A., Williams,M.A., Qiu,C. et al. (2009)

Early pregnancy peripheral blood gene expression and risk of

preterm delivery: a nested case control study. BMC Pregnancy

Childbirth, 9, 56.

26. Weiner,C.P., Mason,C.W., Dong,Y. et al. (2010) Human effector/ini-

tiator gene sets that regulate myometrial contractility dur-

ing term and preterm labor. Am. J. Obstet. Gynecol., 202, 474

e1–e20.

27. Buhimschi,C.S., Dulay,A.T., Abdel-Razeq,S. et al. (2009) Fetal inflam-

matory response in women with proteomic biomarkers char-

acteristic of intra-amniotic inflammation and preterm birth.

BJOG, 116, 257–267.

28. Kanehisa,M., Goto,S., Kawashima,S. et al. (2002) The KEGG data-

bases at GenomeNet. Nucleic Acids Res., 30, 42–46.

29. Ku,C.S., Loy,E.Y., Pawitan,Y. et al. (2010) The pursuit of

genome-wide association studies: where are we now? J. Hum.

Genet., 55, 195–206.

30. Metzker,M.L. (2010) Sequencing technologies - the next gener-

ation. Nat. Rev. Genet., 11, 31–46.

31. Maher,B. (2008) Personal genomes: The case of the missing herit-

ability. Nature, 456, 18–21.

32. Eichler,E.E., Flint,J., Gibson,G. et al. (2010) Missing heritability and

strategies for finding the underlying causes of complex disease.

Nat. Rev. Genet., 11, 446–450.

33. Manolio,T.A., Collins,F.S., Cox,N.J. et al. (2009) Finding the missing

heritability of complex diseases. Nature, 461, 747–753.

34. Gibson,G. (2010) Hints of hidden heritability in GWAS. Nat. Genet.,

42, 558–560.

35. Askland,K., Read,C. and Moore,J. (2008) Pathways-based analyses

of whole-genome association study data in bipolar disorder

reveal genes mediating ion channel activity and synaptic neuro-

transmission. Hum. Genet., 125, 63–79.

36. O’Dushlaine,C., Kenny,E., Heron,E. et al. (2010) Molecular pathways

involved in neuronal cell adhesion and membrane scaffolding con-

tribute to schizophrenia and bipolar disorder susceptibility. Mol.

Psychiatry, 16, 286–92.

37. Wang,K., Zhang,H., Ma,D. et al. (2009) Common genetic variants

on 5p14.1 associate with autism spectrum disorders. Nature, 459,

528–533.

38. Adams,K.M. and Eschenbach,D.A. (2004) The genetic contribution

towards preterm delivery. Semin. Fetal Neonatal. Med., 9, 445–452.

39. Crider,K.S., Whitehead,N. and Buus,R.M. (2005) Genetic variation

associated with preterm birth: a HuGE review. Genet. Med., 7,

593–604.

40. Menon,R., Fortunato,S.J., Thorsen,P. et al. (2006) Genetic associ-

ations in preterm birth: a primer of marker selection, study

design, and data analysis. J. Soc. Gynecol. Investig., 13, 531–541.

41. Pennell,C.E., Jacobsson,B., Williams,S.M. et al. (2007) Genetic epide-

miologic studies of preterm birth: guidelines for research. Am. J.

Obstet. Gynecol., 196, 107–118.

42. Plunkett,J. and Muglia,L.J. (2008) Genetic contributions to preterm

birth: implications from epidemiological and genetic association

studies. Ann. Med., 40, 167–195.

43. Romero,R., Espinoza,J., Gotsch,F. et al. (2006) The use of high–di-

mensional biology (genomics, transcriptomics, proteomics, and

metabolomics) to understand the preterm parturition syndrome.

BJOG, 113 (Suppl. 3), 118–135.

44. Weinberg,C.R. and Shi,M. (2009) The genetics of preterm birth:

using what we know to design better association studies. Am. J.

Epidemiol., 170, 1373–1381.

45. Aidoo,M., McElroy,P.D., Kolczak,M.S. et al. (2001) Tumor necrosis

factor-alpha promoter variant 2 (TNF2) is associated with pre-term

delivery, infant mortality, and malaria morbidity in western Kenya:

Asembo Bay Cohort Project IX. Genet. Epidemiol., 21, 201–211.

46. Fujimoto,T., Parry,S., Urbanek,M. et al. (2002) A single nucleotide

polymorphism in the matrix metalloproteinase-1 (MMP-1) pro-

moter influences amnion cell MMP-1 expression and risk for pre-

term premature rupture of the fetal membranes. J. Biol. Chem.,

277, 6296–6302.

47. Genc,M.R., Gerber,S., Nesin,M. et al. (2002) Polymorphism in the

interleukin-1 gene complex and spontaneous preterm delivery.

Am. J. Obstet. Gynecol., 187, 157–163.

48. Kalish,R.B., Vardhana,S., Gupta,M. et al. (2004) Interleukin-4 and -

10 gene polymorphisms and spontaneous preterm birth in multi-

fetal gestations. Am. J. Obstet. Gynecol., 190, 702–706.

49. Landau,R., Xie,H.G., Dishy,V. et al. (2002) beta2-Adrenergic recep-

tor genotype and preterm delivery. Am. J. Obstet. Gynecol., 187,

1294–1298.

50. Lorenz,E., Hallman,M., Marttila,R. et al. (2002) Association between

the Asp299Gly polymorphisms in the Toll-like receptor 4 and pre-

mature births in the Finnish population. Pediatr. Res., 52, 373–376.

51. Ozkur,M., Dogulu,F., Ozkur,A. et al. (2002) Association of the

Gln27Glu polymorphism of the beta-2-adrenergic receptor with

preterm labor. Int. J. Gynaecol. Obstet., 77, 209–215.

52. Papazoglou,D., Galazios,G., Koukourakis,M.I. et al. (2004)

Association of -634G/C and 936C/T polymorphisms of the vascular

endothelial growth factor with spontaneous preterm delivery. Acta

Obstet. Gynecol. Scand., 83, 461–465.

53. Roberts,A.K., Monzon-Bordonaba,F., Van Deerlin,P.G. et al. (1999)

Association of polymorphism within the promoter of the tumor

necrosis factor alpha gene with increased risk of preterm

.............................................................................................................................................................................................................................................................................................

Page 9 of 10

Database, Vol. 2012, Article ID bar069, doi:10.1093/database/bar069 Original article
.............................................................................................................................................................................................................................................................................................

D
ow

nloaded from
 https://academ

ic.oup.com
/database/article/doi/10.1093/database/bar069/430614 by guest on 09 April 2024



premature rupture of the fetal membranes. Am. J. Obstet.

Gynecol., 180, 1297–1302.

54. Simhan,H.N., Krohn,M.A., Roberts,J.M. et al. (2003) Interleukin-6

promoter -174 polymorphism and spontaneous preterm birth.

Am. J. Obstet. Gynecol., 189, 915–918.

55. Witkin,S.S., Vardhana,S., Yih,M. et al. (2003) Polymorphism in intron

2 of the fetal interleukin-1 receptor antagonist genotype

influences midtrimester amniotic fluid concentrations of

interleukin-1beta and interleukin-1 receptor antagonist and preg-

nancy outcome. Am. J. Obstet. Gynecol., 189, 1413–1417.

56. Clausson,B., Lichtenstein,P. and Cnattingius,S. (2000) Genetic influ-

ence on birthweight and gestational length determined by studies

in offspring of twins. BJOG, 107, 375–381.

57. Treloar,S.A., Macones,G.A., Mitchell,L.E. et al. (2000) Genetic influ-

ences on premature parturition in an Australian twin sample. Twin

Res., 3, 80–82.

58. Johnstone,F. and Inglis,L. (1974) Familial trends in low birth weight.

Br. Med. J., 3, 659–661.

59. Ward,K., Argyle,V., Meade,M. et al. (2005) The heritability of pre-

term delivery. Obstet. Gynecol., 106, 1235–1239.

60. Morton,N.E. and Chung,C.S. (1978) Genetic Epidemiology.

Academic Press, NY.

61. Basso,O., Olsen,J. and Christensen,K. (1999) Recurrence risk of con-

genital anomalies–the impact of paternal, social, and

environmental factors: a population-based study in Denmark. Am.

J. Epidemiol., 150, 598–604.

62. Basso,O., Olsen,J. and Christensen,K. (1999) Low birthweight and

prematurity in relation to paternal factors: a study of recurrence.

Int. J. Epidemiol., 28, 695–700.

63. Boyd,H.A., Poulsen,G., Wohlfahrt,J. et al. (2009) Maternal contribu-

tions to preterm delivery. Am. J. Epidemiol., 170, 1358–1364.

64. Svensson,A.C., Sandin,S., Cnattingius,S. et al. (2009) Maternal

effects for preterm birth: a genetic epidemiologic study of

630,000 families. Am. J. Epidemiol., 170, 1365–1372.

65. Little,J. (2009) Invited commentary: maternal effects in preterm

birth–effects of maternal genotype, mitochondrial DNA, imprint-

ing, or environment? Am. J. Epidemiol., 170, 1382–1385.

66. Weinberg,C.R. and Shi,M. (2009) The genetics of preterm birth:

using what we know to design better association studies. Am. J.

Epidemiol., 170, 1373–1381.

67. Haataja,R., Karjalainen,M.K., Luukkonen,A. et al. (2011) Mapping a

new spontaneous preterm birth susceptibility gene, IGF1R, using

linkage, haplotype sharing, and association analysis. PLoS Genet.,

7, e1001293.

68. Volkov,N., Nisenblat,V., Ohel,G. et al. (2007) Ehlers-Danlos syndrome:

insights on obstetric aspects. Obstet. Gynecol. Surv., 62, 51–57.

69. Muglia,L.J. and Katz,M. (2010) The enigma of spontaneous preterm

birth. N. Engl. J. Med., 362, 529–535.

.............................................................................................................................................................................................................................................................................................

.............................................................................................................................................................................................................................................................................................

Page 10 of 10

Original article Database, Vol. 2012, Article ID bar069, doi:10.1093/database/bar069
.............................................................................................................................................................................................................................................................................................

D
ow

nloaded from
 https://academ

ic.oup.com
/database/article/doi/10.1093/database/bar069/430614 by guest on 09 April 2024


