
ABSTRACT 

TSAI, SHENGDAR. Genomic Analysis of Human Fetal Growth Restriction and 
Preeclampsia. (Under the direction of Jorge Piedrahita.) 
 
    Two of the most common disorders during human pregnancy are fetal growth 

restriction and preeclampsia.  Fetal growth restriction, clinically diagnosed at 10 

percentile birth weight or below, is associated with greatly increased perinatal morbidity 

and mortality.  Preeclampsia, or sudden onset maternal hypertension, is another of the 

major risk factors for perinatal mortality as well as posing a risk to the mother.  The 

placenta is central to fetal development, playing an important role as a regulator of fetal 

nutrition and growth.  Placental factors contribute to the symptoms of preeclampsia 

which spontaneously resolve upon delivery of the placenta.   

    Here, I describe a set of transcriptional profiling experiments which investigate the 

genes and pathways disregulated in placentas from pregnancies complicated by fetal 

growth restriction and preeclampsia.   

    In placentas from pregnancies complicated by preeclampsia, I found disregulation of 

immune associated pathways.  Notably, SIAE, a gene functionally associated with 

autoimmunity was prominently and consistently upregulated in preeclampsia-associated 

placentas.  I resequenced SIAE in a subset of preeclamptic and control patients and 

found a functionally secretion-defective mutant, providing the first direct evidence of 

SIAE disregulation and preeclampsia. 

    We hypothesized that imprinted genes, a special class of genes characterized by 

parent-of-origin specific monoallelic expression, are disregulated in fetal growth 

restriction.  In fetal growth restricted-associated placentas I identified significant 

transcriptional upregulation of an imprinted gene, paternally expressed gene 3 (PEG3).  

By genotyping of common SNPs, I identified a preliminary association between a 

variation in PEG3 (SNP rs1055359) and fetal growth restriction in Caucasian Americans 

(p<0.0005, n=158).   

    To exhaustively characterize genetic variation at this locus in 55 Caucasian and 

African American samples, I used a solution hybrid capture technique to specifically 



enrich for DNA from 0.5 Mb of genomic context surrounding and including PEG3.  Using 

this captured DNA, I constructed a multiplexed, Hamming-barcoded Illumina Genome 

Analyzer library for next-generation massively parallel sequencing.  The targeted interval, 

representing 0.0045% of the human genome, was captured with high efficiency (94-97% 

of mappable reads), generating an average of >1000X sequence coverage.    
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CHAPTER ONE: Introduction 
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Overview 

     In 2001, a draft version of the human genome was released, allowing the first 

glimpse of the  complexity of genomic architecture on the DNA level1.  In 2009, the 

genome sequences for James Watson2 and Craig Venter3 were published on the basis of 

2nd-generation short-read sequencing technology4, a technical advancement that has 

altered the potential scale and economics of genomic scientific projects, once again.  In 

the interim, a number of genome-wide association studies have been conducted with the 

intention of associating common genotypes to phenotype, however, of these studies only 

a few have been able to explain more than a small fraction of the actual heritable 

phenotypic variation5.  The source of this “missing heritability” is unclear, however some 

have suggested that it lies in rare variants of large effect, while others believe that most 

of the phenotypic variation can be explained by the combination of common variants6,7.  

    The availability of complete genome sequence has also enabled the design of better 

microarrays, which enabled the profiling of thousands of genes simultaneously and in 

the latest designs probes target all known genes in the human genome. 

Genomics of Complex Disease Phenotypes 

     In my studies, the broad goal is to unravel the etiology of two common human 

pregnancy associated-disorder fetal growth restriction and preeclampsia using genomic 

tools.  These studies are anchored by a large microarray experiment (n=89) in which I 

characterize the transcriptional profiles of two complex human disease phenotypes.  

Gene expression profiles are informative because there exist many breaking points in a 

complex system, but only a few of which may be common to a real population.  

Transcriptional profiling can uncover these pathways, complementing genetic studies 

which can inform the functional effect of disabling a single gene but not whether that 

disregulation is commonly observed.  As always, caution needs to be exercised in 

inferring causation from transcript overrepresentation as gene expression profiles can 

include responses to disease symptoms as well as causal factors.  One of the goals of 
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this approach is to identify defining molecular features of each of these phenotypes in 

order better understand disease etiology. 

    These experiments are based upon difficult to obtain human placental tissues 

collected from live births.  For the purpose of RNA isolation, these were meticulously 

collected within an hour of delivery (day or night) from Duke University Medical center 

and snap frozen in liquid nitrogen.  Among the challenges of this experimental system 

are: firstly, samples obtained at live birth vary in gestational age between groups with 

control groups typically delivering closer to full term and disease groups earlier (in fact, 

induction of labor is one of the forms of clinical management for preeclampsia) and 

second, effects of chemicals or hormones used to induce labor must also be accounted 

for.  Finally, because we are sampling upon live birth, another important question is how 

to separate downstream effects from bona fide disease-associated transcriptional 

changes. 

Fetal growth restriction (FGR) or intrauterine growth restriction 

(IUGR) 

    Fetal growth restriction (FGR) or intrauterine growth restriction (IUGR) are terms that 

are used interchangeably to characterize pregnancies in which fetuses do not grow to 

their full genetic growth potential and are at higher risk of perinatal morbidity and 

mortality8-13.  Fetal growth restriction can result in small-for-gestational age (SGA) birth; 

this definition is applied at birth and not in utero.  Empirically, babies that are below the 

10th percentile in birth weight (ideally adjusted for gender, race, and maternal parity, all 

factors that can influence birth weight), are at risk14.  However, this criteria is imperfect 

as in the absence of a disease phenotype there are babies that are simply 

constitutionally small.  The overlap of these constitutionally small with pathologically 

small births poses a challenge to identifying authentic disease-associated factors. 

Additionally, environmental factors and chromosomal abnormalities may contribute to 

low birth weight (to control for this we excluded births with known documented 

chromosomal abnormalities from these studies).  In sum, pathological fetal growth 
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restriction is ultimately the phenotype of interest, but SGA birth is the best available 

surrogate measure used in our studies. 

Preeclampsia 

    Preeclampsia is another serious multi-system complication of pregnancy causing 

approximately 15% of preterm births15, characterized by sudden-onset maternal 

hypertension, proteinuria, and glomerularnephritis16.  Neonatal mortality is estimated to 

be 50% greater in pregnancies complicated by preeclampsia17.  A number of different 

risk factors for preeclampsia have been identified including: first pregnancy, a family 

history of preeclampsia, diabetes, and multiple gestations18,19.  Preeclampsia is a 

particularly good target for fetal placental transcriptional profiling as the clinical 

symptoms of preeclampsia generally resolve upon delivery of the placenta, suggesting 

the existence of an important placental factor16. 

Genomic Imprinting 

    As reviewed in chapter 2 (published), our laboratory became interested in the question 

of genomic imprinting during fetal development on the basis of observations made on 

the frequent disregulation of imprinted genes during somatic cell nuclear transfer20 and 

in in vitro culture in assisted reproduction21.  On the basis of these observations, we 

hypothesized that the imprinted gene family was disregulated and potentially causative 

of human fetal growth restriction.  Important to this understanding this hypothesis, 

genomic imprinting and the parental conflict hypothesis which are thoroughly reviewed in 

Ch. 2. 

Genomic Approaches in Porcine Models 

    Chapter 3 (published) reviews the genomic approaches we’ve taken to studying fetal-

placental function in the context of a porcine large animal model.  Chapters 4 

(published) and 5 (published) detail the development of porcine genomics including the 

detection of porcine imprinted genes using through transcriptional profiling of a 
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parthenote model and the discovery of single nucleotide polymorphisms (SNPs) using 

short oligonucleotide microarrays.  I apply the techniques learned in this earlier porcine 

work to the genomic study of the human placenta in fetal growth restriction and 

preeclampsia. 

Transcriptional Profi l ing & Genetic Analysis of Placentas from 

Pregnancies Complicated by Preeclampsia 

    Chapter 6 (submitted) details the results of the transcriptional profiling of placentas 

from pregnancies complicated by preeclampsia.  As the phenotype of preeclampsia is 

relatively clear (in contrast to fetal growth restriction) with sudden onset maternal 

hypertension and proteinuria, sufficient numbers of differentially expressed genes were 

identified by this approach to analyze with pathway analysis.  I report on disregulation of 

immune-associated pathways with focus on an interesting group of sialic-acid associated 

genes and fit the changes we observe into an immune-mediate model of preeclampsia 

pathogenesis. 

    In Chapter 7, I further characterize the coding sequence of human sialic acid 

acetylesterase (SIAE), a gene where rare functionally defective variants were recently 

described to be functionally associated with autoimmunity22.  While the results of this 

work are preliminary and from a small pool of subjects, I identify a patient from a 

preeclamptic pregnancy carrying a homozygous functionally defective (catalytically 

active, but secretion defective) mutation in SIAE. 

Transcriptional Profi l ing & Genetic Analysis of Placentas from 

Pregnancies Complicated by SGA Birth 

    Chapter 8 begins by describing the results transcriptional profiling of placentas from 

pregnancies complicated by SGA birth.  A notable result of this experiment was the 

detection of differential expression of PEG3, a member of the imprinted gene family.  We 
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analyze the epigenetics of PEG3 for relaxation of imprinting and changes in methylation 

status of its promoter.  I then analyze selected PEG3 SNPs for association with SGA birth. 

    With the detection of an encouraging initial association between a genotype of PEG3 

and SGA birth, we decided to characterize the PEG3 coding and its genomic context in 

greater detail.  In Chapter 9, I describe the refinement of a DNA barcoding strategy and 

application to Illumina Genome Analyzer library construction, and a combination of this 

multiplexing strategy to a recently developed solution hybrid selection protocol for 

targeted genomic sequence capture23,24. 

    Using these tools, I was able to perform massively parallel sequencing of a targeted 

interval spanning 0.5 MB around and including PEG3 at exceptionally high coverage 

levels (>1000X in most cases) in 55 human individuals (37 normal, 18 SGA births).  

Complete bioinformatic analysis of this newly generated dataset should yield valuable 

information about the existence of functional coding variation as well as regulatory 

noncoding variation in association with SGA birth.  Additionally, because of the efficiency 

of targeted sequence capture, it is possible to sequence 3-5 times the number of 

individuals and still maintain sufficient coverage to confidently call individual genotypes 

across this genomic interval.   
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  13 
The Epigenome and Its Relevance to Somatic Cell 
Nuclear Transfer and Nuclear Reprogramming  
  Jorge A.   Piedrahita  ,   Steve   Bischoff  , and   Shengdar   Tsai       
 

  13.2   The  e pigenome 

 The late developmental biologist Conrad 
Waddington described the  “ epigenetic land-
scape ”  as a metaphor for how gene regula-
tion occurs during development. The picture 
is of a marble rolling down a steep valley 
with a series of peaks and troughs. These 
dips in the landscape represent various cell 
fate decisions, and its initial conception rep-
resents the largely irreversible differentia-
tion or lineage commitment as cells progress 
from a totipotent one - cell zygote to one of 
the many, diverse cell types that form an 
adult organism. More recently, epigenetics 
has been defi ned as the phenomenon that 
changes the outcome or phenotype without 
a change in genotype or underlying DNA 
sequence. One of the simplest examples of 
epigenetic regulation at work is the process 
of cell fate specifi cation. The genomic DNA 
of all the cells that comprise the body or 

  13.1   Introduction 

 In this chapter, we will discuss the impor-
tance of nuclear reprogramming during 
somatic cell nuclear transfer (SCNT) and 
its implications for normal fetal and placen-
tal development. Such a topic requires an 
overview of several interrelated fi elds. First, 
the epigenome must be properly defi ned and 
its importance to the nuclear reprogram-
ming process described. Second, the rela-
tionship of a crucial gene family for placental 
development and function of imprinted 
genes must be covered as they are particu-
larly susceptible to epigenetic infl uences. 
In the fi nal topic, we cover the effects of 
SCNT in relation to the epigenome, both 
the changes that occur and/or fail to occur 
during nuclear reprogramming, as well as 
their developmental consequences, in par-
ticular, in relation to placentation and fetal 
growth.  
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methylases activity, it connects a specifi c 
histone state (unmethylated lysine 4 of 
histone H3) with the  de novo  methylation 
of DNA by Dnmt3b and is an intriguing 
example of the epigenetic cross talk between 
DNA methylation and histone modifi ca-
tions. Dnmt2, which was thought to be 
a DNA methyltransferase due to strong 
sequence homology, has been renamed 
to  TRDTM1  (tRNA aspartic acid methyl-
transferase 1) as it turned out not to methyl-
ate DNA at all, but instead methylate 
aspartic acid tRNA. DNA methyltransfer-
ases Dnmt1, Dnmt3a, and Dnmt3b have 
been shown to be essential for development 
as targeted homozygous mice at these loci 
do not survive (Li et al.  1992 ). On the other 
hand, targeted Dnmt1  ! / !   embryonic stem 
(ES) cells are viable, but proliferation of 
these null mutant cells is limited after dif-
ferentiation (Lei et al.  1996 ).  

  13.2.2   The  c ontroversy over  a ctive 
 DNA   d emethylation 

 In comparison to active DNA methylases, 
the subject of active DNA demethylation is 
far more controversial. Evidence suggesting 
that an active demethylase exists, stems 
from observations that at an early stage 
in embryonic development, paternal DNA 
becomes actively demethylated. Because 
the activation energy to break the covalent 
bond of 5 - methyl - cytosine is high, however, 
the mechanism of DNA methylation has 
been suggested to more likely progress via a 
base - excision repair mechanism (Ooi and 
Bestor  2008 ). Mbd2 (methyl - binding domain 
protein 2), a protein that shows methyla-
tion - dependent binding to DNA, was ini-
tially reported to be a DNA demethylase 
(Bhattacharya et al.  1999 ). However, these 
results could not be independently repro-
duced, and Mbd2 - defi cient mice exhibited 

 soma  is equivalent (with the exception of a 
few cell types such as B and T cells, which 
undergo somatic rearrangements), as proven 
by the cloning of fully differentiated cells to 
produce a full adult animal (Humpherys 
et al.  2002 ). Given this state of  “ genomic 
equivalence ”  on the sequence level, what is 
responsible for the differences between the 
varying cell types? The answer is that the 
differences are encoded in various epigenetic 
modifi cations to the chromatin state, includ-
ing DNA methylation and histone (the 
proteins around which DNA is wrapped) 
modifi cations. 

  13.2.1    DNA   m ethylation 

 DNA methylation is a chemical modifi ca-
tion of DNA that occurs in mammals only 
at the cytosine residues of CpG dinucleo-
tides (a methyl group is added at the 5 "  posi-
tion of cytosine to make 5 - methyl - cytosine). 
There exist CpG - rich areas of the genome 
known as  “ CpG islands ”  as well as CpG 
poor areas referred to as  “ CpG deserts. ”  Two 
types of enzymes that actively methylate 
DNA in mammals have been identifi ed: 
maintenance methyltransferases methylate 
DNA that is already methylated on one 
strand (hemimethylated DNA) and  de novo  
methyltransferase that methylate unmeth-
ylated DNA. Dnmt1 is an abundant active 
DNA maintenance methyltransferase with 
a preference for hemimethylated DNA 
(Svedruzic  2008 ) and is responsible for main-
taining DNA methylation marks during 
replication. Sequestering of Dnmt1 in the 
early stages of mammalian development is 
responsible for the passive demethylation of 
the maternal zygotic genome. Dnmt3a and 
Dnmt3b are  de novo  methyltransferases, 
which can methylate unmethylated DNA 
(Okano et al.  1998 ; Xie et al.  1999 ). While 
Dnmt3l does not exhibit intrinsic DNA 
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stood. However, the current state of knowl-
edge is that this information is likely to 
be encoded in these modifi cations to the 
N - terminal tails of the core histones in what 
is sometimes referred to as the  “ histone 
code. ”  One can imagine the dramatic effect 
higher - order chromatin structure could have 
on transcriptional activity; in highly con-
densed chromatin (heterochromatin), DNA 
is highly inaccessible to the transcriptional 
machinery, and transcription is shut down. 
On the other hand, in uncondensed chroma-
tin (euchromatin), the DNA is highly acces-
sible, and high transcriptional activity is 
possible.   

 The function of DNA methylation in the 
context of regulation of transcription has 
been controversial; in particular, questions 
have arisen as to whether DNA methylation 
is a marker or a regulator of gene expression. 
The recent observation of a correlation 
between gene body methylation (methyla-
tion in the center of a transcript, as opposed 
to the promoter) and gene expression in both 
plants and animals (Hellman and Chess 
 2007 ) points to a more complex role for 
DNA methylation than previously sus-
pected. The classical model for transcrip-
tional control by DNA methylation is 
that of a methylated promoter, in which 
demethylation of the promoter permits tran-
scription factor binding, and subsequent 

normal patterns of DNA methylation. 
Gadd45a was also recently reported to be an 
active DNA demethylase that operated via 
a base - excision repair pathway (Barreto et al. 
 2007 ); however, a follow - up study by an 
independent group found that Gadd45a 
did not promote DNA demethylation (Jin 
et al.  2008 ). Thus, at this point, it is unclear 
how DNA is demethylated, but what is 
undisputed is the importance of DNA meth-
ylation in affecting gene expression.  

  13.2.3   Chromatin  m odifi cations 

 The classical view of DNA methylation 
is that it is a modifi cation to DNA that 
represses transcription. An example of 
this would be the methylation of a CpG - 
rich promoter that prevents transcription 
factor binding and activation at that locus. 
However, this view is overly simplistic, 
as recent fi ndings from genome - wide epig-
enetic profi les of DNA methylation have 
revealed a more complex relationship 
between DNA methylation and transcrip-
tion. Yet methylation of DNA can have 
a drastic effect on chromatin structure, 
initiated by methyl - binding proteins that 
recognize the methylated DNA and 
attract additional proteins to the methylated 
area, resulting in chromatin confi guration 
changes. In addition to the methylation of 
DNA, there are several other modifi cations 
targeted toward histone proteins that par-
ticipate in modifi cation of chromatin on a 
regional level. A number of posttranslational 
modifi cations can be made to these histone 
tails, including acetylation, phosphoryla-
tion, ubiquitination, and methylation. Table 
 13.1  summarizes key histone 3 modifi ca-
tions and their overall effects on chromatin 
structure and gene expression. Overall, the 
epigenetic language that defi nes chromatin 
structure is now only beginning to be under-

  Table 13.1    Selected histone 3 modifi cations and 
their associated function. 

   Histone 3 modifi cation     Associated function/
marking  

  Lysine 4 unmodifi ed    Recruitment of  de novo 
methylation   

  Lysine 4 trimethylation    Active transcription  
  Lysine 4 and 9, overlapping    Imprinting control region  
  Lysine 9 trimethylation    Heterochromatin, binds 

HP1  
  Lysine 27 trimethylation    Transcriptional repression  
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antibodies (Mikkelsen et al.  2007 ). A wealth 
of data was generated by this approach —
 most interesting of which was that many of 
the genes marked by bivalent chromatin 
domains are involved in the regulation of 
development. These data strongly suggested 
that cell commitments and developmental 
potential are represented by histone 3 and 
lysine 4 and 27 trimethylation. 

 Another discovery that changed our per-
ception of the transcriptional landscape was 
recently reported by Richard Young ’ s group 
at MIT (Guenther et al.  2007 ). Using ChIP -
 chip methods, they observed that transcrip-
tion initiation occurs at the majority of 
human promoters in all types of cells exam-
ined. Only at slightly more than half of the 
genes where transcription initiates will 
transcriptional elongation continue. Thus, 
it is not as simple as which genes are 
being transcribed and which are not, but a 
more complex regulation of the completion 
of elongation. In sum, the transcriptional 
machinery is poised at most promoters, 
ready to begin transcription. This near 
ubiquitous promoter occupancy is likely to 
have a regulatory role; RNA Pol II occu-
pancy of promoters is tightly correlated with 
H3K4me3 (Guenther et al.  2007 ). It could 
also have a signifi cant implication for 
nuclear reprogramming after SCNT from 
two aspects: (1) cell lines with a high pro-
portion of bivalent chromatin domains are 
likely to be more easily reprogrammed as 
they are poised to received an inductive 
signal; and (2) if promoter occupancy is ubiq-
uitous, SCNT reprogramming must likely 
function at the elongation step, not at the 
initiation step. 

 Other modifi cations such as histone 
acetylation also play a role in gene regula-
tion: An inverse relationship between 
DNA methylation and histone acetylation 
is observed locally by polymerase chain 

transcription initiation to occur. However, 
this view of methylation - induced transcrip-
tional repression is being challenged by 
a number of recent studies. Genome - wide 
profi ling of human DNA promoter methyla-
tion by Weber et al.  (2007)  suggested that 
although DNA methylation is suffi cient 
to inactivate CpG island promoters, in 
most cases, inactive CpG island promoters 
remain unmethylated. In other words, DNA 
methylation is not required for the majority 
of observed tissue - specifi c transcriptional 
repression. Their work instead points to 
chromatin structure, via histone 3 lysine 
4 dimethylation (H3K4me2), as a way to 
protect these CpG islands from  de novo  
methylation, and also as a mechanism of 
transcriptional repression.  

  13.2.4   The  r elationship  b etween 
 c hromatin  m arks and 
 d evelopmental  p otential 

 If we suppose that transcription can affect 
DNA methylation, what then regulates 
the transcriptional changes that are so pre-
cisely modulated during the course of mam-
malian embryonic development? The work 
of Bernstein et al.  (2006)  provided an intrigu-
ing clue with the discovery of bivalent 
chromatin domains with both active and 
repressive histone modifi cations (H3K4me3 
and H3K27me3). These bivalent markings 
suggest that certain genes are repressed 
but poised for transcription in mouse embry-
onic stem cells. To assess the degree to 
which these bivalent chromatin domains 
were present in different cell types, deep 
sequencing technology from Illumina/
Solexa was used to generate comprehensive, 
high - resolution chromatin maps of pluripo-
tent and lineage - committed mammalian 
cells after chromatin immunoprecipitation 
with anti - H3K4me3 and anti - H3K4me27 
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(epigenetic reprogramming), it might be pos-
sible to alter cellular identity. Currently, 
four methods have been used for the epi-
genetic reprogramming of cells: (1) SCNT, 
(2) fusion of terminally differentiated cells 
with ES cells, (3) exposure of cells of one 
type to nuclear extracts from a different cell 
type (transdifferentiation), and (4) cellular 
reprogramming by introduction of selected 
transcription factors using retroviral trans-
genesis. In all cases, the idea being that 
factors present in one cell type can repro-
gram another cell type. 

  13.3.1    SCNT  

 The fi rst successful mammalian cloning 
by SCNT was reported by Campbell and 
Wilmut in 1996 and provided conclusive 
evidence that a somatic cell could be repro-
grammed back to a totipotent embryonic 
state, capable of developing into another 
genetically identical animal (Campbell et al. 
 1996 ). In this method, a somatic cell is intro-
duced into an enucleated mature metaphase 
II oocyte, where factors present in the oocyte 
 “ reprogram ”  the incoming nuclei, eventu-
ally giving rise to a developing embryo. ES 
cells can reprogram somatic cells by cell –
 cell fusion to form a tetraploid cell with ES 
cell - like properties (Do and Scholer  2004 ; 
Cowan et al.  2005 ). These reprogrammed 
cells end up with a transcriptional profi le 
similar to ES cells and have the ability to 
differentiate into multiple cell types. 
However, the obvious limitation here is that 
the end result is a tetraploid cell, effectively 
excluding it from any therapeutic applica-
tion. In addition, there have been experi-
ments involving the use of cell extracts from 
oocytes or pluripotent cells to reprogram 
somatic nuclei (Collas  2003 ; Collas and 
Hakelien  2003 ; Collas and Taranger  2006 ). 
These experiments have demonstrated 

reaction (PCR) - based methods, and globally 
using a high - resolution oligonucleotide 
tiling array (Hayashi et al.  2007 ; Wu et al. 
 2007 ). This points to a connection between 
DNA methylation, histone actetylation, and 
chromatin structure. The most direct evi-
dence that histone modifi cations regulate 
methylation has come from Ooi et al.  (2007)  
who demonstrated that  de novo  methyla-
tion is in fact connected to unmethylated 
histone H3 lysine 4 (H3K4) by physical 
interactions with Dnmt3l, an enzymatically 
inactive regulatory factor required for the 
establishment of DNA methylation patterns 
in germ cells (Nimura et al.  2006 ). Ooi et al. 
 (2007)  used mass spectrometry to identify 
the main proteins that interact with Dnmt3l: 
Dnmt3a2, Dnmt3b, and the four core 
histones. Further, they demonstrated with 
peptide interaction assays that Dnmt3l 
interacts specifi cally with an H3 tail that is 
unmodifi ed at lysine 4; this interaction is 
abolished when lysine 4 is methylated. 
Taken together, the body of evidence from 
these recent publications implicates chro-
matin structure as a driving force behind 
transcriptional regulation, with DNA meth-
ylation serving as a mechanism to reinforce 
and stabilize transcriptional repression. (We 
do not, however, exclude the alternative 
possibility that there is a bidirectional dia-
logue between methylation and chromatin 
state.) With such a complex mode of regula-
tion of chromatin structure, how then can 
one cell type be reprogrammed to behave 
like another one?   

  13.3   Epigenetic reprogramming 

 By reasoning that if all cells share the same 
genomic DNA on a sequence level, one 
might come to the conclusion that perhaps 
by simply changing their epigenetic state 
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 The signifi cance of the Yamanaka experi-
ment cannot be downplayed. It demon-
strated, irrefutably, that somatic cells could 
be reprogrammed by defi ned factors, and 
provides a starting point for dissecting the 
complex, stochastic process of nuclear repro-
gramming. While Dolly also demonstrated 
conclusively the ability of cells to be repro-
grammed, it was done in a global manner 
and by factors that we still do not know 
much about. In contrast, the seminal work 
of Yamanaka showed that it takes a few 
select proteins to completely reprogram a 
differentiated cell. This drastically changed 
our view of nuclear reprogramming from 
one of a global event requiring a multitude 
of players, to a more targeted and select 
system. So what does it take to make an ES 
cell? The four factors used by Takahashi and 
Yamanaka  (2006)    to induce pluripotency are 
 Oct - 3/4 ,  Sox2 ,  c - Myc , and  Klf4  (see Figure 
 13.1  for the description of reprogramming 
using defi ned factors).  Oct4  is a transcrip-
tion factor expressed specifi cally in embryo-
nal carcinoma cells, early embryos, germ 
cells, and embryonic stem cells (Okamoto et 
al.  1990 ; Scholer et al.  1990 ). A precise level 
of  Oct4  expression is required for the main-
tenance of developmental potency; less than 
a twofold increase results in differentiation 
to endoderm or mesoderm, while repression 
triggers differentiation to trophectoderm 
(Niwa et al.  2000 ). The data available show 
that  Oct4  and  Nanog  together orchestrate 
the transcription of an interconnected, auto-
regulatory network of genes responsible for 
maintaining pluripotency (Wang et al.  2006 ). 
 Sox2  is a member of a family of SOX pro-
teins that all recognize a similar binding 
motif, and it plays a key role in ES cell estab-
lishment as supported by the observation 
that ES cells cannot be established from 
null Sox2 mice (Avilion et al.  2003 ).  c - Myc  
can recruit a number of histone acetyl 

demethylation of pluripotency - associated 
promoter regions from a population of cells; 
however, the method suffers from a lack of 
rigorous evidence because no report to date 
shows reactivation of a pluripotency genetic 
reporter (Pou5f1 - eGFP, Nanog - eGFP). It is 
therefore impossible to exclude the possibil-
ity that the reprogrammed cells are in fact 
derived from the cell extracts themselves. In 
spite of their individual limitations, taken 
together, these experiments strongly sug-
gested the existence of reprogramming 
factors that can act to transform the epigen-
etic state of somatic cell nuclei. Yet in all 
cases, these reprogramming factors were not 
defi ned as they involved complex mixtures 
of factors. Thus, no information was pro-
vided as to what factors in the cell extracts/
nuclei were actually the ones responsible for 
the reprogramming process.  

  13.3.2   Yamanaka  f our -  f actor  e xperiment 

 In a seminal experiment from the group of 
Shinya Yamanaka, the induction of pluripo-
tent stem cells from mouse fi broblasts using 
four defi ned factors ( “ Yamanaka factors ” ) 
was demonstrated. By introducing these 
factors, they were able to convert fi broblasts 
into cells that had many of the characteris-
tics of ES cells, including morphology and 
differentiation potential (Takahashi and 
Yamanaka  2006 ). Further refi nements of 
this approach by Yamanaka and two other 
groups have resulted in the generation of 
induced pluripotent (iPs) cells that were able 
to contribute to germline chimeras (Maherali 
et al.  2007 ; Okita et al.  2007 ; Wernig et al. 
 2007 ). Human iPS cells have now also been 
generated by the direct reprogramming of 
fetal and adult fi broblasts, using the same 
defi ned factor approach as in mice (Takahashi 
et al.  2007 ; Yu et al.  2007 ; Lowry et al.  2008 ; 
Park et al.  2008 ). 
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a small molecule BIX - 01294, an inhibitor of 
the G9A histone methyltransferase, by 
transducing with the factors  Klf4 ,  Sox2 , and 
 c - Myc  in the presence of BIX - 01294 (Shi 
et al.  2008a ). This is exciting not only as it 
is a fi rst step toward replacing viral factors 
inappropriate for clinical use with small 
molecules, but also for providing insights 
into the mechanism of transcription factor -
 based reprogramming.    

  13.3.3   Molecular  c hanges 
 d uring  r eprogramming 

 In a bid to understand how the defi ned 
factors might reprogram somatic cells on a 
mechanistic level, the role of DNA methyla-
tion in the dynamic regulation of transcrip-
tion throughout development is of particular 
interest. During the course of a relatively 
long reprogramming period (12 – 40 days post 
infection), Oct4 promoter demethylation 
occurs and Oct4 transcription is reactivated 
as observed by a targeted fl uorescent reporter. 
Interestingly, Southern blot analysis of Oct4 
eGFP positive (reprogrammed) and negative 
(not reprogrammed) populations of a trans-
duced subclone demonstrated that they are 
clonally derived from the same parent based 
on similar patterns of proviral integration 

transferases, including  GCN5 ,  CBP , and 
 p300  (Adhikary and Eilers  2005 ). The onco-
genic properties of  c - Myc  are not surprising, 
given its well - characterized role as a proto -
 oncogene (Dalla - Favera et al.  1982 ; Hooker 
and Hurlin  2006 ).  c - Myc  probably contrib-
utes to the phenotype of self - renewal of iPs 
cells, as well as their open and active chro-
matin structure (Yamanaka  2007 ).  Klf4  is a 
Kruppel - like factor, zinc fi nger protein pos-
tulated to be required to suppress the apop-
totic inducing effects of  c - Myc  (Yamanaka 
 2007 ). More recent work has indicated that 
 c - Myc  is not required for the generation of 
iPS cells from fi broblasts, and while the 
number of colonies obtained was reduced, 
conversely, the specifi city of induction was 
increased (Nakagawa et al.  2008 ). While 
none of the factors are expressed at a high 
level in fi broblasts, by carefully picking a 
cell type with high endogenous expression 
of a factor, that factor could also potentially 
be omitted. This was found indeed to be the 
case with  Sox2 , which is expressed at a high 
level in neural stem cells, which when 
transduced with retroviruses with Oct4 and 
Klf4 were successfully reprogrammed to iPS 
cells (Kim et al.  2008 ). Finally, utilizing a 
combined chemical and genetic approach, 
the Oct4 retrovirus itself was replaced with 

Early passage
fibroblasts

Transduced
fibroblasts

Oct4, Sox2, Klf4, c-Myc retroviruses >10 days

Induced pluripotent
stem (iPS cells)

     Figure 13.1     Overview of epigenetic reprogramming by retroviral transduction. Early passage fi broblasts 
are transduced with viruses encoding Oct4, Sox2, Klf4, and c - Myc  . Transduced fi broblasts are repro-
grammed over the course of  > 12 days into induced pluripotent stem cells. This experiment was the fi rst 
example of direct reprogramming with known factors. The reprogrammed cells, however, are not suitable 
for clinical use as they contain random retroviral integrations (Yamanaka  2007 ).  
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potency - determining genes, during retinoic 
acid - induced differentiation. They observed 
that levels of  Oct4  protein dropped 24   h 
before any change was detected in its pro-
moter methylation, suggesting that  de novo  
methylation was secondary to transcrip-
tional and chromatin changes. In subsequent 
experiments, Oct4 was shown to still 
undergo transcriptional repression in mutant 
Dmnt3a/3b – / –  ES cells treated with retinoic 
acid in the complete absence of  de novo  
methylation, via repressive histone 3 lysine 
9 trimethylation (H3K9me3  ) by G9a (Figure 
 13.2 ). It should be noted that the steps in 
this sequence repression appeared to be 
reversible, up until the point of  de novo  
methylation, suggesting an essential role for 
DNA methylation to stabilize the epigenetic 
change.    

and that reprogramming depends on sto-
chastic epigenetic events over the course of 
extended cell proliferation. Fully repro-
grammed clones, as characterized by Oct4 
reporter reactivation and positive staining 
for alkaline phosphatase (AP), SSEA1, Nanog, 
and Oct4, exhibit complete demethylation 
at the Oct4 promoter (Meissner et al.  2007 ). 
The importance of epigenetic modifi cations 
in the reprogramming step is reinforced by 
the replacement of the Oct factor by BIX -
 01294, a G9a histone methyltransferase 
inhibitor. In this context, there are a number 
of experiments that follow the inactivation 
of genes downregulated during differentia-
tion. In one study, Feldman et al.  2006  care-
fully examined the sequence of events that 
lead to the repression and demethylation 
of Oct4, one of the most well - known pluri-

Model for repression of Oct4 activity during differentiation

Active

Histone acetylation (H3K9, H3K14)
Repressive histone methylation (H3K9)
DNA methylation

Oct4 promoter

Oct4 coding

HDAC G9a

G9a Dnmt3a

Repressed

(a)

(b)

(c)

(d)

     Figure 13.2     Sequential model of Oct4 in mouse ES cells during retinoic acid - induced differentiation. (a) 
Oct4 promoter is active in uninduced ES cells. (b) Transient transcriptional repression induced by retinoic 
acid recruits histone deacetylase mediated by G9a. Once histone deacetylation occurs, transcription stops  . 
(c) G9a methylates histone 3 lysine 9 and recruits Dnmt3a/3b for  de novo  methylation. (d) The Oct4 pro-
moter is now repressed by chromatin structure and stabilized by DNA methylation. Note that transcription 
stops prior to methylation.  
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human and veterinary medicine, but also 
because it provides the framework for an 
eventual understanding of how a few selec-
tive transcription factors can interact in a 
fascinating epigenetic cross talk between 
histone modifi cations, transcription, and 
DNA methylation to ultimately specify cell 
fate. In short, nuclear reprogramming, be it 
by defi ned factors, cell fusion, or SCNT, 
involves signifi cant changes to the chroma-
tin state. Yet, in spite of the complexity of 
the changes involved, the work of Yamanaka 
showed that only a few factors are required 
to initiate a complex series of events leading 
to stable changes in cell fate, that is, nuclear 
reprogramming. But, in all cases, they 
involve changes to the chromatin state 
including DNA methylation and histone 
modifi cations.   

  13.4   Genomic  i mprinting 

 While in theory all genes in the genome can 
be affected by their epigenetic state, the 
imprinted gene family is particularly rele-
vant as it plays a major role in placental and 
fetal development and function, and has a 
unique mode of regulation that is heavily 
dependent on modifi cation of the epig-
enome. In the previous section, mechanisms 
of epigenetic regulation were discussed. 
This section aims to discuss placental physi-
ology and its control in part by genomic 
imprinting, an epigenetic phenomenon that 
results in monoallelic expression of a subset 
of genes based on parent - of - origin inheri-
tance. This silencing of one parental strand 
involves epigenetic markings by allele - spe-
cifi c DNA methylation and/or histone mod-
ifi cations (Lewis et al.  2004 ). We conclude 
with a discussion on growth phenotypes of 
imprinted genes. 

  13.3.4   Effi ciency of  r eprogramming  i s 
 i mproved with  c hemical  i nhibitors 

 The effectiveness of the G9a inhibitor in 
promoting reprogramming to a pluripotent 
state suggests that the repressive histone 
modifi cations laid down by G9A exist in a 
dynamic equilibrium, which is subsequently 
shifted from a repressive to an active ground 
state in the presence of BIX - 01294. However, 
the G9a inhibitor BIX - 01294 would not be 
predicted to have a direct effect on DNA 
demethylation, which is consistent with the 
requirement for the remaining factors  Klf4  
and  Sox2 . As  Sox2  has binding sites on 
the Oct4 promoter, perhaps the demethyl-
ation at the locus occurs via a passive 
demethylation mechanism during replica-
tion mediated by  Sox2  binding and exclusion 
of maintenance methyltransferase Dnmt1. 
The kinetics of the reprogramming process 
did not signifi cantly change with BIX - 01294, 
which fi ts with a model where the rate - 
limiting step is the change in DNA methyla-
tion state. Additional evidence for the 
importance of chromatin state on reprogram-
ming via defi ned factors comes from the 
observation that partially reprogrammed 
cells are hypomethylated at pluripotency -
 related genes. This led Mikkelsen et al. 
 (2008)  to try treatment with the DNA 
methyltransferase inhibitor 5 - azacytidine (5 -
 AZA  ) to enhance the effi ciency of repro-
gramming. They found that AZA increased 
the frequency of appearance of GFP - positive 
cells in a Nanog - GFP reporter system from 
0.25% to 7.5%. Similarly, Huangfu et al. 
 (2008)  found that both DNA methyltrans-
ferase and histone deacetylase inhibitors 
improve reprogramming effi ciency, and that 
the small - molecule valproic acid is particu-
larly effective. 

 Taken together, all of this work is exciting 
not only for its practical implications in 
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blastic neoplasia with a very small embryo 
component and a very large abnormal 
placenta. Surprisingly, a sole report of full -
 term parthenogenetic mice was reported by 
Illmensee and Hoppe, yet neither the authors 
nor others could reproduce their results 
(Marx  1983 ). Independent work directly 
confi rmed that male and female parental 
genomes direct fundamentally different 
developmental programs in mammalian 
embryos and were necessary for full - term 
development (Surani et al.  1984 ). This work 
eventually led to the discovery and charac-
terization of a set of imprinted genes differ-
entially regulated depending on their parent 
of origin.  

  13.4.2   Uniparental  m odels 

 The initial work on imprinted genes was 
based on the identifi cation of regions housing 
these unique genes. To accomplish this, 
mice with maternal or paternal chromo-
somal disomies (uniparental disomies) were 
crossed to test for non - complementation of 
parental alleles, and this resulted in the 
initial mapping of imprinted regions to 
mouse chromosomes 2, 8, and 17 as well as 
other loci (Cattanach and Kirk  1985 ). By 
using these chromosomal rearrangements, 
investigators succeeded at identifying the 
fi rst reciprocal set of imprinted genes: mater-
nal expression of IGF2R, and H19 on chro-
mosome 17 by Barlow et al.  (1991) , and 
paternal expression of IGF2 on chromosome 
7 (DeChiara et al.  1991 ; Ferguson - Smith 
et al.  1991 ). At present, more than 90 
imprinted genes have been cataloged, and 
these represent broad gene class assign-
ments, including coding and noncoding 
RNAs, small nucleuolar RNAs, micro RNAs, 
and retrogenes (igc.otago.ac.nz/home.html) 
(Morison et al.  2005 ). What is striking is how 
such a small gene number, composed of less 

  13.4.1   Genomic  n onequivalence 

 In the early 1980s, scientists were interested 
in discovering why some vertebrates includ-
ing fi sh, lizards, and rarely some birds could 
develop to term without the contribution of 
sperm, a process called parthenogenesis, and 
why mammalian parthenotes succumbed to 
developmental arrest around the time of 
implantation. Two outstanding, contradic-
tory hypotheses existed: (1) Hoppe and 
Illmensee  (1982)  proposed that the low 
success rate of parthenogenetic embryos was 
due to homozygous recessive lethal alleles, 
yet (2) pronuclei microsurgery experiments 
by McGrath and Solter  (1984)  supported the 
framework that parental genomes were 
marked (i.e., imprinted) differently and, thus, 
required both female and male haploid 
gametic genomes to complete normal devel-
opment. To test these hypotheses, mater-
nally or paternally derived pronuclei, prior to 
their fusion, were swapped between one - cell 
zygotes by microsurgery using pronuclear 
transfer techniques (Lyle  1997 ). The newly 
reconstituted diploid zygotes contained 
either two maternal, two paternal, or control 
(one maternal, one paternal) haploid nuclei 
and were transferred to pseudopregnant 
dams to develop. Viable pups were obtained 
only from control pregnancies, while unipa-
rental fetuses always resulted in devel-
opmental failure, with parthenogenetic/
gynogenetic embryos arresting at midgestion 
prior to implantation. Striking phenotypic 
differences were observed between biparen-
tal or uniparental pregnancies: litters gener-
ated from (1) gynogenotes or parthenotes 
(two maternal genomes) yielded intrauterine 
growth - restricted conceptuses, hypovascular 
placentae, and a reduction in total mass of 
extraembryonic tissues; and (2) androgenotes 
(two paternal haploid genomes) in contrast 
resulted in hydatidiform moles, a tropho-
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bined with the emergence of parental epigen-
etic asymmetry, with rudimentary imprinting 
controls in marsupials and further enhance-
ments of complex imprinting mechanisms 
in true placental mammals, suggests that the 
epigenetic phenomenon arose in a stepwise, 
adaptive manner (Edwards et al.  2007 ). Figure 
 13.3  illustrates the changes in placentation, 
parallel changes in the evolution of the 
imprinted gene family, and their increasing 
importance as the placenta develops and 
becomes more complex (for additional infor-
mation on the fascinating topic of the molec-
ular evolution of imprinted genes, please see 
Smits et al.  2008 ).    

  13.4.5   The  p arental  c onfl ict  h ypothesis 

 Debate over the evolutionary signifi cance 
of imprinting in mammals has led to the 
parental confl ict hypothesis (Moore and 
Haig  1991 ), which predicts that paternally 
expressed genes act on the placenta to 
promote extraction of resources from the 
mother to enhance fetal growth, while mater-
nally expressed genes act to restrain fetal 
growth to conserve maternal resources for 
long - term reproductive fi tness of the mother. 
A way of functionally describing imprinted 
genes is as rheostats controlling the fl ow of 
nutrients from the mother to the fetus. In 
eutherian mammals, the fetus is dependent 
solely on its mother for its nourishment, 
provided through the placenta. To ensure 
normal fetal growth, the fl ux of nutrients 
across the placenta must meet developmen-
tal energy demand of the growing fetus. The 
identifi cation of molecular cross talk from 
fetus to placenta (and vice versa) is central to 
understanding of the balance between nutri-
ent supply and demand. Additionally, the 
study of animal models with aberrant fetal 
growth, such as intrauterine growth restric-
tion (IUGR) or large offspring syndrome 

than 0.5% of known genes, can have such 
a drastic infl uence in placental and fetal 
development.  

  13.4.3   Localized  i mprinting 
 c ontrol  r egions 

 The bulk of imprinted genes reside in clus-
ters and share regional control mechanisms 
(Edwards and Ferguson - Smith  2007 ). These 
imprinting regional control centers (ICRs) 
carry a germline imprint in the form of dif-
ferentially methylated DNA regions (DMRs) 
that serve to modulate gene activity by  cis  -
 acting mechanisms. Although both gametic 
imprints use differential methylation to 
establish ICRs, parent - of - origin control is 
not well conserved. Broadly, patterns of 
ICR control can be summarized as follows: 
maternal germline methylation shuts down 
promoters of paternally expressed antisense 
RNAs and inhibits productive extension of 
paternally expressed genes (AIR represses 
IGF2R). Alternatively, paternal germline 
imprints may serve as insulators between 
genes and recruit CTCF to shield down-
stream enhancers to protect gene activity 
(H19/IGF2 locus) (Edwards and Ferguson -
 Smith  2007 ). A summary of all known ICRs 
is beyond the scope of this review; for addi-
tional information, please see Edwards and 
Ferguson - Smith  (2007)  and Thorvaldsen and 
Bartolomei  (2007) .  

  13.4.4   Genomic  i mprinting in 
 e volutionary  c ontext 

 What then is the function of this unique gene 
family? Comparative imprinting studies 
among mammalian clades dates the emer-
gence of both placentation and the phenom-
enon of genomic imprinting to 180 – 210 
million years ago (Hore et al.  2007 ). The lack 
of genomic imprinting in avian species, com-



 

21 

 

304 Genomics and Reproductive Biotechnology

fetal placental function? Disregulation of 
allelic dosage in specifi c imprinted genes has 
profound effects on fetal viability and pla-
cental metabolism (see Table  13.2  for 
summary). Additionally, while the unipa-
rental models represent an exaggerated 
model of unbalanced imprinting, the result-
ing fetuses support the prediction of 
the parental confl ict theory with smaller 

(LOS), provides an invaluable experimental 
tool to identify supply and demand signals 
from genetic or epigenetic contributions.  

  13.4.6   Imprinted  g enes in  f etal 
 p lacental  f unction 

 So what is the direct molecular evidence 
for imprinted genes being involved in the 

Metatheria

Eutheria

Prototheria

Primates

Rodents

Whales

Ruminants (Cow,

Sheep)

Swine

Horse

Dog

Marsupials

Monotremes

Birds

Reptiles

A:  Capable of parthenogenesis

B:  Appearance of lactation; germline epigenetic modifiers

C:  First signs of genomic imprinting

D:  Increased gestational intervals, placental diversity, 
and complex imprinting, for example, long ncRNAs.

     Figure 13.3     Epigenetic and evolutionary events as related to genomic imprinting and mammalian diver-
sifi cation. Mammals are incapable of spontaneous parthenogenesis, as seen in reptiles and rarely in birds. 
Monotremes nurse their young from simple mammary glands, in which milk drips down a hair shaft as they 
have no nipples. Genomic imprinting is absent in monotremes, for example, platypus, but coevolved with 
placentation and viviparity, as fi rst seen in marsupials. Eutherian mammals have different modes of placen-
tation, including (1) diffuse, epitheliochorial (pigs, horses); (2) cotyledonary, epitheliochorial as in ruminants 
(cattle, sheep); (3) zonary, endotheliochorialas as in dogs; and (4) discoid, hemochorial (primates and 
rodents). Long gestation intervals enhance the parental asymmetry of resources and are believed to con-
temporaneously increase complex imprinting mechanisms.  
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  Table 13.2    Effects on placental physiology by imprinted gene expression  (adapted from Angiolini et al. 
 2006 ) .   

   Allele     Gene     Gene product     Impact on 
placental effi ciency  

   Knockout phenotype  

  Paternally 
expressed  

   Igf2     Growth factor (placenta 
and fetus)  

   !  Surface area; 
 "  thickness of 
exchange barrier; 
 !  fetal demand  

  Placental and fetal growth restriction; 
 "  Slc38a2  expression at E19  

   Igf2P0     Growth factor (placenta 
only)  

   !  Surface area; 
 "  thickness of 
exchange barrier  

  Early placenta growth restriction; late fetal 
growth restriction; passive diffusion 
defect;  !  Slc38a4  expression at E16  

   Mest      # / $  Hydrolase (placenta 
and fetus)  

   !  Surface area? 
 !  angiogenesis, 
blood fl ow? fetal 
demand?  

  Placental and fetal growth restriction  

   Peg 3     Zinc fi nger transcription 
factor (placenta and 
fetus)  

   !  Surface area? 
others?  

  Placental and fetal growth restriction  

   Slc38a4     System A amino acid 
transporter (placenta 
and fetus)  

   !  Surface area? 
 !  amino acid 
transport; others?  

  Placental and fetal growth restriction  

   Plagl1     Zinc fi nger transcription 
factor (placenta and 
fetus)  

   !  Transport?  !  
surface area  

  Skeletal defects, neonatal lethality, IUGR, 
disrupted transactivation of  Igf2  and  H19  
promoters, dyspnea (Varrault et al.  2006 )  

   Peg10     Ty3/gypsy 
retrotransposon - derived 
gene  

   !  Transport?  !  
surface area  

  Severe growth retardation, absence of 
spongiotrophoblast layer, embryonic 
lethality, proto - oncogene agonist of 
SIAH1 (Ono et al.  2006 )  

   Rtl1     Sushi - like retroelement; 
intronless gene  

  No effect on system 
A transporters. 
 !  Passive diffusion.  

  Fetal – maternal interface defects. 
Starvation of trophoblast cells. 
Placentomegaly (maternal KO); IUGR, 
late - fetal or neonatal lethality (Sekita et 
al.  2008 )  

  Maternally 
expressed  

   H19     Noncoding RNA; effects 
mediated by  Igf2  
(placenta and fetus)  

   "  Surface area;  "  
fetal demand  

  Placental and fetal overgrowth; 
disproportionate overgrowth of the 
placenta  

   Igf2r     IGF - II clearance receptor 
(placenta and fetus)  

   "  Surface area? 
others?  "  fetal 
demand?  

  Placental and fetal overgrowth  

   Phlda2     Cytoplasmic protein with 
pleckstrin homology 
domain (placenta and 
fetal liver)  

   "  Surface area    Placental overgrowth; fetal growth 
remains unchanged; disproportionate 
growth of placental layers  

   Grb10     Adaptor protein 
(placenta and fetus)  

   "  Surface area? 
 "  fetal demand?  

  Placental and fetal overgrowth; increased 
insulin signaling protein kinase 
phosphorylation (Wang et al.  2007 )  

   Cdkn1c     Cyclin - dependent kinase 
inhibitor (placenta and 
fetus)  

   "  Surface area? 
others?  "  fetal 
demand?  

  Placental overgrowth  

305
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fetuses and placentas in the pathenotes/
gynogenotes and a large placenta in the 
androgenotes. At the molecular level, the 
reciprocal imprinting of Igf2   and Igf2r pro-
vides an example of parental confl ict theory. 
In mice, the insulin - like growth factor Igf2 
is paternally expressed and increases placen-
tal and fetal weights as well as nutrient fl ow, 
while its receptor is expressed maternally 
and sequesters the function of Igf2 by binding 
and, subsequently, traffi cking to the lyso-
some (Barlow et al.  1991 ). A recent study in 
murine placentas with promoter - specifi c 
deletions in Igf2 evidenced a nexus between 
fetal nutrient demand and upregulation of 
imprinted amino acid transporter Slc38a4 
(Angiolini et al.  2006 ). In this study, a gene 
knockout approach was utilized to clarify 
the role of placental - specifi c Igf2 transcripts 
(mRNAs originating from promoter P0 
Monk et al.  2006 ) on fetal nutrient demand. 
 Igf2 P0  +/ !   fetuses exhibited a reduction in 
placental weight in comparison to wild - type 
littermates. However, mutant pups were 
able to support normal fetal growth until 
term despite reduced placental mass, owing 
to a compensatory increase in system A 
amino acid transporters. Additional studies 
also suggest that aberrant regulation of 
imprinted genes and overexpression of genes 
responsible for fetal growth like  Plac1  in 
mouse reconstructed embryos may lead 
to placentomegaly (Suemizu et al.  2003 ). 
Similarly, inactivation of  Peg10  (an epige-
netically regulated gene) further supports 
the view that imprinted genes are coincident 
with placental development because Peg10 
null mice fail to develop to term and have 
abnormal placentas (Ono et al.  2006 ). A 
more comprehensive summary of imprinted 
genes that have been directly implicated in 
fetal/placental development and function 
is presented in Table  13.2 . Note that, in 
general, the phenotypes of the transgenic 

mice support the parental confl ict hypo-
thesis with paternally imprinted genes 
having and opposite phenotype to mater-
nally imprinted genes.   

 However, while there are a limited number 
of imprinted genes with known functions in 
placental development in mice and humans, 
there are almost no studies of their role in 
domestic species. Among the 90 or so 
imprinted genes identifi ed to date in mice or 
humans, the imprinting status is known for 
only 17 genes in cattle, 15 in sheep, and 11 
genes in swine (Otago database; igc.otago.
ac.nz/Summary - table.pdf). Of these genes, 
only two reports exist about their relevance 
to placental physiology or broader impact 
on fetal growth. The  callipyge  mutation, a 
muscle hypertrophy condition in sheep, 
which has been extensively studied and 
results from enhanced protein expression 
of the imprinted DLK1 protein (Charlier 
et al.  2001 ). It affects muscle growth and 
energy utilization. Disregulation of the IGF2 
DMR has been correlated with abnormal off-
spring syndrome (AOS), LOS, a likely conse-
quence of assisted reproductive technique 
(ART) procedures, and embryo manipula-
tion, where suboptimal embryonic growth 
results from serum addition or incomplete 
reprogramming through SCNT (Farin et al. 
 2006 ). These two genes, DLK1 and IGF2, are 
the only published works that specifi cally 
address the function of the gene and its 
effect on growth and fetal and placental 
development. Other work presents only 
gene expression changes under a variety of 
circumstances, but no functional analysis 
accompanies those observations. Equally 
disappointing, there are over 60 imprinted 
genes for which there is no information on 
their role in the development and function 
of the placenta in any species. In the major-
ity of cases, it is not even known which cell 
type expresses these genes and whether 
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compatible with embryogenesis. This gene 
expression signature must then be switched 
or reprogrammed into one of an early embryo. 
This is done by transcription factors present 
in the oocyte and requires the removal of the 
factors present in the nuclei and their replace-
ment with oocyte - derived factors. For this 
exchange, the chromatin needs to be easily 
accessible. The second factor is the chroma-
tin confi guration of the somatic cell nuclei 
compared with that or a sperm/oocyte. In the 
sperm/oocyte case, the male and female 
chromatins are packed differently, with the 
sperm DNA bound by protamines that 
quickly decondense after fertilization. The 
oocyte DNA, in contrast, is bound by mater-
nal histones. In a normal fertilization event, 
this difference in chromatin packing is mir-
rored by the speed and degree of methylation 
changes that are seen after fertilization. 
Thus, in all species examined to date, the 
paternal DNA is more rapidly demethylated 
than the oocyte DNA. What we do not know 
yet is how critical is that difference between 
the maternal and the paternal demethylation 
dynamics. In other words, what is the func-
tional importance of early demethylation of 
the paternally derived DNA. What we do 
know is that in SCNT, such a difference does 
not exist, as both the maternal and the pater-
nal chromatins are indistinguishable from a 
chromatin confi guration perspective. 

  13.5.1   Chemical  m ethods to  i mprove 
the  e ffi ciency of  SCNT  

 The issue of chromatin accessibility in the 
context of SCNT has been investigated to 
some extent. It has been suggested   that 
treatment of nuclear donors with chromatin 
modifi es such as trichostatin A (TSA; a spe-
cifi c and potent inhibitor of class I and II 
mammalian HDAC I) and 5 - AZA (an inhibi-
tor of DNMT1), compounds known to  “ open 

there are stage - specifi c changes or species -
 specifi c patterns. Considering that imprinted 
genes and placentas coevolved; that several 
studies have described peturbations of 
imprinted gene expression caused by ARTs 
(Moore and Haig  1991 ) including extended 
 in vitro  embryo culture, microsurgery, 
intracytoplasmic sperm injection (ICSI  ), and 
SCNT; and that placentas within eutherian 
mammals differ drastically in morphology, 
it is disappointing as to the lack of research 
efforts in this area. 

 Additionally, understanding the biologic 
merit of epigenetic factors for the design of 
optimum, long - term selection schemes in 
livestock is growing in importance, because 
recombination mapping experiments to 
identify quantitative trait loci (QTL) in 
outbred swine populations have pinpointed 
imprinting as a causal mechanism for phe-
notypic variation (Knott et al.  1998 ). Work 
from previous investigators demonstrated 
that polar overdominant inheritance of an 
imprinted gene DLK1 polymorphism is asso-
ciated with growth and fat deposition in pigs 
(Kim et al.  2004 ). And there are over 40 QTL 
in swine alone that have been associated 
with parent - of - origin effects suggesting the 
existing of an imprinted gene in the QTL 
region (see igc.otago.ac.nz/home.html for 
complete information on QTL associated 
with imprinting in swine).   

  13.5    SCNT  and 
 e pigenetic  a bnormalities 

 The process of SCNT has been described and 
reviewed recently by others (Keefer  2008 ; 
Kishigami et al.  2008 ). In simple terms, 
however, there are two main events taking 
place during SCNT that differ with a normal 
fertilization event. First, there is a transcrip-
tion signature in the donor nuclei that is not 
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tual standpoint, it will be extremely diffi cult 
to mimic the chromatin confi guration and 
dynamics that are seen in a normal fertiliza-
tion event versus what is seen in SCNT.  

  13.5.2   Epigenetic  a bnormalities 

 So how do we know that the reprogramming 
that occurs during nuclear transfer is abnor-
mal? Studies in this area range from gene 
expression profi ling to methylation analysis 
of selected regions. Combined, what these 
two approaches confi rm is that the placenta 
is the organ that is most affected as it seems 
to be particularly susceptible to epigenetic 
pertubations. This includes the number 
of differentially expressed genes between 
normal and SCNT placentas, as well as the 
degree of methylation abnormalities. In con-
trast, the fetus proper is affected to a much 
lesser extent. In the bovine, our group deter-
mined that in a normal pregnancy, the pla-
centas are hypomethylated compared with 
the somatic tissues. In SCNT pregnancies, 
however, there was hypermethylation of the 
cloned placentas compared with the control, 
but little to no changes in somatic methyla-
tion levels (Dindot et al.  2004 ). In addition, 
in female clones, the Xist gene was abnor-
mally regulated (Dindot et al.  2004 ). This 
abnormal X - inactivation in cloned cattle 
have been reported by others (Wrenzycki 
et al.  2002 ; Xue et al.  2002 ) and may explain 
why there are reports of a higher proportion 
of male SCNT clones, at least in bovine.  

  13.5.3   Placental  a bnormalities 

 Placental abnormalities in SCNT preg-
nancies have been reported in multiple 
mammalian species (see the review by 
Arnold et al.  2008 ). Yet, the degree of abnor-
malities seem to differ with some species, 
such as cattle and sheep, being particularly 

up ”  chromatin, facilitate reprogramming 
after SCNT. What is interesting is that there 
appear to be species differences in response 
to chromatin remodeling methods. In mice, 
multiple groups have reported benefi cial 
effects of TSA/5 - AZA treatment but only 
when using differentiated cells (Kishigami 
et al.  2006 ; Shi et al.  2008b ). In contrast, treat-
ment of ES cells had no benefi cial results. 
More importantly, pups derived from TSA -
 treated cells had reduced incidence of AOS 
(Kishigami et al.  2006 ). This suggests that ES 
cells are already in an open chromatin con-
fi guration, and additional  “ relaxation ”  of 
chromatin is not benefi cial. In swine and 
cattle, the results are not as striking. There 
have been some reported benefi ts on  in vitro  
development, but the development to term 
or the effects on placental abnormalities 
are not well documented (Li et al.  2008 ). 
Additionally, there have been reports on 
gene expression changes as a result of TSA 
treatment (Iager et al.  2008 ). Those changes 
have been interpreted as being benefi cial 
as they resemble expression signatures of 
control embryos. However, without data 
on term viability and lack of information 
on the effects of the treatment on placental 
development and function, it is premature 
to evaluate what will be the effects of chro-
matin remodeling methods on cloning effi -
ciencies in domestic animals. In addition to 
the lack of detailed information on chroma-
tin remodeling modifi cations on SCNT, 
there is a conceptual problem that will be 
more diffi cult to overcome. While TSA and/
or 5 - AZA treatments can change chromatin 
structure, they cannot differentiate between 
the paternal and maternal chromosomes and 
thus cannot mimic the normal fertilization 
event. This would require a different chro-
matin modifi cation of the paternal versus 
the maternal DNA, something that is not 
technically feasible. Thus, from a concep-
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gramming of a selected group of genes 
involved in differentiation of the placenta 
with the end results of abnormal placental 
development?  

  13.5.4   Angiogenesis 

 As angiogenesis is a critical component for 
placental development and function, this 
system has been well studied in both SCNT 
and IVF pregnancies in cattle. Recently, it has 
been reported that the vascular endothelial 
growth factor A (VEGF - A) system appear to 
be disregulated in cloned placentas, but no 
data were presented (Arnold et al.  2008 ). 
Previously, it has been reported that the VEGF 
system was disregulated in placentas from 
IVF fetuses, so it is likely that the same holds 
true for SCNT pregnancies. As to what causes 
VEGF disregulation, this remains to be deter-
mined. Arnold et al.  (2006)  looked at a selected 
number of candidate genes known to be 
involved in trophoblast differentiation in 
cattle and determined that there were expres-
sion differences in  Ascl2 (Mash 2) ,  Hand1 , 
and  PAG9 . Interestingly, there did not seem 
to be any disruption of imprinting of ASCL2 
indicating that the gene expression differ-
ences were not due to abnormal imprinting. 

 In summary, in SCNT we observe both 
global changes in methylation of the pla-
centa, disregulation of specifi c genes such as 
XIST  , as well as gene expression changes 
compared with normal placentas. But what 
is the evidence that both are connected? 
That is, that changes in the epigenome of 
the SCNT placenta are responsible for the 
defects observed in SCNT. While the direct 
evidence is lacking, there is a considerable 
body of knowledge supporting the role of 
the epigenome in placental development. 
This includes the observation that overall 
methylation levels are lower in the placenta 
than in the somatic tissues and that this 

susceptible to placental defects associated 
with SCNT, while other species, such as 
swine, have few reports of abnormal placen-
tation. Whether this is a result of the differ-
ences in placental morphologies between 
species still remains to be determined. These 
species differences, moreover, are not limited 
to the placenta. In cattle and sheep, there 
have been many reports of increase in fetal/
offspring weight in response to SCNT. This 
has been referred as the LOS, although we 
recently proposed a more accurate classifi ca-
tion (AOS) that can refl ect the different 
degrees of severity of the syndrome as well 
as cover species where the increase in weight 
is not observed (Farin et al.  2006 ). For 
instance, while SCNT results in increases in 
conceptus weight in cattle and sheep, the 
opposite is true in swine. In swine, SCNT 
causes a slight but signifi cant increase in the 
incidence of IUGR (Estrada et al.  2007 ). 
While the phenotypic effect on weight is 
distinct between species, in all cases reported 
to date, there have been multiple placental 
defects identifi ed. In swine, SCNT - derived 
placentas tend to be hypovascular and show 
trophoblast hypoplasia and overall terminal 
villi hypoplasia (Lee et al.  2007 ). Moreover, 
a detailed proteomic analysis indicated that 
proteins involved in apoptosis are disregu-
lated in the SCNT placentas (Lee et al.  2007 ). 
More severe defects have been observed in 
cattle, sheep, and mice (Hill et al.  1999, 
2000, 2001, 2002 ; Ogura et al.  2002 ; Rhind 
et al.  2003 ). As for swine, gene expression 
profi ling indicates that placentas from 
cloned cattle have signifi cant gene expres-
sion changes compared with the controls 
(Everts et al.  2008 ). Yet, at this point, there 
is little known as to what triggers such pla-
cental defects. Is it abnormal methylation 
levels in SCNT placentas tissues that results 
in global epigenetic abnormalities leading to 
placental defects, or is it abnormal repro-
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know to what extent imprinted genes play a 
role in placental defects associated with 
SCNT. Clearly, they are not the only genes 
affected, but could they be the master regula-
tory genes that then affect other genes, or are 
they just one more group of genes susceptible 
to incomplete reprogramming? And while 
their role in SCNT still remains somewhat 
tenuous, there is strong evidence that they 
play a major role in energy fl ow and in pla-
cental development in mammalian species. 
Why then are they so critically understudied, 
especially in domestic animals?  
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difference is present through gestation 
(Rossant et al.  1986 ). Treatments known to 
affect methylation levels such as dietary 
addition of TSA during pregnancy result in 
abnormal placentas (Vlahovi ć  et al.  1999 ; 
Serman et al.  2007 ). In addition, mutation 
in several members of the DMNT family, 
including DMNT1, DMNT3a, DMNT3b, 
and DMNT3L, all result in placental abnor-
malities, in addition to other defects.   

  13.6   Future  r esearch  d irections 

 So where do we go from here? At this point, 
we know that the placenta is the organ more 
susceptible to SCNT; we know that in spite 
of species differences in fetal outcomes, in 
all species examined to date, there are pla-
cental anomalies associated with SCNT. We 
also know that the placenta is hypomethyl-
ated compared with the somatic tissues and 
that SCNT results in overall global hyper-
methylation of the placenta in SCNT preg-
nancies. Protein and gene expression analysis 
both confi rm that there are signifi cant gene 
expression differences in the placenta of 
control and SCNT clones. We also know 
from candidate gene studies that genes 
involved in placental development and dif-
ferentiation are affected by SCNT. What we 
do not know, however, are the factors respon-
sible for reprogramming an incoming somatic 
cell nucleus into a totipotent fate. Are there 
just few as was demonstrated for ES cells, or 
is this process more complex and requires a 
larger number of factors? Or is the reprogram-
ming mechanism of SCNT, cell – cell fusion, 
and direct reprogramming by transcription 
factors the same but proceeding with differ-
ent kinetics? If we identify those factors, can 
we use that information to experimentally 
modify the incoming nuclei so as to facilitate 
normal reprogramming? We also do not 
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 Jakus ,  F.  ,   Serman ,  A.  ,   Sinci ć  ,  N.  ,   Matijevi ć  , 
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This chapter describes the application of functional genomic approaches 
to the study of imprinted genes in swine. While there are varied definitions 
of “functional genomics”, in general they focus on the application of DNA 
microarrays, single nucleotide polymorphism (SNP) arrays, and other high 
coverage genomic analyses, and their combination with downstream 
methods of gene modification such as silencing RNA (siRNA) and viral and 
non-viral transfection. Between the initial data acquisition and the actual 
genetic manipulation of the system lies bioinformatics, where massive 
amounts of data are analyzed to extract meaningful information. This area 
is in constant flux with an increased emphasis on detection of affected 
pathways and processes rather than generation of simple affected gene 
lists.  We will expand on each of these points and describe how we have 
used these technologies for the study of imprinted genes in swine. First we 
will introduce the biological question to provide context for the discussion 
of the functional genomic approaches and the types of information they 
generate.

Part I. The biological question

While over 99% of genes in mammalian species are transcribed from both maternal and 
paternal alleles (bi-allelic expression), a small subset are transcribed from only one allele 
(mono-allelic expression). In some cases it is the maternal allele that is transcribed and in 
others the paternal allele. The choice of which allele is transcribed is dependent on markings 
placed in the chromosome during gametogenesis (Hajkova et al. 2002 , Reik & Walter 2001). 
To date less than 100 imprinted genes have been identified, yet they have profound phenotypic 
effects, particularly in placental and fetal development and function (Angiolini et al. 2006). Yet, 
their role is not limited to fetal and placental development but can also affect other aspects of 
reproduction such as rearing behavior and lactation as will be described later.  Our interest 
in these genes came about through the reports of abnormal placentation and fetal overgrowth 
of somatic-cell-nuclear-transfer-derived calves (Hill et al. 1999). The combined syndrome has 
been referred to as abnormal offspring syndrome (AOS) as well as large offspring syndrome 
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(LOS) (Farin et al. 2004 , Farin et al. 2006 ). Multiple laboratories working in this area reported 
epigenetic abnormalities in cloned cattle and mice, including disregulation of imprinted genes 
(Dindot et al. 2004). It was through these original observations that we became interested in 
this complex and fascinating group of genes, and at the same time dismayed by the almost 
total lack of information of their function in swine.  

Evolution of imprinted genes

Imprinted genes, which are defined as genes that display parent-of-origin, mono-allelic, 
expression, have only been found in placental mammals (Hore et al. 2007) and flowering plants 
(Huh et al. 2008) while non imprinted homologues have been found in reptiles, amphibians, 
fishes and the egg-laying monotremes (Edwards et al. 2007a). Yet, even if a small rudimentary 
placenta is present, such as that seen in marsupials, evidence for imprinting can be found. Thus, 
the placenta and imprinted genes appear to have co-evolved. This underlies the relevance of 
these genes to the formation and function of the placenta and in fetal development. 

The parental-conflict hypothesis has emerged to explain the appearance of imprinting as a 
result of different evolutionary pressures influencing each parent in placental mammals. The 
hypothesis states that imprinting evolved to control energy flow between the mother and the 
developing fetus (Moore & Haig 1991) . The conflicting evolutionary outcomes are that the 
mother (and consequently her genome) is more successful by restricting nutrient flow to the 
fetus/offspring so that she does not commit too much of her energy resources to each fetus, 
leaving her more able to reproduce in large numbers. In contrast, the father (and his genome), 
is represented only in the fetus, and improves his success by extracting as much energy as 
possible from the mother to benefit each fetus/offspring. It is here were the “conflict” lies, and a 
careful balance between the two contrasting forces leads to a normal fetus. Unbalancing of these 
forces can lead to either a smaller than normal (small for gestational age or intrauterine growth 
restriction) or a larger fetus (large for gestation age or large offspring syndrome; Fig. 1). 

The characteristics of uniparental conceptuses support components of the parental conflict 
hypothesis. Androgenotes (conceptuses derived from only the male) and gynogenotes 
(conceptuses derived from only the female) can be produced from either two male pronuclei or 
two female pronuclei (McGrath & Solter 1984). Parthenotes, which are a form of gynogenote, 
can be easily generated by activation of oocytes and inhibition of polar body extrusion by 
using cycloheximide (Tsai et al. 2006b), resulting in a diploid embryo carrying only maternally 
derived chromosomes. Although neither androgenotes nor gynogenotes can produce viable 
offspring, their characteristics are suggestive of the role of imprinted genes in energy distribution 
and placental development. Gynogenotes, with a double dose of maternally expressed genes, 
develop into small fetuses with small placentas, as would be expected from a reduction in 
energy delivery to the fetus. In contrast, androgenotes develop a very large placenta also 
supportive of the placental conflict hypothesis. However, they also lack a fetus suggesting that 
maternal imprints are an absolute requirement for fetal development.  In addition, as will be 
discussed later, there is ample direct experimental evidence supporting both the parental conflict 
hypothesis and the role imprinted genes play in placental and fetal development, as well as in 
behaviors related to control of energy flow such as nurturing behavior and milk let down. 

Can placentas exist without imprinting?

While the evidence from placental mammals and flowering plants strongly supports imprinting 
as competition for the flow of energy between the developing embryo and the energy source, 
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Fig. 1 Diagrammatic representation of the parental conflict hypothesis.  A. A normal 
situation where the control of nutrients from the mother to the fetus is balanced leading to 
normal fetal growth. Notice maternal imprinting shifting the balance towards the mother 
while paternal imprinting shifts the flow towards the fetus. B. A case where the balance 
between maternal and paternal imprints is shifted towards the mother resulting n less 
nutrients reaching the fetus leading to intrauterine growth restriction/Small for gestational 
age (IUGR/SGA). C. The opposite case whereby nutrient flow is shifter from the mother to 
the fetus resulting in large offspring syndrome/large for gestational age (LOS/LGA).
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the existence of placental fishes provides a paradox for the requirement of imprinted genes for 
placental development and function. At present, there has only been one report of analysis of 
imprinted genes in  viviparous fishes and that single report indicates that the IGF2 gene is not 
imprinted in this species (Lawton et al. 2005). While that in itself is not sufficient evidence to 
classify these placental animals as a paradox, the recent observation that hammerhead sharks 
can reproduce by parthenogenesis is (Chapman et al. 2007). As mentioned above, uniparental 
offspring are embryonic lethal in all placental mammals species tested to date (Walsh et al. 
1994,  Hagemann et al. 1998 , Zhu et al. 2003 ) and it is widely accepted that this lethality is 
due to the presence of imprinting. The observation of successful parthenogenesis in sharks, thus, 
suggest that imprinting may be absent in this species. If that is proven to be the case, how did 
this species evolve a placenta? Or is it that the fish placenta is functional and morphologically 
distinct from that of placental mammals?

Fetal nutrition within the fish species ranges from wholly dependent on deposited yolk during 
oogenesis (vitellogenesis), through an intermediate form of nutrition dependent on histotroph 
secretion from the uterus/oviduct, to nutrition dependent on yolk-sac based placentation 
(Hamlett 1989). In the scant literature in this area it is evident that the fish placenta is quite 
distinct from any known mammalian placenta in multiple aspects including the continued 
presence of an egg envelope throughout gestation (Heiden et al. 2005), the small area of actual 
attachment to the uterus/oviduct in relation to fetal size, and the reliance on the yolk sac as the 
major organ of nutrient exchange (Jones & Hamlett 2004 , Reznick et al. 2007 ).  This suggests 
that some aspects of placental development and function are independent of imprinting while 
others are more dosage sensitive and require the imprinting of one allele. 

This is partially supported by observations in marsupials, with a rudimentary placenta, where 
imprinting has been observed in some genes such as IGF2 and PEG10 (Ager et al. 2007, Ager 
et al. 2008b) but not in others such as SNRPN, UBE3A, DIO3 (Rapkins et al. 2006), CDKN1C 
(Ager et al. 2008a) and DLK1 (Edwards & Ferguson-Smith 2007).  A detailed analysis of 
marsupial placentation has been presented by Renfree et al. (2008) and elegantly describes how 
within the marsupial family different forms of placentation exist and that the more complex the 
placenta the greater the number of imprinted genes (Renfree et al. 2008).   In summary, while 
species such as placental sharks suggest that in the absence of imprinting, a rudimentary form 
of placentation can exist, the preponderance of the evidence indicates that the emergence of 
complex placentation is associated with the presence of imprinted genes. 

Experimental approaches to the study of imprinting in mammals.

The experimental evidence for the role of imprinted genes in placental and fetal development 
is derived from two general approaches, the analysis of uniparental animals and the direct 
observation of the effects of modification of imprinted genes by transgenesis. The uniparental 
models described above, in particular, have been very useful for broad and comprehensive 
analysis of imprinted genes between different mammalian species, as well as uncovering new 
imprinted genes (Barton et al. 1984 , McGrath & Solter 1984, Surani et al. 1984 , Cattanach 
& Kirk 1985 , Dean et al. 2001 ,  Zhu et al. 2003 ). A more focused approach is the analysis 
of the effects of transgenic manipulation of imprinted genes, usually by gene inactivation via 
homologous recombination. A few examples of placental defects resulting from manipulation of 
imprinted genes include larger placentas resulting from inactivation of the maternally expressed 
genes Ascl2 (Guillemot et al. 1995 ), Grb10 (Charalambous et al. 2003 ), IGF2R (Wang et al. 
1994), PhldA2 (Frank et al. 2002), and p57 (Kip2) (Takahashi et al. 2000). In contrast, inactivation 
of paternally expressed genes such as Peg10 (Ono et al. 2006 ), IGF2 (Sibley et al. 2004), Peg3 
(Li et al. 1999 ), and Mest (Lefebvre et al. 1998) result in smaller placentas.  
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The effect of Paternally Expressed Gene 3 (Peg3) deficiency is particularly intriguing as 
the phenotype illustrates the many roles imprinted genes can play with respect to energy 
utilization. The work of Curley et al. 2004  indicated that Peg3 deficiency influences the placenta 
(mentioned above), fetus and mother. At the fetal level, pups deficient in Peg3 have abnormal 
thermoregulation and suckling defects. Peg3 deficient mothers, in turn, have impaired maternal 
care, reduced feed intake during pregnancy and reduced milk-letdown. Peg3, therefore, can 
control energy flow at many levels, from food intake by the mother, to how much milk to 
provide the offspring, to how much the pup is able to extract from her during suckling (Curley 
et al. 2004). While the exact mechanism of action of Peg3 is unknown, the protein is expressed 
at high levels in the trophectoderm layer of the mouse placenta and in the hypothalamus. As 
Peg3 is known to be involved in the control of apoptosis, it has been postulated that abnormal 
apoptosis leads to altered hypothalamic function affecting thermoregulation, maternal behavior 
and milk letdown, while defects in the placenta result in reduced fetal growth.  

Combined, these observations indicate how complex the function of imprinted genes can be. 
Yet, in most cases the phenotype supports the parental conflict hypothesis with inactivation of 
maternally expressed genes leading to larger placentas, and inactivation of paternally-expressed 
genes leading to smaller placentas.  While these results are important and support the role of 
imprinted genes in placental development they are limited to one species, a small fraction of 
the known imprinted genes, and perhaps with the exception of Igf2, Igf2r, and Mash2/Ascl2 
(Tanaka et al. 1997), the role of these genes in placental development is not known.  Thus, it 
is the combination of the fascinating aspects of these genes, the extremely limited information 
of the function of imprinted genes in placenta of mice, and the absolute absence of information 
on their function in swine reproduction that encouraged us to embark in a comprehensive 
study of these genes in swine. To accomplish this goal, we used genomic approaches. In the 
next section we will describe the techniques we used to accomplish this goal and our positive 
and negative experiences with them. 

 

Part II. Gene expression profiling methods

Gene expression profiling methods

The completion of the draft human genome sequence (Lander et al. 2001) demonstrated the 
feasibility of sequencing entire complex mammalian genomes, and marked the beginning of 
whole genome sequencing projects for many mammalian species.  Prior to the availability of all 
of this genomic sequence, the classic approach in molecular genetics was the forward genetic 
screen.  The goal of this approach was to find the genes responsible for a phenotype of interest, 
and indeed many interesting genes have been mapped in this way.  However, the availability 
of whole genome and transcriptome sequences brings us to the unusual position of possessing 
information on the sequence of nearly all the genes in the genome, but understanding the 
function of a far smaller fraction.  Simply put, we know where most genes are, but not what 
they do.  So, how can we use the wealth of newly available genomic information to better 
understand gene function?

Microarray technology

Microarray technology provides a method of rapidly profiling gene expression genome-wide.  
There are two major microarray platforms currently available for gene expression profiling in 
swine: a commercial Affymetrix GeneChip Porcine Genome short oligonucleotide microarray 
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and a U.S. Pig Genome Coordination Program glass spotted long oligonucleotide microarray. 
The primary difference between these two platforms is that the Affymetrix platform is based 
on eleven 25-mer probes synthesized in situ on a solid support with a photolithographic mask, 
whereas the U.S. Pig Genome Coordination Program platform (Zhao et al. 2005) is based on 
traditionally synthesized oligonucleotides subsequently spotted onto a glass slide. In initial 
validation experiments, we directly compared the technical reproducibility and sensitivity of 
the two platforms, comparing the gene expression profiles of biparental and parthenogenetic 
fibroblast cell lines.  From the same starting pool of total RNA, we found that the reproducibility 
of hybridization with the Affymetrix short oligonucleotide microarray was much higher than 
the U.S. Pig Genome Coordination Program microarray (Fig. 2).  In probes shared across both 
platforms, we detected a greater number of differentially expressed genes using the Affymetrix 
platform.  For the time being, the Affymetrix Porcine Genome Array is the most sensitive and 
reproducible platform for conducting gene expression profiling experiments with microarrays in 
swine (Tsai et al. 2006b). While the first generation of U.S. Pig Genome Coordination Program 
arrays suffered from printing defects, lower technical reproducibility, and lower gene coverage; 
the second generation of these arrays significantly improved coverage.  However, due to their 
lower technical reproducibility, more than 2-3X the number of arrays are required to achieve 
equivalent statistical power to detect differential expression in contrast to Affymetrix Porcine 
GeneChip Arrays, so a cost/benefit analysis would still favor the Affymetrix platform for swine 
gene expression profiling. 

Fig. 2  Reproducibility of technical replicates in the Affymetrix and the glass array platforms.  
Pairwise scatterplots of control technical replicates of porcine fibroblast cell lines profiled on 
(a) Affymetrix Porcine and (b) U.S. Pig Genome Coordination Program long oligonucleotide 
glass microarrays. The lower reproducibility of the glass arrays reduces the ability of the 
arrays to detect statistically significant differences between experimental samples. This 
reduced accuracy can only be overcome by increasing the number of replicates in the 
glass array in comparison with the Affymetrix arrays.
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There have been reports of using cross-species hybridization for the purposes of performing 
gene expression profiling in swine, primarily before the release of porcine specific arrays (Zhao 
et al. 2005). We compared cross-species hybridization of the same RNA described above onto 
Affymetrix Human U133+2.0 GeneChip Arrays.  We found that this approach had the lowest 
power to detect differential expression, because of a high number of non-hybridizing probes.  
On average, 1-3 probes out of 11 in a probe set hybridized efficiently.  Even after implementing 
various filtering algorithms, the sensitivity of detection was still significantly lower than using 
porcine specific microarrays.

Deep sequencing (RNASeq)

Microarrays provided a powerful tool for asking descriptive questions about gene expression 
genome wide.  It is increasingly evident, however, that with rapidly evolving deep sequencing 
technologies microarrays will eventually be supplanted by direct sequencing of mammalian 
transcriptomes.  In this approach, the complete transcriptome can be sequenced and matching 
transcripts counted rather than indirect quantitation based on hybridization intensities (Wang 
et al. 2009; (Wang et al. 2009; Wold & Myers 2008).  This has several advantages in that: 1) 
there is a greater dynamic range in comparison to hybridization based technologies, single 
transcripts can be positively identified, 2) the technology does not rely on a priori knowledge 
of gene sequence, and 3) background from cross-hybridization is eliminated (Wang et al. 
2009). Multiplex strategies have been developed to uniquely tag RNA samples with an unique 
error-correcting molecular barcode, so that the capacity of each sequencing run can be most 
efficiently utilized (Craig et al. 2008, Hamady et al. 2008).  These strategies are based on 
the simple addition of 4-6 bp of sequence to the adapters that are used to create the libraries 
for resequencing; these unique identifiers allow the downstream determination of individual 
samples from a pool. The freedom from having to define which sequences to interrogate 
enables the possibility of novel transcript discovery.  The sequence information provided 
allows the unambiguous identification of single transcripts, whereas detection by hybridization 
technologies is inevitably limited by background.  Finally, the need for the complex nonlinear 
normalization strategies often employed in typical microarray experiments is lifted, as sequenced 
transcripts are simply mapped to a reference genome and counted.  This may be useful in cases 
where one of the fundamental assumptions of most microarray normalization procedures, that 
the empirical distribution of transcripts is the same across samples, are on shaky ground, such as 
when comparing gene expression profiles across tissues or species.  One limitation of RNAseq 
is that mapping the data produced is required by the existence of a reference genome; in swine 
ongoing sequencing efforts will increase the utility of RNAseq data in the coming years.

Annotation of microarrays

A determination of differential expression for a probe on a microarray or a sequence cluster from 
an RNAseq experiment is of limited utility without knowing what genes or transcriptional units 
they represent.  Because of the limited annotation, with only about 20% of the probe sets present 
in the initial annotation of the Affymetrix Porcine Genome Array, we reannotated the probe 
sets against human cDNA and genomic DNA sequence (Tsai et al. 2006a).  The approach we 
took was to extend the target sequence using sequence information available from The Institute 
for Genome Research (TIGR) swine gene index (currently Dana Farber gene index, website), 
and matching the extended sequence against other Ensembl human cDNA and genomic DNA 
sequences.  This approach was successful in raising the percentage of annotated genes from 
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20 to 80% because the majority of the probes for this generation of microarrays are designed 
against the 3’ untranslated region (UTR).  In many cases, our annotation strategy extended the 
sequences beyond the 3’ UTR. Our annotation provided a bit score (a measure of the likelihood 
of a correct sequence match) so that individual investigators can set their own threshold for 
acceptable annotation confidence.  We have recently updated our annotation of the Affymetrix 
Porcine Genome microarray against bovine, mouse, and human. One additional unique feature 
of the annotation is our matching against the Affymetrix Human probe set IDs.  This matching 
allows data generated from Affymetrix Porcine GeneChip arrays to be used with many of the 
pathway analysis solutions that are available for human gene expression profiling data.

Single nucleotide polymorphism (SNP) and single feature polymorphism (SFP) discovery

Affymetrix short oligonucleotide gene expression data can indicate single feature polymorphisms 
(SFP), as single nucleotide polymorphisms (SNP) that are close to the center of a 25-mer 
oligonucleotide probe can almost completely disrupt hybridization (Winzeler et al. 1998, 
Borevitz et al. 2003). The SFP are identified by disparate hybridizations among individual 
animals to one or more of the 11 targets for each mRNA on the array (Fig. 3) The exact SNP 
can then be identified by sequencing, however, SFP genotypes have also been directly used 
to generate high density haplotype maps for expression quantitative trait loci (eQTL) studies 
(West et al. 2006). Deep sequencing of the transcriptome can also contain not only information 
on the expression level of a transcript, but also allelic variations in the sequences obtained. 
The U.S. Pig Genome Coordination Program glass spotted long oligonucleotide microarrays 
cannot, however, be used for this purpose as a single SNP is insufficient to significantly disrupt 
the hybridization kinetics of a 70-mer probe.

We have demonstrated the feasibility of detecting SFP using Affymetrix short oligonucleotide 
arrays in swine (Bischoff et al. 2008).  The basic idea behind the approach is to look for probes 
which have a substantially greater probe effect than expected, corresponding to the scenario 
where a SNP disrupts probe hybridization.  Using this approach we detected 857 SFP between 
Chinese Meishan and European white composite breeds of swine, with a sensitivity of 0.65, 
specificity of 0.94, and a false discovery rate of 0.3.  We have streamlined the method we 
used to determine the presence of an SFP into an easy to use downloadable procedure, Click-
‘N-SNP, which will generate a list of putative SFP given raw Affymetrix data (.CEL files) and a 
simple experimental design (Bischoff et al. 2008).  Similarly, given sufficient oversampling, it 
is possible to detect SNPs and indels in RNASeq data.  Care, however, must be taken to use 
the appropriate statistical models to distinguish between true SNPs and sequencing error, given 
that the error rate in  short-read sequencing platforms is relatively high.

One motivation behind obtaining genotype information from gene expression data, whether 
from microarrays or RNASeq, has been a method dubbed “genetic genomics” (Jansen & Nap 
2001). The principle is that there is a heritable aspect to gene expression that may ultimately 
contribute to phenotypes of traits of interest.  By merging information on allelic differences and 
gene expression, as well as the gene expression contribution to function, it may be possible 
to gain a better picture of the genes involved and their mode of regulation. Extracting this 
information from gene expression data, is a “free” source of this additional genetic information, 
qualified by the fact that SFP obtained from microarrays only localize the polymorphism to a 
25 bp window, and therefore do not fully define the sequence variation. For higher density 
SNP genotyping applications, a 50k porcine SNP chip has been developed.

Finally, massively parallel targeted resequencing was recently demonstrated by coupling 
deep sequencing with solution hybrid selection with long oligonucleotides (Gnirke et al. 2009), 

PP16-Piedrahita.indd   8 14/05/2009   08:47:16



 

43 

 

9Genomics of feto-placental development in pigs

Fig. 3 Example of  Single Feature Polymorphism (SFP) in swine detected between 
Chinese Meishan and European white composite breeds.  Notice Probe 7 which exhibits 
hybridization intensities near background, while the remaining probes are 4-fold or more 
higher. This reduced hybridization was due to a SNP within that particular probe. Thus a 
probe-by-probe analysis can rapidly uncover a large number of potential SNPs within the 
population being used for the microarrays experiments.

should also be possible in swine.  The principle of this approach is to synthesize a number of 
tiled probes against genomic region(s) of interest.  These probes are around 200 bp in length, 
contain universal primer sequences for amplification, a T7 promoter for in vitro transcription, 
and are synthesized in situ on an Agilent custom microarray.  After cleaving these probes off 
the microarray, the pool of probes is subjected to an in vitro transcription reaction containing 
biotinylated nucleotides to create a pond of biotinylated cRNA baits.  This pond of biotinylated 
cRNAs hybridizes efficiently to sheared genomic DNA sequence.  The captured, complementary 
genomic DNA sequence is then used as the input for resequencing library preparation. With the 
growing availability and near completion of a draft porcine genome sequence, an increasing 
proportion of the data generated via this approach will be mappable.

Part III.  Moving beyond gene lists. Finding functional interactions from microarray data 
to study epigenetic asymmetry in porcine fetal tissues

In the following section we will enumerate a list of tools that facilitate analysis of gene expression 
datasets.  Building on these descriptions, we draw on datasets generated by our laboratory 
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and apply the tools to systematically clarify functional relationships among expressed genes.  
The data are freely available at Gene Expression Omnibus (GEO) under accession number 
GSE10443. 

Pattern discovery by clustering analysis

Cluster analysis software requires the ability to handle large input datasets (greater than 100,000 
rows/columns) and should contain versatile microarray analysis features.  Although a number 
exist, our laboratory has experience with the licensed package JMP Genomics (SAS, Cary, NC) 
and the freeware package R Bioconductor (http://www.bioconductor.org). 

For pattern discovery a number of unsupervised methods exist to partition data into visual 
subsets by a common group of parameters or clusters (Allison et al. 2006 ; Kerr et al. 2008 ) 
which include hierarchical clustering, heat maps, k-means clustering and principal components 
analysis (PCA).  For a concise summary of clustering methods useful to expression datasets, 
see D’Haeseleer (2005). Hierarchial clustering partitions data into groups of genes iteratively 
with each successive finer grouping being more similar.  A central component of the method 
is depicting similarity by distance. Shorter branches represent more closely related items.  In 
transcriptomic datasets, the distance metric is calculated from gene expression values. The output 
is often shown diagrammatically in a dendrogram, or branched-tree graph.   An example of 
such output for imprinted gene expression in the placenta between day 30 control conceptuses 
and swine parthenote conceptuses is shown in Fig. 4). 

DNA microarrays can also be depicted by two-dimensional graphical representations of 
gene expression values called heat maps, where color denotes expression intensity (i.e. red = 
low intensity, green = high intensity). A heat map can quickly show the level of expression 
of a gene across samples, time or treatment (Fig. 4) and is a rapid and simple way of looking 
at a large amount of data in a single figure. K-means analysis, a more complex method, can 
shuffle genes based on their geometric mean into a predicted number of clusters as defined 
by the hypothesis. The method is rapid, but requires a priori knowledge of how many clusters 
are expected, and is therefore biased.   

Principal component analysis (PCA), another clustering method, reduces the complexity of 
a dataset by decomposing the variance into a limited number of dimensions or components 
using the mathematical tools of eigenvalues and covariance matrices.  In this manner, the gene 
expression measurements can be visualized in a linear fashion to clarify how each array behaves 
in context with the other arrays in an experiment. The abscissa and ordinate axes represent 
the first and second principal components, respectively. The closer an expression array groups 
together indicates its similarity. Principal component analysis is a robust methodology for rapidly 
clustering data, and can provide a framework for quality control.  An example of the use of 
PCA for this purpose is described in Fig. 5. The first three principal components were used 
as they explained 86%, 5%, and 5% of the total variation, respectively.  Initial examination 
identified two discrepant arrays (LG2 and BG3). As 95% of the variation is contained within 
the concentration ellipse, both arrays were excluded from downstream analysis for technical 
reasons associated with RNA quality. Close examination of the array data then showed that 
the hybridization levels of both of these arrays were below that required to obtain a reliable 
signal. The arrays were then re-normalized excluding these two arrays to increase the accuracy 
of the data. It is interesting to note, that brain (BC, BG; blue) and placental (PC, PG; red) tissues 
grouped more closely than liver (LC, LG; green) or fibroblast (FC, FG; orange) day 30 swine fetal 
tissues and suggests brain and placental transcriptomes are more similar than fibroblast or liver 
transcriptomes.  The main point of this example is that PCA can rapidly identify a hybridization/
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technical issue in one or more of the arrays and prevent investigators from performing complex 
statistical analysis with data that are of low quality.

Fig. 4 Hierarchical Clustering  and Heat Map of imprinted gene family in Day 30 fetuses. 
Microarrays containing placental RNA from biparental (PC) or parthenote (PG) D30 swine 
gestations were submitted to hierarchical clustering. Detransformed normalized values 
were used. Microarrays containing placental RNA from biparental controls or parthenote 
D30 swine gestations were profiled by one-color DNA short-oligonucleotide microarrays 
(Porcine GeneChip, Affmetrix). A gradient of red-black-green was used to denote expression 
intensity, where red denotes low expression, black shows median intensity, and green 
denotes high expression.  Columns from left to right list samples of placental controls 
1-3, placental parthenotes 1-3.  Rows represent probe set intensities, and several genes 
contained multiple probesets which bind to the messenger RNA in different regions or 
alternatively spliced exons.  Heat maps were genereated with TM4 software using version 
MeV v4.3.02 (Saeed, Sharov et al. 2003) http://www.tm4.org/mev.html).
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BG3

LG2LG2
Fig. 5 Principal Component Analysis (PCA) identifies two discrepant arrays. Parthenogentic 
and biparental fetal tissues were hybridized to short-oligonucleotide arrays (PorcineGene 
Chip, Affymetrix, CA).  The encircling ellipse explains 95% of the variation among samples.  
Circles denote parthenotes, squares represent controls.  Brain=blue, fibroblast = orange, 
Liver = green, Placenta = red. Two arrays fell outside the concentration ellipse, BG3 and 
LG2, and were omitted from downstream analysis. 

Enrichment analysis: functional annotation and pathway analysis

Classifying genes based on criteria such as biochemical function, genetic interaction and 
pathway, motif searching, and gene ontology is what broadly describes enrichment analysis. 
The overarching goal is to move from the daunting candidate gene lists and distill the dataset 
into meaningful biological processes that can be tested experimentally in the laboratory.  A 
suite of over 68 enrichment analysis tools are now available and have recently been reviewed 
in Huang da et al. (2009).  A full description of each is beyond the scope of this chapter, so we 
will focus on tools we have used and provide a summary of key findings.  We refer the reader 
to Huang da et al. (2009) for a comparison of advantages, pitfalls, and operational classification 
of the current tools (e.g. statistical testing methods).

Gene ontology 

Gene ontology (GO) provides a unique vocabulary that describes or annotates genes by molecular 
function, biological process and cellular distribution. Because the number and sophistication of 
GO-related programs has increased dramatically, a searching tool SerbGO (Mosquera & Sanchez-
Pla 2008) is available on the web to identify which GO software application may be best for the 
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end-user’s dataset.   Alternatively, a summary of each application is available on the web at the 
Gene Ontology Consortium website:  http://www.geneontology.org/GO.tools.microarray.shtml. 
Our group used SerbGO to identify significance analysis of function and expression (SAFE) (Barry 
et al. 2005,  Gatti et al. 2009), Database for Annotation, Visualization and Integrated Discovery 
(DAVID) (Dennis et al. 2003), and Gene Set Enrichment Analysis (GSEA) (Subramanian et al. 2005) 
as appropriate tools for our purpose.   

The porcine parthenogenetic conceptus develops as a small fetus and placenta which eventually 
dies at approximately day 32 of gestation (Fig. 6). To gain biological insight into pathways that differ 
during uniparental embryonic development compared to normal development, we used gene 
ontology (GO) descriptors to analyze our datasets.  Two additional categories indicating parent 
of origin expression for each imprinted gene, were added to clarify paternal/maternal imprinting 
contributions. We used a permutation-based ranking method to identify functional categories 
differentially expressed in parthenogenetic fetuses. This approach is similar to SAFE (Barry et al. 
2005) (significance analysis of function and expression) using SAS streamlined with JMP Genomics 
(SAS, Cary, NC) in lieu of Bioconductor (http://www.bioconductor.org/). Probe sets were assigned 
to GO categories based on the Affymetrix Porcine annotation by Tsai et al. (2006a). Initially, custom 
PHP code (http://en.wikipedia.org/wiki/PHP) reads in two files:  one with the gene ID followed by 
any number of columns containing ranks for statistical tests that have been performed, and one 
containing the GO categories and the genes they contain.  The algorithm calculates the rank sum for 
each GO category for each rank column, and subsequently permutes the gene labels with respect 
to their ranks.  For each permutation, the GO category now contains a random set of genes and 
thus a random set of ranks.  The permuted rank-sums are calculated, and a running total is kept of 
how frequently the permuted rank is less than or equal to the original rank. Dividing this by the total 
number of permutations provides the p-value estimate. The advantages of this permutation approach 
are to limit Type I errors for individual categories. 

Summarized ranks of GO categories that were significant (p<0.05) between parthenogenotes 
and biparental conceptuses for various tissues include paternally expressed imprinted genes, 
phosphatidylinositol binding, microtubule dynamics and lipid transporter activity.  Not 
surprisingly, imprinted paternally expressed genes were ranked significant (p<0.006) across 
all five datasets corresponding to each tissue indicating that parthenote profiling can reliably 
detect transcript dosage differences, regardless of tissue surveyed. Notably, there were marked 
differences in proliferation, biogenesis and biosynthesis pathways as predicted by the parent-
conflict hypothesis.  Consistent with our observations and others that parthenogenote conceptuses 
are developmentally delayed, various structural proteins ranked highly significant in most tissues.  
The artificial category “imprinted, maternally expressed” showed no significant difference, and 
may be related to a power-related problem to detect a theoretical 2:1 ratio upon comparison of 
maternally expressed genes between parthenotes and biparentals.  As many biological pathways 
were affected that do not contain imprinted genes, we feel these data support conclusions that a 
gene network is present that extends beyond imprinted genes but is epistatically affected by them 
(Varrault et al. 2006 ). Thus, utilizing these methods it is possible to go from a list of genes, which 
in most cases is too large to properly address experimentally, to a more biologically relevant list of 
biological processes that are likely to be affected. This can greatly facilitate hypothesis generation 
as well as the design of physiological /biochemical experiments. 

Pathway and interactome analysis

Additionally, to uncover new meaningful biological relationships it is often helpful to visualize 
gene signatures in the context of curated biochemical pathways as provided by resources such 
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Fig. 6 Functional networks of genes dysregulated in swine parthenogenetic tissues. Ingenuity 
Pathway Analysis was used to map genes differentially expressed in swine parthenogenetic 
fetal tissues into functional pathways.  Green represents up-regulation of genes with respect 
to the parthenote, while red represents down-regulation in the parthenote.  The following 
panel depicts highest affected pathway in the combined analysis of all tissues. One of the 
central nodes or hub is CDKN1A.  Up-regulation of CDKN1A results in cell cycle arrest 
at the G1/S checkpoint and induces apoptosis.

as  KEGG (Kyoto Encyclopedia of Genes and Genomes) (Okuda et al. 2008), BioCarta (http://
www.biocarta.com/genes/allpathways.asp), and Reactome (Matthews et al. 2009).  For this 
process, open-source software such as Cytoscape (Cline et al. 2007 , Yeung et al. 2008 ) and 
MadNET (Segota et al. 2008) are excellent programs that aid the investigator by mapping array 
expression datasets on canonical biochemical pathways.  A handful of commercial applications 
like Ingenuity Pathways Analysis (IPA; IngenuitySystems, www.ingenuity.com) are also available. 
In general, one should choose the application that best suits the scientific question, helpful 
criteria include text mining options, curated pathway plug-ins, user-created network assembly, 
data visualization capabilities and flexibility of data import / output formats. 

We used  IPA  to explore pathways altered in parthenogenetic swine conceptus tissues, 
similar to the approach taken by Jincho et al. (2008).  An example of an interactome depicting 
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genes affected in the parthenote samples compared to normal conceptus samples is shown 
in Fig. 6. Pathway analysis indicated that cell cycle regulation, growth and proliferation, and 
cellular assembly pathways were among the most common and most affected pathways in each 
of the tissues profiled.  Our functional analysis of parthenogenetic swine conceptus tissues is 
in agreement with the parent-conflict hypothesis, as one might expect growth pathways to be 
asymmetrically affected with a reduction in biogenesis, growth and proliferation pathways.

Finally, biological text mining has also become more attractive due to its ease of use and 
availability.  For the exploration of alternative transcript isoforms, AceView (Thierry-Mieg & 
Thierry-Mieg 2006) is particularly handy.  Recently, the community authorship or wiki concept 
inspired WikiGenes (Hoffmann 2008) (http://www.wikigenes.org/), WikiPathways (http://www.
wikipathways.org) and regulatory networks based on biomedical discipline ( i.e. pathways 
defining stem cell pluripotency using the  PluriNET network (Muller et al. 2008 ; http://www.
openstemcellwiki.org/).  The main advantage of wiki concept is dynamic, collaborative forum 
for scientists to engage in sharing data and publishing ideas. 

microRNA (miRNA) and target mRNA

MicroRNAs are known to critically regulate many developmental processes by translational 
inhibition or destabilizing target mRNAs and are often evolutionarily conserved (Grun et al. 
2005 , Chen & Rajewsky 2006 ).  Comprehensive arrays are available containing a large number 
of known mouse and human miRNAs.  In species such as swine, exploration of miRNAs is 
difficult due to the absence of full sequence information that would permit identification of 
conserved miRNAs and thus the use of these cross-species platforms, although recent reports 
suggest that the degree of microRNA conservation is such that other species platforms can be 
used to globally examine swine miRNAs (Huang et al. 2008). An alternate approach is to utilize 
microarray data as a way to predict which microRNAs are affected. This approach is facilitated 
by the existence of novel bioinformatic tools such as gene set enrichment analysis (GSEA). 

Gene set enrichment analysis is a robust method which utilizes gene sets (Molecular 
Signature Database, MSigDB; http://www.broad.mit.edu/gsea/msigdb) to analyze microarray 
data.  The GSEA-P software distinguishes whether genes in known biochemical pathways or 
coexpression patterns tend to be at the top or bottom of the ranked genome-wide expression 
dataset or randomly distributed. An enrichment score is provided, which is a value of statistical 
significance after correction for multiple testing.  A full description of the method is available 
in (Subramanian et al. 2005). 

Gene set enrichment analysis of the top hundred differentially expressed genes between 
biparental and parthenote placentas were used as inputs to determine whether there were 
common microRNAs that are dysregulated.  This GSEA approach was able to identify five 
microRNAs predicted to be differentially expressed in the parthenote samples. Two of these 
microRNAs have been implicated as ligands for angiotensin receptor II type 1 (AGTR1), a gene 
responsible for angiogenesis (Sasaki et al. 2002 ), vasoconstriction, and increased pregnancy 
complication by preeclampsia (Wallukat et al. 1999 ).  Gross morphological examination of 
swine parthenote placentas showed reduced number of blood vessels, and this observation is 
also supported by differential expression of AGTR1 in placental tissues (p<0.0009) from our 
microarray datasets. At the time of writing, a single report of miRNAs  surveyed in swine fetal 
tissues observed on day 33 and day 65 of gestation has been reported (Huang et al. 2008). 
While at this point we have not confirmed the differential expression of these miRNAs in our 
samples by Q-PCR, we have previously used this method to identify and confirm miRNAs 
affected in human intrauterine growth restriction (manuscript in preparation). 
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Conclusion

Swine are an attractive model to study fetal growth because their placental morphology 
is relatively simple—(diffuse, epitheliochorial, non-invasive)---and may provide clues to 
physiological defects of epigenetic gene dysregulation.  The swine parthenote model is already 
yielding important insights into fetal growth retardation.   Our collective analyses of these 
datasets will contribute a greater understanding of the role of epigenetic mechanisms critical to 
swine placental function and will hopefully aid our understanding of the formative interactions 
among fetus, placenta and mother, which are depicted and summarized in Fig. 7. 

Figure 7. Signaling between Fetus, Placenta and Mother. The diagramm highlights interactions between 
fetus, placenta and mother in swine pregnancy and was modified from its original version as described 
in Murphy et al 2006 (Murphy, Smith et al. 2006).  The placenta is the nexus between fetus and mother 
and its function in nutrient exchange is critical for fetal growth and pregnancy outcome as outlined by the 
various physiological crosstalk.  For example, epithelial folds of chorionic trophoblasts create interdigitation 
and increase placental surface area, which ultimately promotes fetal blood flow, placental and fetal 
growth, and enhances transport of nutrients across the non-invasive swine placenta.  Imprinted genes 
affect mammalian pregnancy outcome and functional studies by gene-targeting have described intrauterine 
growth restriction (IUGR) as one disease state by their perturbation.  Knockout (KO) studies in mice have 
shown that the paternally expressed imprinted gene family, such as IGF2 and PEG10, results in placental 
hypotrophy, while KO conceptus of imprinted maternally expressed growth suppressor PHLDA2 results 
in placentomegaly.  Maternal and fetal genotypes also affect conceptus size and placental efficiency, 
respectively (Biensen, Wilson et al. 1999). Growth retardation is not limited to placental insufficiency, 
as severe maternal caloric restriction results in preterm loss and postnatal runting (Martin-Gronert and 
Ozanne 2007; Vuguin 2007).
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Modern genomic approaches can greatly facilitate the study of physiological phenomena by 
providing a broad overview of the system, followed by the ability to focus on those pathways/
systems that vary. Thus, while genomic analyses are not hypothesis driven, they greatly facilitate 
the development of hypotheses that have the most likelihood of yielding important biological 
information. We view genomic approaches as an initial unbiased screening step that can be 
followed up with more targeted functional experiments. They are not, by themselves typically 
conclusive, but are extremely useful for hypothesis generation. By comparison, many times 
candidate gene approaches suffer from too narrow a view of the biological system being studied, 
and fail to uncover novel interactions and pathways. 
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NC, USA) was used. Therefore, these polymorphisms in CRYGC
can be excluded as causative mutations for CAT in Entlebucher
mountain dogs.
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Overview: The Affymetrix porcine genome microarray (http://
www.affymetrix.com/products/arrays/specific/porcine.affx) is
minimally annotated. Less than 10% of the probe sets on this
array are described with gene names, posing a challenge to
biological interpretation of data. Lack of annotation is likely due
to the limited availability of full-length porcine cDNA sequence.
Presented here is a strategy for improving the annotation of this
microarray.

Sequence sources: Sequences were obtained from Ensembl Bio-
MART (human cDNA and genomic sequence), The Institute for

Genomic Research (TIGR) Sus scrofa Gene Index and Affymetrix
Porcine Target Sequences FASTA.

Annotation: Each probe set was annotated via the following
method. The Affymetrix Porcine target sequence was retrieved
and extended, if possible, with the TIGR assembly.1 These
extended sequences were compared by BLAST against the En-
sembl human cDNA sequence library. If the BLAST bit score
was <50, extended sequences were further compared by BLAST
against the Ensembl human genomic sequence library. These
results were summarized into a final annotation.

Using this method, we putatively identified 19 675 of
24 123 transcripts on the Affymetrix Porcine microarray,
representing 11 265 unique genes. Bit scores and sequence
sources are included in Appendix S1 as a measure of annota-
tion uncertainty, which has been recommended in previous
reports2 and allows investigators to establish a confidence
threshold of their choice.

Concordance: We observed >96.9% concordance when com-
paring annotations based on original and extended target se-
quences in cases where we believed unextended annotations to
be reliable. This level of concordance increased when the bit
score threshold for unextended sequences was raised, suggest-
ing that our strategy improved the sensitivity of identifying
homologous human genes.

Probe set analysis: In order to better understand the cause of
discordance in cases where comparisons by BLAST using ori-
ginal and extended sequences yielded different results, we
manually examined 15 discordant probe sets. Detailed analysis
of these sets indicated that unextended target sequences failed
to match a homologous human transcript when they were
derived from the porcine transcript 3! untranslated region.
Affymetrix gene expression arrays are 3!-biased by design. From
this, we suggest that in most cases correct annotation will be
obtained more reliably from extended sequences.

Availability: This annotation is available for download as
Table S1 and at http://www4.ncsu.edu/~stsai2/annotation.

Comment: We have developed an improved annotation for the
Affymetrix porcine microarray that describes approximately
82% of the probe sets. This annotation will greatly increase the
usefulness of Affymetrix porcine arrays for gene expression
studies.
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Abstract
Background: Presently, multiple options exist for conducting gene expression profiling studies
in swine. In order to determine the performance of some of the existing microarrays, Affymetrix
Porcine, Affymetrix Human U133+2.0, and the U.S. Pig Genome Coordination Program spotted
glass oligonucleotide microarrays were compared for their reproducibility, coverage, platform
independent and dependent sensitivity using fibroblast cell lines derived from control and
parthenogenic porcine embryos.

Results: Array group correlations between technical replicates demonstrated comparable
reproducibility in both Affymetrix arrays. Glass oligonucleotide arrays showed greater variability
and, in addition, approximately 10% of probes had to be discarded due to slide printing defects.
Probe level analysis of Affymetrix Human arrays revealed significant variability within probe sets
due to the effects of cross-species hybridization. Affymetrix Porcine arrays identified the greatest
number of differentially expressed genes amongst probes common to all arrays, a measure of
platform sensitivity. Affymetrix Porcine arrays also identified the greatest number of differentially
expressed known imprinted genes using all probes on each array, an ad hoc measure of realistic
performance for this particular experiment.

Conclusion: We conclude that of the platforms currently available and tested, the Affymetrix
Porcine array is the most sensitive and reproducible microarray for swine genomic studies.
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Background
Gene expression profiling utilizing microarrays has
become a widely used approach to elucidate biological
function in complex systems. In mice and humans, a
number of different platforms and approaches have been
developed that have allowed gene expression analysis
under a broad range of treatment conditions both in vitro
and in vivo. In swine, in spite of limited genomic informa-
tion available, several platforms have been developed for
gene expression profiling. There are two microarrays cur-
rently available for porcine gene expression studies:
Affymetrix Porcine (24,123 probe sets), and a U.S. Pig
Genome Coordination Program glass spotted long oligo-
nucleotide microarray (13,827 probes) [1,2]. In addition,
a few groups have reported cross-species microarray
hybridization onto Affymetrix Human arrays with mRNA
from species such as dog, cattle, and swine [3,4], thus sug-
gesting that the Affymetrix Human platform (54,676
probe sets) may also be useful in porcine gene expression
studies. There has also been a single report of cross-species
hybridization of porcine cDNA onto human nylon micro-
arrays [5].

While Zhao et al. reports validation of the porcine glass
spotted long oligonucleotide array [6], there are no
reports thus far on the Affymetrix Porcine microarray
released in early 2005. In order to determine which of the
presently available microarrays would be preferable for
swine gene-profiling studies we compared both porcine
based platforms as well as the human Affymetrix arrays
(in cross-species hybridization). There are compelling rea-
sons why one might theoretically choose any of these
three array platforms. The Affymetrix Human array has
the greatest coverage and is well annotated against the
human genome, but is complicated by the effects of cross-
species hybridization. The Affymetrix Porcine array has an
intermediate level of coverage but is poorly annotated.
The glass spotted oligonucleotide array platform has the
potential advantage of greater specificity and has a lower
unit cost, but has the lowest coverage of all three plat-
forms.

To ensure that we could assess platforms in terms of the
biological relevance of the information generated, we
chose to compare gene expression profiles of biparental
and parthenogenetic porcine fibroblasts. Comparisons
between control and parthenogenetic mouse embryos
have been previously used to identify imprinted genes
[7,8] and extensive information exists regarding expected
differences in gene expression between these two cell pop-
ulations. As such, results from the three platforms being
compared can be examined not just for their technical
reproducibility, but also for the relevance of the informa-
tion expected. Specifically, diploid parthenogenetic
embryos contain only maternally-derived chromosomes

and as such they have two sets of maternally imprinted
genes and no paternally imprinted genes. In contrast, nor-
mal biparental embryos contain one complement each of
paternal and maternal imprinted genes. Comparison of
the gene expression profiles of both groups allows the
identification of imprinted genes as has been demon-
strated by Mizuno et al. [8]. Thus, by using this model sys-
tem it is possible not only to compare platforms for their
technical merits but also for the extent of biological infor-
mation generated (i.e. identification of known imprinted
genes).

Results
Technical Reproducibility
All arrays were normalized (treatment of each array
described in methods) and compared by pairwise correla-
tions between technical replicates, with the average Pear-
son correlation coefficient given below. Affymetrix
Human and Porcine arrays were both highly correlated
between technical replicates indicating high technical
reproducibility. The lower correlation between replicates
of the Affymetrix Human array is likely due to the greater
percentage of inherently more variable non-hybridizing
probes caused by sequence divergence mismatches. Also,
it was necessary to remove approximately 10% of the
probes on the long glass oligonucleotide array due to
printing defects prior to normalization [see Additional
File 1]. After this procedure, it was found that although
these spotted arrays performed relatively well, they none-
theless showed significantly more variability than the
Affymetrix arrays. Decreased error variance due to high
technical reproducibility is one of the key contributing
factors to a platform's ability to identify differentially
expressed genes (Figure 1).

Cross-species hybridization onto Affymetrix Human 
Genechips
Utilizing the design described above, porcine cRNA was
hybridized to human Affymetrix arrays and data analyzed
by filtering and subsequent analysis via a linear mixed
model as described in the methods. Due to the effects of
cross-species hybridization, the complexity of down-
stream analysis for Affymetrix Human U133+2.0 arrays in
the context of cross-species hybridization was signifi-
cantly greater than for the remaining arrays. Specifically, a
high degree of variability within probe sets, likely due to
probes with low sequence identity between human and
pig was noted. The plots of probe expression profiles high-
lights the difficulty of this problem (Figure 2a,2b).

In the Affymetrix Human probe set 212092_at, targeting
the gene PEG10 (Figure 2b), the small black arrows indi-
cate that only 1st, 2nd, and 11th probes appear to be differ-
entially expressed in control versus parthenogenetic
samples. The remaining probes show intensities that are
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randomly distributed around the median of the array. In
contrast, Ssc.13476.1.A1_at, a porcine-specific probe for
the same transcript (Figure 2a), showed clear evidence of
differential expression across all probes. This inconsistent
hybridization within probe sets is representative of the
probes on the Affymetrix Human array under these cross-
species hybridization conditions. Figure 2c further illus-
trates difficulties with the filtering process. In this figure,
the dotted red line in the expression profile on the left is a
filtering threshold. The probe set in the lower left shows
results of filtering at a particular threshold (> one standard
deviation from the mean intensity of the array). This illus-
trates how this type of filtering is imperfect as at a fairly
stringent threshold, only two of three probe sets that
exhibit evidence for differential expression are retained
along with two probe sets that do not.

We tested a number of filtering thresholds based on the
perfect match probe intensity in an effort to optimize this
procedure (Table 1). However, far fewer differentially
expressed known imprinted genes were identified by the
Affymetrix Human array, even after applying these filter-
ing procedures. A filtering procedure proposed by Ji. et al.,
which implements a filter based on the difference and
ratio of perfect match and mismatch probes [4] was also
tested. This filtering approach did not improve results in
terms of known imprinted genes identified in comparison
to filtering solely based on perfect match intensity (data
not shown).

Estimates of Differential Expression
Differential expression for all three platforms was deter-
mined by estimating treatment effects after fitting a linear

mixed model using SAS and JMP/Genomics via the
method of Wolfinger et al.. [9]. The volcano plots (plot-
ting estimate of treatment effects against the negative log
of the p-value) (Figure 3) demonstrate that the number of
significant differentially expressed genes identified varies
greatly between these three platforms. All known
imprinted transcripts have been highlighted in red; the
dotted red lines correspond to a Bonferroni adjusted (p <
0.05) on the vertical axis and > 2-fold change on the hor-
izontal. The Affymetrix Porcine array identified both the
greatest number of differentially expressed genes as well as
the greatest number of differentially expressed known
imprinted genes. This same trend was exhibited when the
threshold for differential expression was set at q<0.05 and
q<0.20. Table 2 summarizes the transcriptional differ-
ences identified.

Sensitivity
A cumulative distribution plot shows the proportion of
genes that are at or below a full range of p-value thresh-
olds (Figure 4). It corroborates that at all significance
thresholds, the Affymetrix Porcine array detects genes as
being differentially expressed with higher frequency.

Identification of Sequence-Matched Probes
In order to assess the performance of the microarrays
independently of coverage, we identified a set of 333
probe clusters common to all platforms by sequence-
based mapping on the probe level. Briefly, we selected
short oligonucleotide probes that mapped to long oligo-
nucleotide probes with complete sequence identity and
included them in a matching probe cluster where there
were mappings for both short oligonucleotide Affymetrix

Reproducibility of technical replicatesFigure 1
Reproducibility of technical replicates. Pairwise scatterplot of control technical replicates for (a) Affymetrix Human, (b) 
Affymetrix Porcine, and (c) long glass oligonucleotide array. Average Pearson correlation coefficients across three htechnical 
replicates are given.
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Effects of probe set filteringFigure 2
Effects of probe set filtering. (a) A well behaved probe set on the Affymetrix Porcine platform. Differential expression is evi-
dent across the entire probe set. (b) A typical probe set on the Affymetrix Human platform. Differential expression (black 
arrows) is evident in only on three of eleven probes. (c) Probe set filtering performed at a stringent threshold of one standard 
deviation above the mean array intensity (red dotted line). Note that while two of the probe sets exhibiting differential expres-
sion are captured, one is lost, and two probe sets which do not indicate differential expression also remain.
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microarrays to the single porcine glass long oligonucle-
otide microarray. 10,212 Affymetrix Porcine short oligo-
nucleotides mapped to 5,452 unique Porcine Glass long
oligonucleotides; 727 Affymetrix Human short oligonu-
cleotides map to 520 unique Porcine Glass long oligonu-
cleotides. The intersection of these two mappings results
in the 333 probe clusters which are used to assess intra-
platform reproducibility. 82 of these probe clusters con-
tain short oligonucleotide sequences that match exactly
between the two Affymetrix platforms; correlation coeffi-
cients are also calculated for this subset. (Figure 5)

Within the constraints of the technology (70-mer probes
versus 25-mer probes), this sequence-based probe-to-
probe mapping is the most rigorous method of identify-
ing comparable matching probes to assess inter-platform
reproducibility.

Inter/Intra-Platform Reproducibility
Average pairwise Pearson and Spearman correlation coef-
ficients were calculated, showing strong correlation both
within and between the two Affymetrix microarrays, but
moderate correlation between the porcine glass and the
Affymetrix platforms. As expected, given the high strong
intra-platform correlation of the Affymetrix microarrays,
probes with identical sequence between Affymetrix Por-
cine and Affymetrix Human microarrays also show very
strong correlation (Table 3).

These correlation values compare favorably with the best
correlations reported by Pylatuik et al. on biological repli-
cates between platforms and are comparable to the corre-
lations for A values obtained by Barczak et al. where
technical replicates were used to compare the same sam-
ple between short and long oligonucleotide platforms
(Table 3; [10,11]).

Volcano plots of differential expressionFigure 3
Volcano plots of differential expression. Volcano plots of estimate of differential expression for (a) Affymetrix Human, (b) 
Affymetrix Porcine, and (c) glass spotted long oligonucleotide microarray. These plots provide an immediate visual assessment 
of the degree of detectable differential gene expression as well as concordance with predicted differential gene expression.

Table 1: As the threshold stringency increases, the number of known imprinted genes identified as differentially expressed at a q < 0.05 
reaches a local optimum while the number of significant genes decreases.

Effects of filtering at various thresholds on the Affymetrix Human array

Filter 
Thresholds

PM 
Threshold

Number of 
Probes 
After 

Filtering

% Probes 
After 

Filtering

% Probe 
Sets 

Remaining

Number 
Significant 
(q < 0.05)

Number 
Known 

Imprinted 
(q < 0.05)

Number 
Significant 
(padj< 0.05)

Number 
Known 

Imprinted 
(padj< 0.05)

No filter 0.000 604,258 100.0% 100.00% 21 4 8 2
Median 7.655 361,110 59.8% 99.11% 20 6 7 2
75% quartile 8.479 197,484 32.7% 92.80% 14 6 4 2
1 standard 
deviation 
above mean

9.104 113,455 18.8% 79.20% 6 3 3 2
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Validation of known imprinted genes by qRT-PCR
Validation of microarray results by real-time quantitative
reverse-transcription PCR (qRT-PCR) was conducted by
examining expression of known imprinted transcripts. A
subset of known imprinted transcripts were selected
regardless of their levels of expression on the various
microarrays. Our results (Table 4) indicate that for those
transcripts where the individual microarrays showed sig-
nificant evidence for differential expression (PEG10,
PLAGL1, SGCE, and IGF2) there was qualitative agree-
ment with the results of qRT-PCR. At a more relaxed
threshold, SGCE would also be detected as significantly
differentially expressed on the glass oligonucleotide array,
while PLAGL1 and IGF2 are not represented on the glass
arrays. There were two transcripts, DLX5 and DCN, which
were detected as differentially expressed by qPCR but not

by the microarrays at a statistically conservative Bonfer-
roni corrected p < 0.05 cutoff. This is consistent with the
observation that microarrays tend to underestimate abso-
lute fold change and that qRT-PCR has greater detection
sensitivity (but considerably lower throughput) than
microarray technology [12].

Discussion
The difficulty with assessing relative performance of
microarrays is that the truth regarding which genes are
actually differentially expressed is not known. It is not fea-
sible in practice to validate all but a relatively small sam-
pling of genes by quantitative PCR, thus, surrogate
measures for accuracy such as concordance are typically
used in comparisons between platforms. In this study,
we've used several classical metrics for reproducibility and
sensitivity of detection. In addition, we've chosen to use
the number of known imprinted genes identified as an ad
hoc measure of the performance of each platform under
realistic experimental conditions. We find that Affymetrix
Porcine arrays were the most technically reproducible and
were able to identify the greatest number (and highest
percentage) of currently known imprinted genes, while
Affymetrix Human and Porcine Glass Oligonucleotide
arrays identify a comparable number (Table 2). The bio-
logical significance of this study is that it suggests that the
following genes: DIRAS3, MEST, NDN, NNAT, SGCE,
SRNPN, PEG3, PLAGL1, and PEG10 are imprinted in por-
cine fibroblast. Their prominent disregulation may point
to a role in the failure of parthenogenetic development to
term in swine.

It has been suggested that it might be possible to run addi-
tional glass long oligonucleotide arrays to compensate for
their increased technical variability, particularly as they
have a lower unit cost. While a larger number of arrays
may be able to compensate and provide increased statisti-
cal power to a glass long oligonucleotide array experi-

Cumulative distribution frequency of p-valuesFigure 4
Cumulative distribution frequency of p-values. Cumulative 
distribution frequency of p-values for the three array plat-
forms. This plot shows that at all p-values the highest number 
of differentially expressed genes is identified by the Affyme-
trix Porcine platform.

Table 2: The number of DEGs is determined at a Bonferroni-adjusted significance level of 0.05 for each of the three microarrays.

Statistics on coverage and detection of differentially expressed genes (DEGs)

Platform Total Number of 
Genes

Number of DEGs Number of DEGs > 
2-fold change

Known Imprinted 
Genes 

Represented

Number of 
KnownImprinted 

Genes 
Differentially 
Expressed

% Known 
Imprinted Genes 

Differentially 
Expressed

Affymetrix Human 
(filtered, 75% 

quartile)

50,737 4 2 215 2 0.9

Affymetrix Porcine 24,123 210 19 111 13 11.7
Glass 

Oligonucleotide
13,827 3 2 29 1 3.4
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Summary of sequence-oriented probe matchingFigure 5
Summary of sequence-oriented probe matching. (a) 10,212 Affymetrix Porcine short oligonucleotides map to Porcine Glass 
long oligonucleotides. They cluster into 5,452 probe clusters around each long oligonucleotide sequence. (b) 727 Affymetrix 
Human short oligonucleotides map to Porcine Glass long oligonucleotides, clustering into 520 probe clusters. (c) The intersec-
tion of these two mappings results in 333 probe clusters which are used to assess intra-platform reproducibility. 82 of these 
probe clusters contain short oligonucleotide sequences that match exactly between the two Affymetrix platforms.
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ment, it is not relevant to the remaining issue of
considerably lower coverage.

The primary complication with cross-species hybridiza-
tion of porcine derived cRNA onto Affymetrix Human
Genechips is the difficulty in differentiating whether
observed low signal intensity is due to low transcript
abundance or sequence divergence. Without genome
sequence to resolve this question, the utility of these
arrays for porcine gene expression studies is reduced. Fur-
thermore, though filtering at varying thresholds does
appear to improve the detection of differentially expressed
known imprinted genes there is not a clear optimum, and
varying sets of known imprinted genes are detected at dif-
ferent thresholds. The optimal threshold may vary with

sample condition and may thus be difficult to determine
without known differentially expressed genes as controls,
as we have in this case. This would pose an obstacle to typ-
ical experiments without a priori information about differ-
ential expression. We propose that while it is possible to
identify differentially expressed genes by this method,
with the availability of the Affymetrix Porcine array it is no
longer necessary to perform this cross-species hybridiza-
tion procedure in swine unless one is specifically inter-
ested in questions such as the degree of interspecies
sequence similarity [13]. Overall, our observation that is
that the effective coverage of Affymetrix Human arrays for
detecting differential expression (using both PM-only and
PM and MM based filtering methods) is less than that of
Affymetrix Porcine arrays.

Table 4: Results of validation by qRT-PCR alongside detection of differential expression by microarray demonstrating qualitative 
agreement.

qPCR Validation
Gene Name 2 CT 2 CT 

standard 
deviation

qPCR p-
value

qPCR Direction of 
Imprinted 
Expression

Porcine 
Spotted 

Long Oligo

Human 
Short Oligo

Porcine 
Short Oligo

PEG10 785544.42 9.3 <0.0001 Yes Paternal Yes Yes Yes
PLAGL1 758.32 1.4 <0.0001 Yes Paternal No Yes Yes
SGCE 450.90 2.1 <0.0001 Yes Paternal No Yes Yes
IGF2 24.53 1.9 0.0010 Yes Paternal No Yes Yes
DLX5 7.53 1.5 0.0065 Yes Maternal No No No
DCN 5.04 1.6 0.0168 Yes Maternal No No No

GRB10 1.38 2.2 0.1913 No Maternal No No No
CD81 0.98 1.6 0.2026 No Maternal No No No

COMMD1 0.86 2.8 0.3265 No Maternal No No No
CDKN1C 0.79 6.7 0.4283 No Maternal No No No

IGF2R 0.74 1.3 0.2119 No Maternal No No No

Table 3: Average Pearson and Spearman correlations were calculated between normalized intensities for control technical replicates. 
All correlations are significant at p < 0.0001. These results show strong correlation both within and between the two Affymetrix 
microarrays, but lower correlation between the porcine glass and the Affymetrix platform.

Sequence-oriented Inter/Intra-Platform Correlation
Correlation Coefficients of Matching Probes

Affymetrix Human Affymetrix Porcine Porcine Glass

Pearson Spearman Pearson Spearman Pearson Spearman

Affymetrix Human 0.983 0.985 0.842 0.837 0.555 0.560
Affymetrix Porcine 0.842 0.837 0.998 0.998 0.618 0.624
Porcine Glass 0.555 0.560 0.618 0.624 0.837 0.827

Correlation Coefficients of Matching Probes with Complete Overlap

Affymetrix Human Affymetrix Porcine Porcine Glass

Pearson Spearman Pearson Spearman Pearson Spearman

Affymetrix Human 0.987 0.979 0.980 0.970 0.628 0.588
Affymetrix Porcine 0.980 0.970 0.997 0.996 0.633 0.620
Porcine Glass 0.628 0.588 0.633 0.620 0.844 0.827
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In other species where a commercial short oligonucle-
otide array is not available, the only available option may
be cross-species hybridization onto a similar Affymetrix
array. We observed that probe level filtering based only on
perfect match probe intensities performs comparably to
the perfect match and mismatch based approach of Ji et al.
One possible reason that these two filtering procedures
perform similarly despite fairly different implementations
is because the Ji et al. procedure uses the Affymetrix MAS5
algorithm to obtain summary expression intensities. Since
MAS5 is an expression summary based on the difference
in intensity between perfect match and mismatch probes,
it is logical and consistent to use a filtering scheme also
based on this difference. We obviate the need to consider
the mismatch probes when filtering by estimating differ-
ential expression using an approach based on perfect
match intensities only and using this approach we obtain
satisfactory and comparable results to a PM-MM filtering
scheme which we implemented as described in Ji et al. [4].

There are open questions about whether data from differ-
ent microarrays is comparable given low levels of con-
cordance observed between different microarray
platforms [14,15]. Spotted long oligonucleotide plat-
forms are considered to be an improvement over cDNA
arrays as it eliminates the problem of clone misidentifica-
tion, although incorrect spot placement is still possible
[16]. Our observation of moderate correlations between
platforms is consistent with earlier studies. It reinforces
the idea that, particularly in the absence of known refer-
ence standards, microarrays are better suited for identify-
ing relative as opposed to absolute quantitative
differences. The results of our microarray analyses, taken
together with results of real-time quantitative PCR, sug-
gest that microarrays are generally successful at identifying
differentially expressed genes and identifying the same
biological group of imprinted genes that were predicted to
be differentially expressed a priori based on the partheno-
genetic animal model along with empirical evidence from
prior studies.

Conclusion
In summary, results presented here indicate that the
Affymetrix Porcine arrays have higher sensitivity and tech-
nical reproducibility in comparison to a porcine long
glass oligonucleotide platform and cross species hybridi-
zation onto an Affymetrix Human platform. In addition,
we have expanded the utility of these porcine microarrays
through development of a more comprehensive annota-
tion [17]. This enhanced annotation increases the amount
of biological information that can be derived from the
Affymetrix Porcine microarrays and increases their useful-
ness for swine genomic studies.

Methods
Experimental Design
Gene expression profiles of fibroblast cell lines derived
from day 27 control and parthenogenetic embryos were
compared in each of the three platforms. For each plat-
form, three biological replicates were used. Each biologi-
cal replicate consisted of fibroblasts derived from a
randomly selected fetus and cultured for two passages.
One of the biological replicate was further split into three
technical replicates. For biparental controls, sex of fetuses
was determined by PCR and only female fetuses were used
to avoid sex-related gene expression differences. For the
technical replicates, one of the biological replicates was
split into three identical pools of RNA and hybridized
independently. For cross-platform comparisons, the same
starting pool of total RNA was used to generate labeled
targets for each of the three individual experiments. A bal-
anced dye swap design was employed for the two-channel
glass oligonucleotide microarray and one control and one
parthenogenetic biological replicate were each divided
into three technical replicates (Figure 6).

Generation of control pregnancies
Control crossbred gilts were mated by artificial insemina-
tion with boars to produce the biparental control fetuses
for this study. Gilts were mated at 12 and 24 hr after their
natural standing heat.

Generation of parthenogenetic pregnancies
Oocyte collection and maturation: Porcine ovaries were
collected from sows at a local slaughterhouse and trans-
ported in 0.9% saline solution at 30–35°C. At the lab,
ovaries were washed four times with warmed saline solu-
tion. Cumulus oocyte complexes (COCs) were aspirated
from ovarian follicles 3–8 mm in diameter using a 5 ml
syringe fitted with a short bevel 18-gauge needle. Follicu-
lar fluid was collected in 50 ml centrifuge conical tubes at
room temperature. Collected COCs were washed three
times in TLH-PVA medium. Oocytes with uniform cyto-
plasm and at least two layers of compacted cumulus cells
were used for maturation. COCs were matured in TC199-
Hepes supplemented with 10% porcine follicular fluid
(pFF), 5 g/ml insulin, 10 ng/ml EGF, 0.6 mM cysteine,
0.2 mM pyruvate, 25 g/ml kanamycin and 5 g/ml of
each eCG and hCG. Fifty COCs were cultured in 500 l
medium in a 4-well Nunc dish at 38.5°C, 5% CO2 in a
humidified atmosphere. COCs were cultured for 22 hr
before being changed to the same but eCG- and hCG-free
culture medium and cultured for additional 15 hr [18].

Electrical activation of pig oocytes
After 40 hr of maturation in vitro, cumulus cells of IVM pig
oocytes were removed by repeated pipetting in 0.1%
hyaluronidase. Denuded oocytes were washed three times
in Ca2+ free-NCSU23 medium [19] and then exposed for
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5 min to activation medium consisting of 0.3 M mannitol,
0.05 mM MgSO4, and 0.1 mM CaCl2. Oocytes were then
transferred between electrodes (1 mm apart) covered by 3
ml of the activation medium in a chamber connected to
an electrical pulsing machine (BTX ECM 2001). Oocytes
were stimulated by a single DC pulse of 150 V/mm for
100 secs. After activation, oocytes were washed twice in
NCSU-23 medium supplemented with 0.4% BSA (IVC
medium) and moved into IVC medium containing 10 g/
ml of cyclohexamide and incubated for 6 hr in this
medium. Then, oocytes were washed three times in
NCSU-23 medium supplemented with 0.05% BSA for
transfer.

Embryo transfer into recipient
Activated oocytes were transferred into naturally cycling
gilts on the first day of the standing estrous. Ventral
laparotomy was performed and oocytes were transferred
into the oviduct [18].

Collection of biparental and parthenogenetic fetuses
Pregnancies were confirmed by ultrasound two days
before the collection on day 27. Fetuses were collected fol-
lowing euthanasia of the gilt and dissection of the repro-
ductive tract. Fetuses were removed from their placenta,
weighed and placed into 50 ml conical tubes containing
DMEM supplemented with 10% fetal bovine serum
(FBS). Tubes were kept on ice for transportation to the
laboratory. Placentas were taken separately, weighed and
placed in liquid nitrogen for later studies.

Isolation of fibroblasts from biparental and 
parthenogenetic fetuses
The head and viscera of fetuses were removed and the
remaining tissue was minced with a sterile razor blade.
The tissue was added to 10 ml of 0.05% trypsin (Gibco)
supplemented with 0.9 mM potassium chloride, 0.9 mM
dextrose, 0.7 mM sodium bicarbonate, 0.1 mM EDTA (all
from Sigma), and 20 mM sodium chloride (EMD Bio-
science). The tissue/trypsin solution was shaken at 37°C
for 15 min a total of three times. After incubation, the
supernatant was collected, pooled, and pelletted. The cell
pellet was resuspended in DMEM/F12 media (Gibco) sup-
plemented with 10% FBS and 5% calf serum (CS) (both
from Hyclone), 30 mM sodium bicarbonate, 0.5 mM
pyruvic acid, and 2 mM N-acetyl-L-cysteine (all from
Sigma). In addition, 100 units penicillin and 100 ug strep-
tomycin,(Gibco) were added per 100 ml media to inhibit
microbial growth. The cells were placed in the appropriate
number of 10 cm tissue culture plates (Corning), incu-
bated in a 5% CO2 incubator at 37°C, expanded once and
frozen in 50% FBS, 40% media, and 10% DMSO (Sigma)
for long time storage and future use.

Determination of sex of fetuses by PCR
The sex of the fetuses from which each of the biparental
control fibroblast cell lines was derived was determined
by SRY genotyping using the following primers: 5'-
TGAACGCTTTCATTGTGTGGTC-3', 5'-TCCTCCGT-
GTCTCTGATGACCG-3' [20]. The PCR thermocycling
conditions were 95°C for 2 min, 35 cycles of 95°C for 20

Experimental designFigure 6
Experimental design. (a) Experimental design for Affymetrix arrays, with three biological replicates for each of two treatments 
(control and parthenote). One biparental control biological replicate is further split into a total of three technical replicates. (b) 
Experimental design for glass long oligonucleotide array with three biological replicates of each of two treatments (control and 
parthenote). One biparental control biological replicate and one parthenogenetic biological replicate are each split into three 
technical replicates.
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s, 55°C for 30 s, 72°C for 1 min, followed by 72°C for 7
min.

RNA Isolation
Cells derived from biparental female and parthogenetic
fetuses were grown in 10 cm tissue culture plates in
DMEM/F12 media (Gibco) supplemented with 10% FBS
and 5% calf serum CS (both from Hyclone), 30 mM
sodium bicarbonate, 0.5 mM pyruvic acid, and 2 mM N-
acetyl-L-cysteine (all from Sigma). At 90% confluency, the
RNA was extracted using RNAqueous Kit (Ambion) as per
the instructions of the manufacturer. Briefly, media was
removed from the plates and cells were lysed in 1 ml lysis
buffer. To this was added 1 ml of 64% alcohol. The con-
tents were mixed and passed through the column. The
RNA bound to the column was washed once with wash
solution 1 and twice with wash solution 2/3. Finally RNA
was eluted in 40 l of hot elution buffer. RNA was quan-
tified by spectrophotometry and quality verified by run-
ning 5 g of RNA on 1% agarose gel. The resulting RNA
was used for microarray analyses.

Target Production and Hybridization: Affymetrix Human 
and Porcine arrays
Before target production, the quality and quantity of each
RNA sample was assessed using a 2100 BioAnalyzer (Agi-
lent). Target was prepared and hybridized according to the
Affymetrix Technical Manual. Total RNA (10 ug) was con-
verted into cDNA using Reverse Transcriptase (Invitrogen)
and a modified oligo(dT)24 primer that contains T7 pro-
moter sequences (GenSet). After first strand synthesis,
residual RNA was degraded by the addition of RNaseH
and a double-stranded cDNA molecule was generated
using DNA Polymerase I and DNA Ligase. The cDNA was
then purified and concentrated using phenol:chloroform
extraction followed by ethanol precipitation. The cDNA
products were incubated with T7 RNA Polymerase and
biotinylated ribonucleotides using an In Vitro Transcrip-
tion kit (Enzo Diagnostics). One-half of the cRNA product
was purified using an RNeasy column (Qiagen) and quan-
tified with a spectrophotometer. The cRNA target (20 ug)
was incubated at 94°C for 35 min in fragmentation buffer
(Tris, Magnesium Acetate, Potassium Acetate). The frag-
mented cRNA was diluted in hybridization buffer (MES,
NaCl, EDTA, Tween 20, Herring Sperm DNA, Acetylated
BSA) containing biotin-labeled OligoB2 and Eukaryotic
Hybridization Controls (Affymetrix). The hybridization
cocktail was denatured at 99°C for 5 min, incubated at
45°C for 5 min and then injected into a GeneChip car-
tridge. The GeneChip array was incubated at 42°C for at
least 16 hr in a rotating oven at 60 rpm. GeneChips were
washed with a series of nonstringent (25°C) and stringent
(50°C) solutions containing variable amounts of MES,
Tween20 and SSPE. The microarrays were then stained
with Streptavidin Phycoerythrin and the fluorescent sig-

nal was amplified using a biotinylated antibody solution.
Fluorescent images were detected in a GeneChip® Scanner
3000 and expression data were extracted using the Micro-
Array Suite 5.0 software (Affymetrix). All GeneChips were
scaled to a median intensity setting of 500.

Target Production and Hybridization: U.S. Pig Genome 
Coordination Program Glass Arrays
RNA was extracted from primary cultures of control and
gynogenote fibroblasts using RNAqueous® (Ambion) fol-
lowing the manufacturer's suggested protocol and stored
at -80°C. One microgram of purified RNA was converted
to aminoallyl-coupled RNA (aRNA) and coupled with
Cy3 or Cy5 using Amino Allyl Message Amp II aRNA Kit
(Ambion), again suggested protocols were followed. Spe-
cific activity and aRNA concentration of the purified
labeled aRNA was determined by assaying one l of sam-
ple on a NanoDrop® ND 1000. Specific activities (pmol
dye/pmol aRNA) of all probes were between 25 and 40.
Control and parthenogenetic probes were pooled so that
equal molar amounts of each dye were used per array.
Pooled probes were dried to completion using an Eppen-
dorf Vacufuge then fragmented using Fragmentation Rea-
gent (Ambion). Fragmented probes were dried to a 10 l
volume and immediately used for hybridization. Glass
arrays were generated at the University of Minnesota
Microarray Printing Facility and obtained through the
U.S. Pig Genome Coordination Program. Arrays were
used within two weeks of receipt. Slides were pre-hybrid-
ized, hybridized and washed according to GAPS II Coated
Slides instruction manual (Corning) with the exception
that 300–400 picomoles of dye were used per slide and
0.1 g/ l of Thymus DNA (Sigma) was used in the hybrid-
ization buffer. The arrays were scanned with ScanArray
Express (Packard Bioscience). Acquired images were ana-
lyzed using QuantArray software version 3.0 (Packard
Bioscience). During the quantification process, approxi-
mately 10% of probes were discarded due to visually iden-
tified printing defects on the arrays.

Normalization and Filtering
For Affymetrix arrays, probe intensity values were log2
transformed and quantile normalization was applied
[21]. The average of the three technical replicates was
taken to determine the probe intensities for the corre-
sponding biological replicate. The Affymetrix Human
arrays were treated as a special case due to the effects of
sequence divergence on cross-species hybridization. For
these arrays, we employed quantile normalization, and
then subsequently corrected for the increased variability
of probe expression profiles by filtering out non-hybridiz-
ing probes from within probe sets. We tried two
approaches to filtering, one solely based on the intensity
of the perfect match probe, and the second based on both
the difference and the ratio between the perfect match and
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the mismatch probe as described by Ji et al. [4]. In the per-
fect match only approach, we filtered out non-hybridizing
probes which did not exceed arbitrary filtering thresholds
in any of the samples. We tried four filtering thresholds: 0,
the median array intensity, the third quartile, and one
standard deviation above the mean. In the perfect match
and mismatch approach, we implemented a filter at PM -
MM > 200, PM/MM > 2.

The spotted glass oligonucleotide arrays were normalized
with a lowess normalization with a smoothing parameter
of 0.2 to broadly correct for dye effects.

Statistical Analysis
The Affymetrix arrays were fitted to the following gene by
gene linear mixed model using SAS and JMP/Genomics
(Cary, NC) [9].

yijk =  + Ti + Pj + Ak + ijkl

For each probe set, y is the log2 transformed intensity of
the ith treatment, jth probe, and kth array. This model
included fixed effects for treatment (control or parthe-
note, T) and probe (P) and random effects for array (A).

The glass spotted oligonucleotide array was fitted to the
following gene by gene linear mixed model.

yijk =  + Ti + Dj + Ak + Dj*Ak + ijkl

For each probe, y is the log2 transformed intensity of the
ith treatment, jth dye, and kth array. This model included
fixed effects for treatment (control or parthenote, T), dye
(D), the interaction between dye and treatment (D*A),
and random effects for the array (A).

Least square means were estimated for the difference
between treatments for each gene. In the Affymetrix
Human array, corresponding p-values were converted to
q-values by a method proposed by Storey that measures
significance in terms of false discovery rate to optimize fil-
tering thresholds [22]. For all arrays, p-values were
adjusted with a Bonferroni correction to control the fam-
ily wide error rate to <0.05.

Correlations for technical reproducibility
The control technical replicates for each of the three array
platforms were compared by standard pairwise correla-
tions. The average Pearson correlation coefficient for these
three arrays is reported. The Cy5 channel of the glass array
is used for comparison purposes, but both channels have
similar correlation values.

Cumulative distribution of p-values
An empirical cumulative distribution function was fitted
for each of the three sets of p-values. A plot of p-value by
frequency was then constructed, where each point repre-
sents a gene with its corresponding p-value.

Identification of Sequence-Matched Probe Clusters
Mecham et al. have suggested that the lack of concordance
in cross-platform microarray comparisons may be caused
by a reliance on gene annotations without more stringent
sequence-oriented matching of probes [23]. We down-
loaded probe sequences represented on the microarrays
from Affymetrix [24,25], and Operon [26]. Using this
sequence information, probe sequences were matched at
the probe level by mapping Affymetrix short oligonucle-
otides to porcine spotted glass long oligonucleotide
sequences using the BLAST standalone program as
described by Kuo et al. [27]. Using the long oligonucle-
otide sequences as a reference, probe clusters were identi-
fied where there is a match with complete sequence
identity between the long oligonucleotide sequences and
short oligonucleotide sequences for the span of the short
oligonucleotide sequence for both Affymetrix microarrays
(matching probe clusters). In the cases where there was
more than one short oligo probe per microarray per clus-
ter, the average of the normalized expression intensities
was taken. A subset of matching probes with complete
overlap were identified where the short oligonucleotide
sequences on the two Affymetrix microarrays have identi-
cal sequence.

Intra/Inter-platform correlations
Average Pearson and Spearman pairwise correlation coef-
ficients were calculated on the normalized expression
intensities of the control technical replicates using JMP
(Cary, NC). Additionally, Pearson and Spearman pairwise
correlation coefficients were calculated for the subset of
matching probes with complete overlap.

Annotation
Since the two porcine microarrays were minimally anno-
tated, both were reannotated by BLAST against an
EnsEMBL Human cDNA sequence library. This annota-
tion was enhanced by using information from The Insti-
tute for Genome Research (TIGR) Pig Gene Index [17].
Briefly, we attempted to extend the target sequences by
matching them to TIGR assembled porcine consensus
sequences. These extended target sequences were com-
pared to a library of EnsEMBL human cDNA sequences by
BLAST, and the gene with the highest bit score was
recorded. The same procedure was repeated for the origi-
nal unextended target sequences. A subset of these origi-
nal sequences with bit scores greater than 50 were
evaluated for concordance with the extended target
sequences and resulted in >96% agreement.
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Validation by qRT-PCR
Gene transcripts were quantified by real-time reverse tran-
scription PCR using the iCycler apparatus (BioRad Inc.,
Hercules, CA) and were detected with SYBR Green I as
fluorochrome (Platinum SYBR Green I; Invitrogen,
Carlsbad, CA). The primers used for PCR are listed in
Additional File 2. The relative expression changes were

determined with the  method, where
, and

. 18S was used as internal

reference gene. PCR efficiency was tested for each primer
pair by 10-fold dilution series of cDNA in triplicate to
make sure that efficiency is appropriate for the 2- Ct Pfaffl
et al. method [28]. To ensure the specificity and integrity
of the PCR product, melt-curve analyses were performed
for all PCR products. No PCR products were obtained
from RNA samples when RT was omitted. Samples with-
out template for each primer pairs were included to iden-
tify contamination. The experimental design was executed
in triplicate for each control and parthenote combination.
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Table 4.1 List of primers used in qPCR validation of porcine parthenogenic f ibroblast 

microarray data. 

 
 

 Primer Name 

 

Sequence 5'  - - ->    3' 

Primer 

length Tm 

Amplicon 

Length 

1 DCN + Ssc.10245.2.A1_a_at GCATCGCTGACACCAACATT 20 62.09 187 

2 DCN - Ssc.10245.2.A1_a_at GTGTTGGCCAGAGAGCCATT 20 62.55 187 

3 

GRB10 + 

Ssc.21857.1.S1_at TCCAAAGGCATTTGTCCTCA 20 61.56 193 

4 GRB10 - Ssc.21857.1.S1_at GCAGTGGTGCTTGAGTTTGC 20 61.99 193 

5 

COMMD1+ 

Ssc.3261.1.S1_at CAGGCATCACAGAGGAGCTG 20 62.15 139 

6 COMMD1- Ssc.3261.1.S1_at GCCTCCAGCTGGTTGAAATC 20 62.07 139 

7 DLX5 + Ssc.27249.1.S1_at GCCAGCCCCTATCACCAGTA 20 62.32 117 

8 DLX5 - Ssc.27249.1.S1_at TTTCTTTGGTTTGCCGTTCA 20 61.53 117 

9 

PLAGL1 + 

Ssc.24770.1.S1_at GCAAGATCTCTTCTTACGGTTTGA 24 61.08 133 

10 

PLAGL1 - 

Ssc.24770.1.S1_at GCAATCTGCATCACCAGAGC 20 61.94 133 

11 SGCE + Ssc.3772.1.A1_at GGAAGGCGTGGAAAAGAGAA 20 61.62 87 

12 SGCE - Ssc.3772.1.A1_at CGGAGTTCTTTGGTAGATTTCTG 23 59.31 87 

13 

Q86TG7 + 

Ssc.13476.1.A1_at CCAACATCACGTGGAGCAC 20 61.19 93 

14 

Q86TG7 - 

Ssc.13476.1.A1_at GAGCGGTGGTGGTATTGGA 20 61.89 93 

15 CD81 + Ssc.1641.1.S1_at TTCGTCTTCTGGCTGGCTGGAG 22 61.9 86 

16 CD81 - Ssc.1641.1.S1_at AGGTAGAGGAGGCTGGTAGTCTGG 24 62.1 86 

17 

CDKN1C + 

Ssc.8871.2.A1_at  CGCACTCAGGGATTTCGG 18 54.7 66 

18 

CDKN1C – 

Ssc.8871.2.A1_at  CGGCGGCAGCGGTGTTGG 18 63.7 66 

19 IGF2 + Ssc.9365.3.S1_x_at TCGTGCTGCTATGCTGCTTACC 22 60.7 115 

20 IGF2 - Ssc.9365.3.S1_x_at GCCTGCCTGGAAGTCTGAAGTAG 23 60.5 115 

21 IGF2R + Ssc.15818.1.S1_at CGTCCGCCTGCCAGATGAAGTATG 24 63.5 113 

22 IGF2R - Ssc.15818.1.S1_at GCTGCCGCTGTTCTCCACCAC 21 63.6 113 



 

72 

 
 
 

 

 

 

 

 

 

 

CHAPTER FIVE:  Identif ication of SNPs and INDELS in 

swine transcribed sequences using short 

ol igonucleotide microarrays 



 

73 

 
 

BioMed Central

Page 1 of 14
(page number not for citation purposes)

BMC Genomics

Open AccessMethodology article
Identification of SNPs and INDELS in swine transcribed sequences 
using short oligonucleotide microarrays
Steve R Bischoff†1,3, Shengdar Tsai†1,3, Nicholas E Hardison1,4, Abby M York1, 
Brad A Freking2, Dan Nonneman2, Gary Rohrer2 and Jorge A Piedrahita*1,3

Address: 1Department of Molecular Biomedical Sciences, College of Veterinary Medicine, North Carolina State University, Raleigh, NC, 27606, 
USA, 2USDA, ARS, U.S. Meat Animal Research Center, Clay Center, NE 68933-0166, USA, 3Center for Comparative Medicine and Translational 
Research, North Carolina State University, Raleigh, NC, USA and 4Program in Statistical Genetics, Department of Statistics, North Carolina State 
University, Raleigh, NC 27695-7566, USA

Email: Steve R Bischoff - steve_bischoff@ncsu.edu; Shengdar Tsai - shengdar_tsai@ncsu.edu; Nicholas E Hardison - nardis@ncsu.edu; 
Abby M York - amyork@ncsu.edu; Brad A Freking - brad.freking@ars.usda.gov; Dan Nonneman - dan.nonneman@ars.usda.gov; 
Gary Rohrer - gary.rohrer@ars.usda.gov; Jorge A Piedrahita* - jorge_piedrahita@ncsu.edu
* Corresponding author    †Equal contributors

Abstract
Background: Genome-wide detection of single feature polymorphisms (SFP) in swine using
transcriptome profiling of day 25 placental RNA by contrasting probe intensities from either
Meishan or an occidental composite breed with Affymetrix porcine microarrays is presented. A
linear mixed model analysis was used to identify significant breed-by-probe interactions.

Results: Gene specific linear mixed models were fit to each of the log2 transformed probe
intensities on these arrays, using fixed effects for breed, probe, breed-by-probe interaction, and a
random effect for array. After surveying the day 25 placental transcriptome, 857 probes with a q-
value  0.05 and |fold change|  2 for the breed-by-probe interaction were identified as candidates
containing SFP. To address the quality of the bioinformatics approach, universal pyrosequencing
assays were designed from Affymetrix exemplar sequences to independently assess polymorphisms
within a subset of probes for validation. Additionally probes were randomly selected for sequencing
to determine an unbiased confirmation rate. In most cases, the 25-mer probe sequence printed on
the microarray diverged from Meishan, not occidental crosses. This analysis was used to define a
set of highly reliable predicted SFPs according to their probability scores.

Conclusion: By applying a SFP detection method to two mammalian breeds for the first time, we
detected transition and transversion single nucleotide polymorphisms, as well as insertions/
deletions which can be used to rapidly develop markers for genetic mapping and association analysis
in species where high density genotyping platforms are otherwise unavailable.

SNPs and INDELS discovered by this approach have been publicly deposited in NCBI's SNP 
repository dbSNP. This method is an attractive bioinformatics tool for uncovering breed-by-probe 
interactions, for rapidly identifying expressed SNPs, for investigating potential functional 
correlations between gene expression and breed polymorphisms, and is robust enough to be used 
on any Affymetrix gene expression platform.
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Background
At the molecular level, naturally occurring DNA sequence
variation is comprised of single nucleotide polymor-
phisms (SNPs) or INDELs (insertions/deletions). Esti-
mates of nucleotide diversity in mammals range from
1:1331 base pairs (bp) in humans [1], 1:400 bp in chim-
panzees [2],1:515 bp in mice [3,4], 1:443 bp in cattle [5]
and 1:475 bp in pigs [6] from interbreed crosses of the
Chinese Meishan and a European white composite.
Insights to human diversity after genotyping three major
populations (African, European, and Han Chinese) have
yielded 4.5 million SNPs that approximately correspond
to millions of sequence variation between any two indi-
vidual human genomes and 100,000 non-synonymous
amino acid changes in the proteomes [7]. Discovery of
expressed SNPs could arguably represent the most inform-
ative and valuable resource to study disease susceptibili-
ties, to determine structural effects on protein sequence,
and to design association studies aimed to clarify com-
plex, polygenic phenotypes.

Over the past decade, tremendous progress has been
made in developments of high-throughput genome-scale
technologies and, collectively, high impact projects like
the Human Genome and HapMap have paved the
sequencing efforts of livestock genomes. The international
Swine Genome Sequencing Consortium (SGSC) has
obtained funding to produce a 6X coverage of the domes-
tic swine genome[8]. The pig represents a priority to
sequence due to its extensive history in advancing bio-
medical research to improve human health and agricul-
tural importance [9,10].

Strategies for SNP discovery roughly dichotomize into
experimental or in silico approaches. Traditionally, experi-
mental means for uncovering SNPs in resource panels
have predominantly relied on polymorphism screening
by DNA sequencing [6,11]. Although 'brute force' DNA
genotyping by dideoxy sequencing has been the method
of choice for de novo SNP detection, it suffers from diffi-
culty of DNA template amplification, limitations of PCR
multiplexing per reaction, and increasing equipment
costs. In light of these limitations, there has been
increased demand for affordable, genome-wide strategies
for scaleable SNP genotyping to uncover genomic varia-
tion [11]. Contemporary, high-throughput strategies for
genotyping include bead-based microfluidics, chip-based
methods, bioluminescent microfluidics, and multiplex
SNP genotyping with MALDI-TOF mass spectrometry to
name a few [12-17]. Alternatively, in silico SNP discovery
pipelines rely on scanning databases for sequence variants
via computational tools to examine redundancy and to
score for accuracy of SNP detection [18-21]. Recently,
chip-based methods [22-32] (and references [26-29])
such as Affymetrix gene expression arrays have been used

for SNP discovery Affymetrix short oligonucleotide arrays
are fabricated with sets of eleven 25-mer probes to inter-
rogate the expression level of a particular mRNA. Because
of the short probe length, a SNP falling in the middle of
the probe sequence will result in that probe's failure to
hybridize. Figure 1 illustrates three potential hybridiza-
tion scenarios within a single probe set: 1) mRNA to target
probes is not expressed in either breed, 2) mRNA to target
probes is equivalent in both breeds or, 3) intensity of a
probe(s) within a set is expressed at a high level in one
breed and negligible in the other breed. Although several
explanations, such as alternative splicing, could account
for the latter case, they can also be due to the presence of
SNPs within the probe.

Various approaches have been used to detect SFPs.
Winzeler et al. [30] provided initial proof-of-principle
that single feature polymorphisms in yeast could be
detected by hybridizing labeled genomic DNA to short
oligonucleotide microarrays. Ronald et al. [32] extended
this approach to hybridizing cRNA to identify polymor-
phisms in yeast with a sensitivity of 45% and a false dis-
covery rate (FDR) of 6%. Borevitz et al. [24] applied the
SFP discovery technique to Arabidopsis, an organism with
an 120 megabase genome (10-fold larger than yeast) [33],
with an average false discovery rate of 35%.

Rostoks et al. [31] reported an average of 35–40% FDR to
detect SFPs using cRNA hybridized to Affymetrix barley
gene expression short oligonucleotide arrays. However,
they observe more noise relative to signal when trying
genomic DNA hybridizations to gene expression arrays
and offer the suggestion that this may be a consequence of
the larger genome size of barley (520 megabases) [31].

Luo et al. [25] compared four different methods of SFP
detection using Affymetrix short oligonucleotide arrays in
barley. They distinguish between genetic expression mark-
ers (GEMs) which affect entire probe sets and SFPs which
are localized to individual probes. Four methods are com-
pared: 1) a PM-MM model, 2) a PDNN (position-depend-
ent nearest neighbor model) of Ronald et al. [32], 3) the
method of Winzeler et al. [30] based on genomic DNA
that does not distinguish between the effects of expression
differences across a probe set versus in a specific probe,
and 4) a k-means clustering based method. Altogether,
their results pointed out the methods uniformly have a
high (~64%) false discovery rate (FDR) in analyses of their
barley datasets.

Cui et al. [23] report < 20% FDR (13/65) of SFP detection
using barley cRNA on Affymetrix short oligonucleotide
chips, using a method called robustified projection pur-
suit. This is a mathematically complex leave-one-out cor-
relation method, where SFPs are predicted on the basis
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that correlations omitting the feature in a probe set are
likely to be higher than correlations calculated including
it.

Utilizing the siggene and SAM procedures as described in
Rostoks et al [31], Kumar et al [22] reported the identifi-
cation of SFPs in japonica or saponica rice varieties with a
FDR ranging from 10–12%.

In general, successful methods for SFP discovery can relia-
bly distinguish hybridization differences affecting indi-
vidual probes within the context of expression differences
that affect all probes in the probe set. The FDR of pre-
dicted SFP prediction appeared to correlate with genome
size or complexity.

In this report, we have adapted Rostoks et al. [31] method
of probe-by-breed analysis to facilitate SNP discovery in
two breeds of swine and streamlined and automated the
procedure (Click-'N-SNP; supplemental file 1) to interface
with SAS/JMP® Genomics.

Results
Mining for expressed Single Feature Polymorphisms (SFP) 
by statistical analysis of expression microarrays
Six porcine gene expression chips were hybridized with
day 25 placental total RNA of occidental (n = 3) or Chi-
nese Meishan (n = 3) swine origin. A linear-mixed model
was fit to the dataset to test for probe-by-breed interaction
effects. This model is adapted from the Rostoks et al.
method with modifications in the correction for the aver-
age breed effect. In figure 2, the volcano plot provides a
visualization of significant changes in probe-by-breed
expression values between the two swine populations.
Using Storey's q-value procedures [34] to correct for mul-
tiple testing, 4,635 probes were identified at an estimated
false discovery rate (FDR) of 5%. Additionally, a threshold
of a 2-fold change was imposed to examine the effect on
reducing the number of false positives detected. After
imposing this filter, which is represented by the vertical
red lines in the volcano plot, 857 unique probes at a FDR
of q < 0.05 and with greater than 2-fold difference in esti-
mated corrected probe-by-breed interaction effects were
identified.

a, b: Theoretical outcomes of probe hybridizationFigure 1
a, b: Theoretical outcomes of probe hybridization. A) Affymetrix short oligonucleotide arrays are fabricated with sets 
of eleven 25-mer probes to interrogate the expression level of a particular mRNA. Because of the short probe length, a SNP 
falling in the middle of the probe sequence will result in that probe's failure to hybridize. B) Three potential hybridization sce-
narios within a single probe set are depicted: 1) mRNA to target probes is not expressed in either breed, 2) mRNA to target 
probes is equivalent in both breeds or, 3) intensity of probes is expressed in one breed and negligible in the other breed. In this 
latter case, a probe-by-breed effect is seen with Meishan RNA hybridized to probe 2 of the probe set. The green hash repre-
sents the SFP located within a central nucleotide position within the probe.
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To help interpret the probe-by-breed interaction effect,
individual probe plots were constructed for each probe
set, represented by 11 unique probes per transcript, using
the Affymetrix porcine arrays (see Supplemental Files 2, 3

and 4). Specifically, each of the significant probes was
plotted to visually inspect probe behavior within the
respective probe set versus its normalized intensity. Repre-
sentative plots are depicted in Figures 3a and 3b. In Figure

Volcano plot of corrected probe-by-breed effectFigure 2
Volcano plot of corrected probe-by-breed effect. The volcano plot provides a visualization of significant changes in 
probe-by-breed expression values between the two swine populations. Using Storey's q-value procedures to correct for multi-
ple testing, 4,635 probes were identified at an estimated false discovery rate of 5%. The points in green are expressed SFPs that 
have been confirmed by sequencing. The points in red are probes identified as false positives by sequencing. The horizontal red 
line is a q < 0.05 significance threshold with 4,635 (~1.8%) that are above the threshold. The x-axis shows the log2 estimate of 
Meishan minus occidental probe-by-breed effect. Vertical red lines represent 2-fold expression differences.
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3a Meishan RNA for the TPT1 gene (Affymetrix probe set
Ssc.14343.1.S1_at; rank 2) did not hybridize to probe
number 2 in all three Meishan arrays (see Table 1); con-
versely, the occidental breed did hybridize. A rational
interpretation of these probe dynamics is that Meishan
RNA could be polymorphic with respect to the array probe
and is essentially behaving as a mismatch probe instead of
a perfect match probe. These efforts were repeated to sam-
ple more candidates, including PEG10 (Affymetrix probe
set Ssc.13476.1.A1_at, probe 1; figure 3c rank 732). Inter-
estingly, a non-breed specific polymorphism was revealed
in one of the Meishan placentas profiled for PEG10 (see
Table 1). In other words, because one of the probes with
Meishan RNA behaved similar to the three occidental
samples, a similar genotype could be inferred for the sin-
gle Meishan sample. Indeed, the linear-mixed model was
sensitive enough to identify a non-breed specific poly-
morphism as demonstrated by pyrosequencing data in
the following section (See Table 1, Figure 4; Table 2).

Validation of SFP candidates by pyrosequencing
For the purposes of initial method validation, a subset of
27 probes were arbitrarily selected for reverse transcrip-
tion-PCR using universally-tagged primers compatible
with pyrosequencing technology was performed [35]. We
opted to use pyrosequencing on cDNA as this technology
has high accuracy in the immediate vicinity of the
sequencing primer unlike conventional dye-termination
chemistry, and the target sequences were readily available
as compared with paucity of swine genomic sequence.
Short amplicons (100–200 bp) were designed using the

exemplar sequences available from Affymetrix
NetAFFX[36] to amplify a region surrounding the 25-mer
probe. All primers used for these assays to amplify specific
probes were designed using Primer3 [37] or MPrime [38].
Probe behavior as seen in the intensity plots in Figures 3a
and 3b was explained by genotyping with pyrosequencing
technology (see Table 2). A transversion mutation (G/C =
S) in TPT1 was confirmed in position 10 of probe number
1 (Table 1). A forward pyrosequencing assay was gener-
ated for PEG10 to confirm the non-breed specific (G/A =
R, forward) SNP and is illustrated in Figure 4, respectively.
Of the twenty-seven probes examined by pyrosequencing
in the absence of the 2-fold cut-off, 22 out of 27 probes
were confirmed as containing SNPs. Imposition of the 2-
fold expression difference criteria, improved the overall
success rate of SNP detection (19 of 22 probes). Valida-
tion of SNP discovery efforts is summarized in Table 2.

These results also confirmed that this method tends to
identify SFPs that are located near the center portion of
the probe sequence rather than at the ends. This is consist-
ent with what one would predict and with the distribution
observed in Rostoks et al., 2005 [31].

Unbiased confirmation rates of SFP detection by random 
sequencing of genomic DNA
In order to obtain an unbiased confirmation rate of our
approach, we randomly selected SFPs for sequencing from
the entire pool of 857 candidate SFPs that match a q <
0.05, and |log2 fold change| > 1 criteria. As the complete
porcine genome assembly is not yet available, these

Table 1: Sequence data from pyrosequencing

Ssc.14343.1.S1_at, probe 2, Rank 2 TPT 1, regulation of apoptosis

25MA TAATCACTGGTGTGGATATTGTCATGAAC
25MB TAATCACTGGTGTGGATATTGTCATGAAC
25MC TAATCACTGGTGTGGATATTGTCAACACC
25WA TAATCACTGGTGTCGATATTGTCATGAAC
25WB TAATCACTGGTGTCGATATTGTCATGAAC
25WC TAATCACTGGTGTCGATATTGTCATGAAC
Probe CACTGGTGTCGATATTGTCATGAAC
SNP S

Ssc.13476.1.A1_at, probe 1, Rank 732 PEG10, Paternally Expressed 10

25MA GATATCTCTGTAAGTGGACACGTGT
25MB GATATCTCTATAAGTGGACACGTGT
25MC GATATCTCTGTAAGTGGACACGTGT
25WA GATATCTCTATAAGTGGACACGTGT
25WB GATATCTCTATAAGTGGACACGTGT
25WC GATATCTCTATAAGTGGACACGTGT
probe GATATCTCTATAAGTGGACACGTGT
SNP R

Pyrosequencing data confirms the intensity plot where a G/C = S polymorphism is identified (top).
Pyrosequencing confirms the non-breed specific nature of the polymorphism, namely A/G = R (bottom).
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sequences were derived by comparing Affymetrix Porcine
target sequences by BLAST to the latest sequence available
from the porcine high throughput genomic traces from
NCBI's trace archive, and represent 44 predicted SFPs and
222 non-SFPs. Of these, 31 probes were confirmed to be
true SFPs, with an unbiased confirmation rate of 70%
(false discovery rate (FDR) of 0.30, sensitivity of 0.65, and
specificity of 0.94; see Table 3 and Table 4).

Method comparison to other current approaches
The method of Rostoks et al [31]has been successfully
applied to a number of species including arabidopsis, rice,
and barley; we were therefore interested to determine
whether how our method performed in comparison. In
order to directly compare method performance in a spe-

cies with a larger number of known SNPs, we downloaded
barley microarray and SNP data [31] and the respective
researcher's website[39]. Both the method described
herein and the method described by Rostoks et al. were
executed on the six-array GEM subset, and performed
within 1–2% of each other as measured by sensitivity and
false discovery rate (see Supplemental File 5).

Mixed model comparison using divergent tissue types
To answer the question of whether we could detect SFPs
in the presence of confounding effects such as different
tissue types, we tested whether gene profiles obtained
from two different tissue types (placenta and fetal fibrob-
lasts) could be used to effectively to detect SFPs. This ques-
tion is particularly pertinent in the situation where one

Probe level plots of expression intensities illustrating a probe-by-breed interaction effectFigure 3
Probe level plots of expression intensities illustrating a probe-by-breed interaction effect. These plots demon-
strate clear examples of a breed-by-probe interaction. A) Probe 2 of TPT1 gene for all Meishan RNA samples fails to hybridize. 
B) In the example of PEG10, a non-breed specific polymorphism is detected and confirmed by pyrosequencing. One of the 
three Meishan samples, '25 MB' is grouped with the occidental placental samples as visualized by the intensity plots.
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might download gene expression data online from two
different breeds of animals where commonly different
treatment or tissue types confound the breed effect. Our
test of Spearman's rank correlation coefficient indicates (
= 0.1365, p < 0.0001) that there is a significant relation-
ship between the breed-by-probe interaction p-values of a
comparison between day 25 Meishan versus occidental
placenta and day 25 Meishan versus day 30 occidental
fibroblast. 588 SFPs are predicted by both approaches (q
< 0.05, |log2 fold change| > 1) where 16 are expected by
chance indicating that there is a significant overlap (Table
5, chi-squared = 21,205, degrees of freedom (df) = 1, p <
0.0001). Taken together, these statistics suggest that SFPs
identified by using divergent tissue types are real.

Discussion
Traditional methods of SNP discovery via Sanger sequenc-
ing are labor intensive. In this study, we tested a bioinfor-
matics method of SNP discovery in a species where
presently no SNP-chip genotyping platform exists by
using the high-throughput platform of gene expression

short oligonucleotide arrays to mine thousands of tran-
scripts simultaneously. The method herein demonstrates
the utility of fortuitous SNP discovery exploiting the prop-
erties of probe-by-breed interaction effects after transcrip-
tional profiling with Affymetrix GeneChip microarrays.

In this report, we examined Affymetrix probe behavior
using a linear-mixed model and reasoned that probes spe-
cific to one breed that exhibit outlying intensity profiles
may contain expressed single feature polymorphisms. We
initially developed 27 pyrosequencing assays to validate
the SFP detection method in swine. All sequence initially
validated SNPs identified Meishan as the discordant breed
on the array due to lack of RNA binding to an individual
probe. A more complete description of the porcine
genome should allow for localization of those SFPs which
fall in coding regions and give rise to non-synonymous
changes. These results are also congruent to previous
reports [31] in which central nucleotides in the Affymetrix
probe were efficiently detected to contain a SFP, however

Table 2: Summary of pyrosequencing confirmation, arbitrary probes.

Probe Set ID Probe No. Gene Name SNP SNP type SNP 
location

Estimate q-value Rank q < 
0.05

Rank q < 
0.05, fold 

change > 2

Ssc.14003.2.S1_at 9 RPS4X R, Y Transition 15, 19 -5.09342 9.90E-35 1 1
Ssc.14343.1.S1_at 2 TPT1 Y Transition 10 -3.66704 8.02E-32 2 2
Ssc.1341.1.S1_at 8 TKT Y Transition 13 -3.05487 4.13E-29 3 3
Ssc.16710.1.S1_at 4 Q9BTR0 T/- INDEL 7 -3.07201 1.67E-26 9 9
Ssc.11554.1.S1_at 11 MRPL39 TAAG/---- INDEL 17 -3.13603 4.80E-26 10 10
Ssc.2756.1.A1_at 10 MRPL22 Y Transition 20 -3.28928 6.28E-25 15 15
Ssc.20986.2.S1_at 4 GRN R Transition 13 -3.23164 1.66E-24 20 20
Ssc.24770.1.S1_at 3 PLAGL1 Y Transition 14 -1.23548 6.85E-19 61 61
Ssc.4324.2.A1_at 4 CAMLG S Transversion 6 -1.8121 4.49E-15 124 124

Ssc.55.1.S1_at 9 EGFR Y Transition 10 -1.5839 3.27E-14 154 154
Ssc.422.1.S1_at 10 IGF2R W Transition 21 -1.41267 1.60E-11 259 253

Ssc.21595.2.S1_at 5 GNAS R Transition 19 -1.59188 2.45E-09 401 371
Ssc.2315.1.A1_at 11 Q8N3R3 S Transversion 8 -1.77102 3.35E-08 521 447
Ssc.26344.1.S1_at 11 PAK3 R Transition 9 -1.12922 6.41E-08 561 474
Ssc.21857.1.S1_at 11 GRB10 R Transition 5 -0.88725 7.90E-08 576 no rank
Ssc.6989.1.A1_at 5 SFXN1 Y Transition 17 -1.33493 1.75E-07 627 509
Ssc.939.1.A1_at 7 RPL12 K Transversion 20 -3.21892 1.86E-07 637 514

Ssc.26344.1.S1_at 4 PAK3 None None 1.068089 2.30E-07 655 523
Ssc.12365.1.A1_at 11 ADAMTS1 Y Transition 5 -1.13449 0.000135 1345 718
Ssc.13476.1.A1_at 1 PEG10 R Transition 10 -1.94654 0.000221 1444 732
Ssc.2716.1.A1_at 6 NP_055322 None None -1.39706 0.000241 1472 736

Ssc.7604.2.A1_a_at 11 C14orf111 M Transversion 16 -1.52629 0.000994 1871 783
Ssc.1595.1.S1_at 1 PHEMX None None 0.973961 0.001016 1884 no rank

Ssc.26460.1.A1_at 1 SNRPN None None -0.66999 0.00147 2003 no rank
Ssc.11508.1.A1_at 7 GABRA5 None None 0.473879 0.00433 2450 no rank
Ssc.3850.1.S1_at 11 NNAT None None -1.00118 0.008733 2860 822
Ssc.3802.1.S1_at 2 NAP1L4 A/- INDEL 6 -0.59859 0.02431 3704 no rank

Twenty-seven putative SFPs were selected, and were pyrosequenced to confirm or disprove predicted SNPs at probe locations. The column labeled 
'SFP' describes the character of the polymorphism discovered, such as transitions/transversions, INDELs (MRPL39, NAP1L4), or false positives 
("None"). When filtering out probes with less than 2-fold expression difference between breeds, 87% of predicted SNPs were true.
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flanking nucleotide positions (1–4; 22–25) were margin-
ally discernible above background (see Tables 2, 3).

After randomly selecting an additional set of predicted
SFPs for sequencing, we find that the unbiased confirma-
tion rate (FDR = 0.30), sensitivity, and specificity is com-
parable to those seen in barley. Our adapted mixed model
method highly enriches for SNPs within the SFP region.
This mixed model approach is both sensitive and specific.
Using this model we do observe a trend correlating lower
q-values (higher rank) with the rate of SFP discovery; for
example, the lower ranked 50% of samples randomly
sequence contained 69% of all false positives detected
(see Table 3).

While our approach performs similarly in comparison to
other current methods, it is more computationally effi-
cient and scaleable, generating candidate SNPs in approx-
imately 20-fold less time on standard desktop computing
workstations. Further, our implementation has been auto-
mated for Affymetrix short oligonucleotide microarrays
and can generate a list of candidate SFPs when provided
only with an experimental design file pointing to raw .CEL
files. This method (Click-'N-SNP) is freely available as
Supplemental File 1.

However, a limitation of this approach, as evidenced by
sequencing of probes such as PAK3 probe 4 Rank 532 (see
Supplemental File 3) is that the model is written on the
assumption that there is only one polymorphic probe per
probe set. The effect of the presence of multiple polymor-
phic probes within a single probe set is to reduce the accu-
racy of the correction for the average breed effect,
increasing the likely false positive rate.

Another drawback of this approach is that only expressed
probe sets are interrogated for SNP discovery. For
instance, in the placenta-to-placenta comparison only
13,004 probe sets out of 24,123 were found to be
expressed. Thus, only 53.9% of the genes present in the
array could be interrogated. When two different profiles
were used (placenta versus fibroblast) this number was
further decreased to 12,893 (53.4%). An alternative to
increase the scope of SFP discovery is to pool different tis-
sues. Noting this potential, executing the model on exist-
ing microarray data available through NCBI's expression
microarray repository, the Gene Expression Omnibus
(GEO) [40], may also lead to new SNPs.

Our comparison of an analysis performed using divergent
tissues (placenta versus fibroblast) demonstrate that this
method is not limited to gene expression data obtained
from the same tissue or treatment and is capable of detect-
ing interacting probes in the context of probe set wide dif-
ferential expression, whether such differential expression
is a result of breed or tissue specific transcriptional differ-
ences. There was a high correlation and overlap beyond
that expected by chance between the SFP candidates
derived from placenta-to-placenta comparison and the
placenta-to-fibroblast comparisons. As such this modifi-
cation broadens the application of the technology and the
possibility that existing datasets, even if generated from
different tissue types, can be mined for SFPs. Insomuch,
existing microarray datasets can quickly be examined for
SNPs that are directly associated with the samples used to
generate the microarray data, thus, providing SNP infor-
mation that is directly relevant to the breed, strain, or and
sample of interest.

In conclusion, we have adapted a linear mixed model
approach to identifying expressed polymorphisms that is
portable across any short oligonucleotide platform. The
approach was examined by pyrosequencing of cDNA, and
87% of the candidates sampled contained expressed pol-
ymorphisms. By this method, expressed transition and
transversion SNPs as well as INDELs were detected. The
identification of new polymorphisms should: 1) facilitate
current swine genetic mapping efforts, 2) enable detailed
linkage disequilibrium studies and 3) increase the resolu-
tion needed to track quantitative trait loci. As more varia-
tion in swine is identified among divergent breeds, the

Pyrograms of PEG10Figure 4
Pyrograms of PEG10. The spectral output of a pyrose-
quencing reaction is a representative pyrogram. PEG10 [rank 
732, Ssc.13476.1.A1_at, probe 1] is depicted with an 'R' SFP 
detected by pyrosequencing of Meishan and occidental pla-
cental cDNA. The top panel is Meishan (red 'G' = guanine).
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power to identify polygenic traits should also be vastly
improved.

Conclusion
While various methods for the detection of SFPs have
been used in other species ranging in genome complexity,
we demonstrate in this report the utility to successfully
detect SFPs from a mammalian species by using porcine
short-oligonucleotide arrays. Indeed, indels, transition
and transversion single nucleotide polymorphisms were

identified by this approach. Furthermore, the process of
SFP detection has been streamlined to simplify detection
on almost any short-oligonucleotide array.

Methods
Tissue collection and total RNA preparation for SNP 
discovery panel
For this study, day 25 porcine fetuses were produced from
natural matings of purebred white composite gilts [41] or
purebred Meishans 6 months of age or older. Pregnant

Table 3: Summary of sequencing confirmation, random probes.

Probe_Set_ID probe Gene_Name q-value Rank (q < 0.05) Rank (q < 0.05, |fold change| > 
1)

SNP Code SNP location

Ssc.19486.1.S1_at 3 CCNB1IP1 7.36E-23 28 28 none
Ssc.15621.1.A1_at 6 PCYOX1 4.32E-19 59 59 none
Ssc.24184.1.S1_at 4 GPD1L 1.32E-16 94 94 S 7
Ssc.7266.1.A1_at 2 POSTN 1.71E-15 114 114 none
Ssc.18458.1.S1_at 6 Q86V57 4.92E-15 126 126 Y 11
Ssc.1447.3.S1_at 4 NP_116255 1.51E-13 174 174 K 14

Ssc.16422.2.A1_at 2 PLAA 2E-13 175 175 S 10
Ssc.21553.1.S1_at 8 HDGF 2.76E-13 179 179 R 10
Ssc.16422.2.A1_at 1 PLAA 3.26E-13 185 185 S 17
Ssc.13948.1.S1_at 3 GET1_HUMAN 4.42E-13 188 188 W 9
Ssc.10435.1.A1_at 1 Q14156 1.47E-12 210 210 M, Y 8,17
Ssc.17315.1.S1_at 3 EIF3S2 4.64E-12 236 233 K 10
Ssc.19651.1.S1_at 10 WDR42A 8.3E-12 249 244 Y 11
Ssc.20060.1.A1_at 8 TRIP12 2.62E-11 269 262 Y 4
Ssc.13817.1.A1_at 6 VDAC3 5.89E-11 286 276 Y 13
Ssc.24025.1.A1_at 9 Q96E16 6.17E-11 287 277 S 19
Ssc.11787.2.A1_at 9 RASSF2 1.96E-10 326 312 M 9
Ssc.21613.1.S1_at 4 TIGD2 8.38E-10 357 339 R 12
Ssc.19447.1.A1_at 2 ARMCX3 1.37E-09 377 353 Y 9
Ssc.30685.1.A1_at 10 C5orf3 2.48E-09 402 372 Y 5
Ssc.16654.1.A2_at 3 HNRPK 3.15E-09 413 379 none
Ssc.6356.1.S1_at 5 ODC1 1.23E-08 470 419 R 10
Ssc.1442.1.S1_at 8 PHF3 1.98E-08 495 434 Y 7
Ssc.2042.1.S1_at 3 NP_079516 3.39E-08 522 448 none

Ssc.20974.1.A2_at 7 GNS 5.15E-08 549 467 R 16
Ssc.11173.1.A1_at 1 DEOC_HUMAN 7.88E-08 575 482 Y 17
Ssc.2042.1.S1_at 4 NP_079516 1.83E-07 632 512 none

Ssc.12013.1.A1_at 1 SYTL4 6.35E-07 726 554 R, Y 15,16
Ssc.10949.1.S1_at 6 GBAS 9.35E-07 757 566 none
Ssc.5052.1.S1_at 4 KIAA0674 9.74E-07 761 570 R 11
Ssc.25584.1.S1_at 8 CDW92 1.62E-06 797 589 W 6
Ssc.1031.1.S1_at 7 OAS1 3.2E-06 861 612 Y 25

Ssc.28305.1.A1_at 11 TACC1 3.22E-06 862 613 none
Ssc.17313.2.S1_at 7 CALD1 7.14E-06 938 638 Y 17
Ssc.17423.1.S1_at 4 YWHAZ 1.18E-05 990 661 R 8
Ssc.12029.1.S1_at 6 LAMA2 1.37E-05 1018 670 R 10
Ssc.2466.1.S1_at 5 LRP10 4.59E-05 1177 698 Y 5
Ssc.2466.1.S1_at 5 LRP10 4.59E-05 1177 698 R 5

Ssc.12365.1.A1_at 11 ADAMTS1 0.000135 1345 718 R 5
Ssc.28305.1.A1_at 1 TACC1 0.000376 1585 750 none
Ssc.18850.1.S1_at 2 GOLPH2 0.000442 1640 758 none
Ssc.1911.1.A1_at 9 PSMC1 0.001044 1893 788 none
Ssc.28305.1.A1_at 8 TACC1 0.001842 2108 797 none
Ssc.1911.1.A1_at 10 PSMC1 0.005343 2571 816 none

This table summarizes the results of sequencing of randomly selected predicted SFPs meeting the criteria of q  0.05 and a 2-fold expression 
difference between interacting probes. We estimate the unbiased confirmation rate from this random sample to be 70% using 6 arrays.
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gilts of each breed were sacrificed on the morning of ges-
tational day 25. Immediately following slaughter, the
reproductive tracts were excised from the gilts, and fetuses
and their placentas were collected from each uterine horn.
Physical measurements were taken, including fetal body
weight and wet placental weight. Following measure-
ments, whole placental tissue was minced briefly, placed
in cryovials and snap-frozen in liquid nitrogen, then
stored at -80°C until they could be processed further. Por-
cine fibroblast lines were established as previously
described [42]. Procedures for the handling of animals
complied with those specified in the Guide for the Care and
Use of Agricultural Animals in Agricultural Research and
Teaching (1999) [1st rev. ed. Savoy, IL: Federation of Ani-
mal Science Societies; 1999]. All animal protocols involv-
ing the use of swine for generation of fetal fibroblast lines
were approved by the Institutional Animal Care & Use
Committee at North Carolina State University.

Total RNA was extracted from each animal's placenta
using RNAqueous Kit (Ambion, Austin, TX) following the
instructions of the manufacturer with only slight modifi-
cations. Briefly, 200–300 mg of placental tissue was pul-
verized in a mortar and pestle under liquid nitrogen to
homogeneity. Powdered tissue was weighed on a micro-
balance and lysis buffer was added directly to each sample
in a weigh-boat (600 L lysis buffer: 50 mg tissue), vor-
texed vigorously 60–90 seconds, pre-cleared by centrifu-
gation for 5 min at 3,000 ! g. In order to remove bulk
genomic contamination, 600 L of the pre-cleared super-
natant was applied to an Agilent mini-prefilter column
and centrifuged at 10,000 ! g for 1 min. The filtrate was
precipitated with an equal volume of 64% ethanol and
the RNAqueous protocol was continued according to the
manual.

Integrity of total RNA were crudely assessed by loading 2
g per well for denaturing agarose gel electrophoresis and

quantitated spectrophotometrically by the NanoDrop®

ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE). Total RNA (10 g aliquots in nuclease-
free H2O) was divided for transcriptome analysis or first-
strand cDNA synthesis and then stored at -80°C until they

could be processed further. Fetuses were genotyped and
selected for all females.

Experimental Design
Three samples from each breed of swine were hybridized
to an Affymetrix Porcine GeneChip microarray.

Production of cRNA and hybridization to Affymetrix 
Porcine GeneChip
Gene expression microarrays were hybridized as previ-
ously described [42]. The following procedure was per-
formed by Expression Analysis (Durham, NC) in
accordance with methods specified by the manufacturer
for target preparation and hybridization. Before target
production, the quality and quantity of each RNA sample
was assessed using a 2100 BioAnalyzer and a RNA 6000
Nano LabChip Kit (Agilent Technologies, Palo Alto, CA).
Total RNA (10 g) was converted into cDNA using Super-
Script III Reverse Transcriptase (Invitrogen, Carlsbad, CA)
and a modified oligo(dT)24 primer that contains T7 pro-
moter sequences (GenSet, San Diego, CA). After first
strand synthesis, residual RNA was degraded by the addi-
tion of RNase H and a double-stranded cDNA molecule
was generated using DNA polymerase I and DNA ligase.
The cDNA was then purified and concentrated using a
phenol:chloroform:isoamyl alcohol extraction followed
by ethanol precipitation. The cDNA products were incu-
bated with T7 RNA polymerase and biotinylated ribonu-
cleotides using an In Vitro Transcription kit (Enzo
Diagnostics, New York, NY). One-half of the cRNA prod-
uct was purified using an RNeasy column (Qiagen, Valen-
cia, CA) and quantified with a spectrophotometer. The
cRNA target (20 g) was incubated at 94°C for 35 minutes
in fragmentation buffer (tris base, magnesium acetate,
potassium acetate). The fragmented cRNA was diluted in
hybridization buffer (MES; NaCl, EDTA, tween 20, her-
ring sperm DNA, acetylated BSA) containing biotin-
labeled OligoB2 and Eukaryotic Hybridization Controls
(Affymetrix, Santa Clara, CA). The hybridization cocktail
was denatured at 99°C for 5 minutes, incubated at 45°C
for 5 minutes and then injected into a GeneChip car-
tridge. The GeneChip array was incubated at 42°C for at
least 16 hours in a rotating oven at 60 rpm. GeneChips
were washed with a series of non-stringent (25°C) and
stringent (50°C) solutions containing variable amounts
of MES buffer, tween 20 and SSPE buffer. The microarrays
were then stained with streptavidin phycoerythrin and the
fluorescent signal was amplified using a biotinylated anti-
body solution. Fluorescent images were detected in Gene-
Chip® Scanner 3000 and expression data was extracted
using the MicroArray Suite 5.0 software (Affymetrix, Santa
Clara, CA). All GeneChips were scaled to a median inten-
sity setting of 500. The data discussed in this publication
have been deposited in NCBIs Gene Expression Omnibus

Table 4: Confusion matrix for random SFPs sequenced

Predicted

Negative Positive

Actual Negative 205 13
Positive 17 31

This is a confusion matrix comparing predicted versus actual SFPs. 
Sensitivity: 0.65, specificity: 0.94, FDR: 0.30.
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(GEO)[43] and are accessible through GEO Series acces-
sion numbers GSE10446, GSE10447.

Mixed Model Analysis of Variance
Log2-transformed perfect-match (PM) intensities for all
observations were fit to a linear mixed model that broadly
corrected for breed and array effects [44]. A gene-specific
mixed model was fit to the normalized intensities (resid-
uals from first model) accounting for fixed breed (B),
probe (P), and breed-by-probe interaction effects (BP),
and a random array effect.

The model used in PROC MIXED in SAS is given as fol-
lows (SAS, Cary, NC):

ygijk = Bi + Pj + (BP)ij + Ak + gijk

gth gene

ith breed

jth probe

kth array

yijk is the normalized perfect match intensity of the jth
probe of the lth individual of the ith breed of the gth gene
hybridized on to the kth array. We used a perfect-match
only model, because it had been suggested that incorpo-
rating the mismatch probes increases noisiness of the data
when estimating differential expression [45,46].

We then tested the effect of breed (B) for each level of
probe (P), resulting in one test for each of approximately
265,000 probes on the array. We corrected for multiple
testing by converting the resulting p-values to q-values
using Storey's method for controlling FDR [34]. This pro-
cedure has been automated and is provided in Supple-
mental file 1.

Mixed Model Comparison Using Divergent Tissue Types
The mixed model analysis described above was repeated
using our gene expression data from day 25 Meishan pla-

centa and data from day 30 normal occidental fibroblasts
previously generated by Tsai et al [42]. This represents the
situation where gene expression data is downloaded from
GEO from two different experiments involving different
breeds, using the same short oligonucleotide platform. In
this particular model, the fixed breed effect term is con-
founded by tissue and time. We asked the question of
whether we could detect SFPs in the presence of these
types of confounding effects by calculating Spearman's
correlation coefficient for the p-values of the comparison
between day 25 Meishan versus white composite pla-
centa, and day 25 Meishan placenta versus day 30 occi-
dental fibroblasts. This statistic indicates the degree of
similarity between the ranks of detected putative SFPs as
sorted by p-value.

First-strand cDNA synthesis and production of universally-
tagged amplicons for pyrosequencing (PSQ)
In order to validate a subset of probes identified by the
microarray experiments to harbor SNPs, we performed
reverse transcription-PCR. The first strand cDNAs were
synthesized from 5 g of day 25 porcine placental total
RNA using a 1.5 M random pentadecamer priming
method [47] and SuperScript® III First-Strand Synthesis
SuperMix reagents (Invitrogen, Carlsbad, CA USA) in a
final volume of 20 L. Reaction conditions were [50°C,
60 min; 85°C, 5 min]. First-strand product was diluted
1:3 with nuclease-free H2O.

Aydin et al. 2006 [35] established the feasibility of a uni-
versal PCR primer approach compatible with pyrose-
quencing. The initial PCR was performed with 25 L
reactions containing a final volume/concentration of the
following components: 3 L of reverse transcription prod-
uct (50 ng cDNA template), 50 nM each gene-specific
primers synthesized with the 5'-universal overhangs, 250
nM each of universal primers (with a terminal 5'-bioti-
nylated moiety on one primer based on directionality of
PSQ assay design), 3.5 mM MgCl2, and 20.5 L Platinum®

Blue PCR SuperMix (Invitrogen, Carlsbad, CA USA). The
PCR thermocycling conditions were the following: [95°C,
15 sec, denaturation; 60°C, 15 sec, annealing; 72°C, 30
sec, extension]n = 8 cycles followed by [95°C, 15 sec, dena-

Table 5: Comparison of predicted SFPs using same versus divergent tissues

divergent tissues: day 25 Meishan placenta, day 30 occidental fibroblast

SFPs non-SFPs
4,873 259, 743

same tissues: day 25 Meishan placenta, day 25
occidental placenta

SFPs 857 588 269

non-SFPs 263,759 4,285 259,474

Predicted SFPs and non-SFPs from analysis of microarray data from same tissues are in rows; predicted SFPs and non-SFPs from divergent tissues 
are in columns. 588 are predicted by both analyses, where 16 are expected by random chance.
Chi-squared = 21,205, df = 1, p-value < 0.00001
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turation; 58°C, 15 sec, annealing; 72°C, 30 sec, exten-
sion]n = 40 cycles and a final extension at 72°C for 30 sec.
Short amplicons (100–200 bp) were designed using the
exemplar sequences available from Affymetrix NetAFFX to
amplify a region surrounding the 25-mer probe. All prim-
ers used for these assays to amplify specific probes were
designed using Primer3 [37] or MPrime [38], were chem-
ically synthesized with only desalting purification (IDT,
Coralville, IA). A RT-negative control was used to check
for DNA contamination and all such controls were nega-
tive on PCR amplification. Biotinylated amplicons were
visualized on 8% PAGE prior to pyrosequencing.

Sequencing of individual probes harboring putative single 
feature polymorphisms
Pyrosequencing was used as a quick and accurate method
for SFP discovery in RT-PCR products amplified from
cDNA generated from placental tissues of informative
subjects (purebred Meishan or white composite porcine
embryos).

For template preparation of each sample, 200 g of
streptavidin-coated sepharose beads (GE Biosciences)
were washed twice in washing buffer (Biotage, Foxboro,
MA) using a vacuum pump manifold and finally re-sus-
pended in 45 L of binding buffer (Biotage, Foxboro,
MA)[35,48]. An equivalent volume (25–45 L) of bioti-
nylated PCR product was agitated with re-suspended
beads for efficient immobilization [15 min, 25°C], then
washed briefly in 70% ethanol [10 sec, 25°C]. To remove
non-biotinylated DNA strand, immobilized duplexed
DNA was melted using a NaOH-containing denaturation
buffer [5 sec, 25°C] (Biotage, Foxboro, MA) and subse-
quently washed once in wash buffer [10 sec, 25°C]
(Biotage, Foxboro, MA). Sequencing primer was added in
40 L annealing buffer at a final concentration of 0.4 M
and hybridized to template by incubating [95°C for 2
min] in a heat block and slowly cooled to ambient tem-
perature.

The pyrosequencing reaction was conducted via an auto-
mated PSQ 96MA machine, which uses a disposable car-
tridge (PSQ 96 Reagent Cartridge, Biotage, Foxboro, MA)
to deliver enzymes, substrates, and each of the four nucle-
otides (PSQ 96 SNP Reagent Kit 5 ! 96, Biotage, Foxboro,
MA) into the wells of a transparent 96-well micro-titer
plate. Successive nucleotides are dispensed in each well at
1 min intervals. Data acquisition of bioluminescence was
captured and transcribed into spectra (pyrogram) for
analysis.

Post-pyrosequencing, each contig was aligned with MUS-
CLE [49] and the consensus sequence harboring the poly-

morphic nucleotide were displayed in the form of IUB
codes [50].

Alternatively, fluorescent terminator sequencing was used
as previously described [6] to assess SNP true confirma-
tion rate, Genomic DNA from identical animals hybrid-
ized to expression arrays was phenol-chloroform
extracted.

For the probesets predicted to contain SFPs with a q-value
of <= .05 and greater than 2-fold expression difference, the
Affymetrix Porcine array target sequence was compared by
BLAST to the latest available set of sequences from the
porcine high throughput genome sequencing deposited
into NCBI's trace repository[51], yielding 584 putative
matches. Primer3 [37] was used to generate primers from
these targeting an area +/- 200 bp around the probe of
interest, with a target amplicon length of 450–500 bp.
Primer min, opt, and max Tm were 57°C, 62.5°C, and
65°C respectively; primer_max_poly_x was limited to 3. A
list of all primers used in this study is freely available upon
request
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 Abstract 

    The placenta plays an important role as a regulator of fetal nutrition and growth 

throughout development and placental factors contribute to gestational abnormalities 

such as preeclampsia. This study describes the genome-wide gene expression profiles of 

a large (n=60) set of human placentas in order to uncover gene expression patterns 

associated with preeclampsia.  In addition to confirming changes in expression of 

soluble factors associated with preeclampsia such as sFLT1 (soluble fms-like tyrosine 

kinase-1), sENG (soluble endoglin), and INHA (inhibin alpha), we also find changes in 

immune-associated signaling pathways, offering a potential upstream explanation for the 

shallow trophoblast invasion and inadequate uterine remodeling typically observed in 

pathogenesis of preeclampsia.  Notably, we also find evidence of preeclampsia-

associated placental upregulation of sialic acid acetylesterase (SIAE), a gene functionally 

associated with autoimmune diseases. 

Introduction 

    Up to 8% of pregnancies are affected by hypertensive disorders1; most of these are 

due to preeclampsia, a multi-system pregnancy-associated disorder triggered by 

endothelial cell dysfunction and clinically characterized by the de novo onset of maternal 

hypertension and proteinuria2.  About 15% of preterm births are due to preeclampsia; 

while early delivery can relieve maternal symptoms that can pose a risk to both mother 

and fetus, it also increases the risk of perinatal morbidity and mortality3.  While infant 

mortality due to preeclampsia has been dramatically reduced in developed countries by 

clinical management, the risk for perinatal mortality is estimated to be 50% greater in 

pregnancies complicated by preeclampsia4. Preeclampsia and eclampsia are the third 

leading cause of maternal pregnancy-related deaths in the United States, behind 

embolism and hemorrhage5.  Several risk factors have been identified including: first 

pregnancy (nulliparity), a family history of preeclampsia, diabetes, and multiple 

pregnancy6,7.   
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    Pregnancy is a fascinating and unique state where a semi-allogeneic fetus survives in 

spite of the usual rules of immunology8.  A number of studies have focused on the 

connection between pregnancy and preeclampsia as it relates to immunological 

function. In women without preeclampsia in their first pregnancy, changing paternity in a 

subsequent pregnancy resulted in a 30% increase in risk compared to those without 

change, supporting the idea that tolerization to paternal antigens may have an effect9. 

Immune suppression has recently been shown to improve blood pressure and 

endothelial cell function in a rat model of preeclampsia, supporting the idea that 

maternal immune activation is involved in its etiology10.  It has been proposed on the 

one hand that the innate, not adaptive immune system, controls immuno-regulation 

during pregnancy and preeclampsia and that a special population of uterine NK cells are 

key players in this process8,11.  On the other hand, there is also evidence that regulatory 

T-cells are involved in mediating maternal tolerance during pregnancy12.  

    Preeclampsia can arise from both feto-placental and maternal factors, as well as 

genetic factors13.  The pathophysiology of preeclampsia is commonly divided into two 

stages: 1) abnormalities in placentation (from inadequate uterine remodeling and 

placental invasion, reduced or intermittent uteroplacental perfusion) and 2) the maternal 

syndrome associated with placental hypoxia and oxidative stress14.  Clinical symptoms of 

preeclampsia generally improve and resolve after delivery suggesting the presence of a 

placental secreted factor that directly causes maternal endothelial dysfunction2. 

    Known factors altered in preeclampsia include Activin-A and Inhibin A (INHA)15,16, 

Leptin (LEP)17, soluble Endoglin (sENG)18, soluble fms-like tyrosine kinase-1 (sFlt-1)19, 

and placental growth factor (PGF)20 and have been recently reviewed by Carty et al.21. 

sFLT1 and sENG are both anti-angiogenic factors that oppose that action of vascular 

endothelial growth factor (VEGF).  Interestingly, overexpression of sFLT1 has been shown 

to induce preeclampsia in rats22.  sEng is a soluble TGF-beta co-receptor, which may 

cooperatively act with sFlt1 to induce severe preeclampsia18.  Both levels of sEng and 

sFlt1 correlate with disease severity and decline after delivery18,19. 
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    While previous gene expression studies have been conducted on the preeclamptic 

human placenta, this is, to our knowledge, the largest of its kind.  In this study, we place 

the detected gene expression changes in the context of an immune-mediated model of 

preeclamptic pathogenesis. 

Materials and Methods 

Study Design 

    23 preeclamptic, and 37 control placentas included in this study were collected during 

the years of 2004-2008 and hybridized in two batches to microarrays.  Samples were 

randomized across arrays to control for array and batch variability. 

Subjects 

    Subjects were women who received care at the Duke University Medical Center 

Obstetric Clinic. Enrollment began August 1, 2003.  Women age 18 and older and their 

infants were eligible for inclusion. Women with multiple gestations, fetuses with 

documented congenital anomalies, fetuses with documented chromosomal 

abnormalities, and fetuses with prolonged premature rupture of the membranes (greater 

than 4 weeks) were excluded from enrollment. Inclusion was contingent upon live birth.  

Summary characteristics of the preeclamptic and control populations are presented in 

Table 6.1.  The study was approved by the Duke University Medical Center Institutional 

Review Board (IRB 00016065).  

Preeclampsia Clinical Inclusion Criteria 

    Women were diagnosed with preeclampsia if their systolic blood pressure was at least 

140 mm Hg, their diastolic blood pressure was at least 90 mm Hg and they had 

proteinuria with an estimated 300 mg of protein or greater excreted in 24 hour 

measured directly or indirectly by protein creatinine ratio.  

Sample collection procedures 

    Eligible participants were approached by the study coordinator and after giving 

informed consent, participants completed a questionnaire administered by the study 

coordinator.  The questionnaire included information on demographics (height, weight, 
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race, ethnicity), lifestyle (smoking, substance abuse), and medical and reproductive 

history.  An approximately 2 cm3 placental sample, excluding fetal membranes, was 

obtained within 5 cm of the placental umbilical insertion site within an hour of delivery.  

Placental samples were flash frozen in liquid nitrogen and samples were homogenized 

under liquid nitrogen using a mortar and pestle.  Maternal and infant medical records 

were reviewed for pertinent data including gestational age at delivery, fetal sex and 

weight, placental weight, ethnicity, maternal parity, and induction of labor.   

RNA isolation and first-strand cDNA synthesis 

    Total RNA was isolated from term human placenta using the Totally RNA kit (Ambion) 

following the manufacturer’s instructions with slight modifications.  Briefly, homogenized 

tissue chilled in liquid nitrogen was lysed in 10 volumes of denaturation solution (200 

mg tissue, 2 ml denaturation solution).  The lysed sample was pre-cleared of bulk 

genomic DNA and cellular debris by spinning at 4,000 x g for 5 minutes. The supernatant 

was sequentially extracted with equal volumes phenol:chloroform, and acid 

phenol:chloroform (pH 4.5) using phase divider gels (Sigma), then precipitated with an 

equal volume of 100% isopropanol.  The pellet was washed twice with 70% ethanol and 

resuspended in elution buffer (1 mM Tris-Cl). Total RNA was treated with Turbo DNA-free 

to remove traces of genomic DNA contamination (Ambion).  RNA integrity was assessed 

using a Bioanalyzer (Agilent Biotechnologies) and only samples with a RIN > 7 were used.  

Total RNA was converted into 1st cDNA using the AffinityScript Multitemperature cDNA 

Synthesis Kit (Stratagene) according to manufacturer’s instructions.  

Microarray Hybridization 

    Labeling and hybridization for Illumina Human6-v2 BeadArrays was performed 

according to manufacturer’s instructions.  Briefly, the Illumina TotalPrep RNA 

Amplification Kit (Applied Biosystems, Foster City, CA) was used for a first and second 

strand reverse transcription step from 500 ng of total RNA.  This was followed by an 

overnight in vitro transcription reaction that incorporates biotin-labeled nucleotides.  1.5 

ug of biotin-labeled cRNA was mixed with an Illumina-supplied hybridization buffer 

containing several control oligonucleotides.  Labeled cRNA was hybridized to BeadArrays 
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at 58°C for 18 hr.  Washing, blocking, and streptavadin-Cy3 staining was performed out 

following manufacturer’s protocol.  BeadChips were scanned on the BeadArray Reader 

and scanned images were analyzed using BeadStudio software. 

qRT-PCR Validation 

    Quantitative RT-PCR was performed using a multiplex Taqman-format 5’-nuclease 

assays (Integrated DNA Technologies) where both gene of interest and reference gene 

are simultaneously queried.  Expression of genes of interest were interrogated using 

FAM6-labeled double-quenched probes.  POLR2A was chosen for a reference gene on 

the basis of low coefficient of variation in the microarray data and recommendations 

from the Microarray Quality Control Consortium (MAQC)23 and interrogated with a 

HEX550-labeled dual-labeled-probe (Integrated DNA Technologies).  A subset of 31 

patients were chosen for this confirmatory q-RT-PCR study.  Thermal cycling parameters 

were:  [95 °C, 20 s, initial denaturation], [95 °C, 15 s, denaturation; 60 °C, 20 s, 

annealing and extension]40 cycles.  qRT-PCRs were performed using Taqman Fast 

Advanced Master Mix (Applied Biosystems) on a StepOnePlus Real-Time PCR instrument 

(Applied Biosystems). Correlation between the qRT-PCR and microarray was evaluated to 

quantitatively confirm the microarray data. 

Microarray Statistical Analysis 

    Transcript data was log2 transformed, and quantile normalized24.  Following this, 

transcripts which did not attain a detection p-value of <= 0.05 (compared to synthetic 

sequences on the array not complementary to mammalian genomes, used as negative 

controls) in any sample were dropped from analysis, leaving 35580 transcripts out of the 

original 48701.  This filtered expression data was scaled to values between 0 and 10, 

and mean-centered around 0.   

    JMP Genomics 4.0 was used to perform principle variants components analysis as 

previously described25.  A series of models were fitted to calculate the contribution of 

each of the factors to the measured transcriptional variation: classification, gender, 

induction of labor, their pair-wise two-way interactions, and estimated gestational age.  

Gene-specific analysis of variance (ANOVA) was performed using the following model 
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using PROC MIXED in SAS (SAS Institute, Cary, NC), treating classification, gender as 

fixed effects: 

expression = µ + classification + gender + gender × classification  +  batch + ε 

           (model 1) 

expression = µ + classification + induction + gender +   (model 2) 

classification × induction + classification × gender +  

induction × gender + batch + ε 

    Custom hypothesis tests were constructed to test for differential expression between 

preeclamptic and control groups, as well as male and female samples.  Raw p-values 

were corrected for multiple comparisons via the conservative Benjamini-Hochberg FDR 

at α < 0.05 (for pathway analysis)  and Bonferonni at α < 0.05 (heatmap visualization) 

methods26 as implemented in PROC MULTTEST in SAS (SAS Institute, Cary NC).   

    Unsupervised hierarchical clustering of the gene expression patterns of placental 

differentially expressed genes between control and preeclamptic pregnancies was 

performed using JMP Genomics 8 (SAS Institute, Cary, NC). Differences in demographics 

between the control and preeclamptic groups were tested using logistic regression using 

JMP 8 (SAS Institute, Cary NC). 

Pathways Analysis 

    Molecules from the data set that met the FDR<0.05, that were annotated as high-

quality (“perfect” or “good”) in an updated Illumina probe set annotation27, and were 

associated with a canonical pathway in Ingenuity’s Knowledge Base were considered for 

the analysis.  Canonical pathways analysis (Ingenuity Pathways Analysis library of 

canonical pathways) identified the pathways that were most significant to the data set. 

The significance of the association between the data set and the canonical pathway was 

measured by using Fisher’s exact test to calculate a p-value determining the probability 

that the association between the genes in the dataset and the canonical pathway is 

explained by chance alone. 
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Results 

Power Analysis 

    To determine how likely the statistical tests are to detect differential expression with 

varying sample sizes, we conducted a retrospective mixed model power analysis.  The 

median effect size detected by our full experimental design (n=60) at a Bonferonni-level 

of significance was 0.41. At this effect size, the power to detect differential expression is 

0.985, 0.318, and  0.003, for experimental designs with 60, 30, and 15 patients, 

respectively (See Supplementary Figure 6.1).  Thus, the power to detect realistic changes 

in differential expression is dramatically decreased in the reduced-sample designs, with 

neither the n=30 or n=15 design meeting the conventional threshold of 80% statistical 

power for an effect size of 0.41, equivalent to a 1.32X fold change (See Supplementary 

Figure 6.1).  Power analysis of a design analyzing a subset of births between the 

gestational ages of 34-37 weeks (n=23) indicates that this design is insufficiently 

powered to detect preeclamptic differential expression (See Supplementary Figure 6.1). 

Demographics of Study Population 

    No significant differences in sex, placental weight, corrected birth weight, or maternal 

weight were detected between uncomplicated pregnancies and pregnancies complicated 

by preeclampsia.  A significant effect was detected, however, for uncorrected birth 

weight, maternal parity, fetal estimated gestational age, and induction of labor (See 

Table 6.1). 

Variance Components Analysis and Mixed Model Selection 

    The majority of preeclamptic pregnancies are induced as part of clinical management, 

while the converse is true for normal pregnancies (See Table 6.1).  To control for this 

effect, we fit model 2 including gender, classification, labor, their pair-wise interactions, 

and a batch effect.  No significant differentially expressed genes were detected for the 

labor effect at either a conservative Bonferonni or relaxed FDR-corrected p<0.05 

significance threshold.  The differentially expressed genes detected for the classification 

(preeclampsia or normal) effect in model 1 and model 2 were similar (See Figure 6.1a).  



 

95 

As no significant effect of labor was detected, we chose to present the results of model 1 

(which is higher-powered). 

    Additionally, to assess the independent contributions of other factors, such as 

estimated gestational age and induction of labor, to the observed transcriptional profiles, 

we conducted variance component analysis.  This analysis indicates that classification 

(preeclampsia or normal) is the main contributing effect on expression variation, with 

minor contributing effects of sex and labor.  Estimated gestational age has no significant 

contribution to the principle components of expression variation (See Figure 6.1b).   

Quality Control:  Differentially Expressed Genes Between Placentas from 

Male and Female Births 

    The estimate of the fixed sex effect between placentas of male and female infants 

from our gene-specific ANOVA found 36 genes to be differentially expressed at a 

conservative Bonferroni-corrected significance level of p < 1.405E-6 (See Figure 6.2a, 

Supplementary Figure 6.1).  As expected, nearly all of these differentially expressed 

genes (25/26, 96%) localize to the sex chromosomes, confirming the quality of the 

microarray data.  These genes represent transcripts that are either specifically expressed 

from the Y chromosome or genes that escape X-inactivation, consistent with previous 

reports of human sex-specific expression variability28.  The detection of these genes by 

using sex as a model phenotype confirms the sensitivity of our genome-wide gene 

expression profiling approach. 

Differential ly Expressed Genes and Pathways Between Normal and 

Preeclamptic Placentas 

    We found 128 genes to be differentially expressed between normal and preeclamptic 

placentas at a Bonferonni-corrected significance threshold .  These genes include known 

preeclampsia-associated genes ENG, PAPPA2 (pappalysin-2), and RDH13 (retinol 

dehydrogenase 13)29 (See Figure 6.2b).   2,109 genes were differentially expressed 

between normal and preeclamptic placentas at FDR<0.05 and include INHA, LEP, and 

FLT1.  These FDR<0.05 genes were used to search for canonical pathways enriched in 
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differentially expressed genes.  Pathways significant above FDR<0.1 are listed in Table 

6.2.   

    Inhibin A is upregulated in preeclamptic placentas.  Interestingly, the magnitude of 

upregulation is greater in females than in male preeclamptic placentas pointing to a 

potential link to the increased number of preeclamptic pre-term deliveries of females30.  

ENG and FLTI are also significantly upregulated and confirm observations of others18 31.  

We also detected the significant upregulation of three factors involved with sialic acid 

synthesis, transfer, and modification: N-acetylneuraminic acid synthase (NANS), and 

sialic acid acetylesterase (SIAE).  Additionally, Sialic acid binding Ig-like lectin 6 (Siglec-

6), a gene  identified in previous gene expression profiling work on preeclampsia32, was 

also found to be differentially expressed in our study (See Table 6.3). 

    From the pathway analysis, three pathways that are dysregulated in preeclampsia are 

associated with the activation of an immune response: Fcγ receptor-mediated 

phagocytosis in macrophages and monocytes, leukocyte extravasation signaling, and 

CXCR4 signaling (See ).  

    Finally, the heterogeneity in gene expression within each placental class is shown in 

the unsupervised two-way hierarchical-clustering heatmap in Figure 6.3, in which all 

preeclamptic samples cluster together in the first major split, as do the majority of 

normal samples.  However, there are some normal samples that do cluster with the 

preeclamptic samples, indicating an interesting biological heterogeneity to the patterns 

of gene expression and suggesting the presence of molecular subclassifications of 

preeclampsia worthy of further investigation. 

Quality Control:  Taqman qPCR Validation 

    To validate the microarray data , we chose 6 genes exhibiting a range of differential 

expression between control and preeclamptic groups: SIAE, ENG, PIK3R1, RHOG, CD4, 

and CXCR4.  ENG was selected as a positive control gene previously associated with 

preeclampsia18.  Of these SIAE, ENG, PIK3R1, and CD4 were significantly correlated with 

the microarray data, while RHOG was not (p<0.089).  There is conflicting microarray data 

with respect to CXCR4.  There are two expressed CXCR4 probes in the array, one 



 

97 

targeted to the 5’ UTR (ILMN_1801584) and the other targeted to the 3’ UTR 

(ILMN_1728927). The 5’ UTR probe reported significantly upregulated expression, while 

the 3’ UTR did not.   Two independent qPCR assays to CXCR4 were designed and both 

correlated with the 3’ UTR microarray results (See Table 6.4) suggesting CXCR4 is not 

upregulated or that there are different CXCR4 isoforms, only some of which are affected.   

Overall, these results quantitatively confirm the gene expression patterns observed in 

the microarray data, with the exception of RHOG (See Table 6.4).  

Discussion 

    One of the difficulties in interpreting expression profiling studies involved preeclamptic 

placentas is controlling for differences in gestational age and induction of labor. In this 

study, while most demographic factors were not significantly different, preeclamptic and 

normal groups differed in estimated gestational age and induction of labor.  This is 

unsurprising, as early induction of labor is part of the routine clinical management of 

preeclampsia.   Nonetheless, these clinical differences can potentially confound 

transcriptional profiling for preeclampsia-associated genes, as the gene expression 

differences detected may actually be associated with gestational age or treatments used 

to induce labor. To determine the effects of such demographic factors we used variance 

component analysis and two different linear mixed models, one including labor induction 

and one without it.  We did not detect significant differences in gene expression 

associated with induction of labor. This should not be interpreted as induction of labor 

having no effect on placental gene expression, but rather that the study was not 

designed to detect these differences.  Our variance component analysis found that 

estimated gestational age has minimal independent contribution to this study’s gene 

expression variation. Taken together, while our results do not exclude the possibility of 

an effect of gestational age or labor on placental gene expression, they support that 

most of the differences we detect are associated with preeclampsia and not these two 

comfounding factors (See Supplementary Figure 6.1).  
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    Additionally, since tissue sampling for the study was from placentas obtained from live 

births, gene expression profiles obtained potentially include both causative factors as 

well as downstream symptomatic responses.  One important consideration is that if 

preeclampsia is caused by either: 1) placental factors, 2) maternal disposition and 

response, or 3) an interaction of the two, gene expression profiling of the preeclamptic 

placenta is limited by the possibility that it can arise from the combination of a normal 

placenta with a hypertensive maternal disposition.  A comparison with gene expression 

profiles obtained from chorionic villi sampling earlier in gestation may help distinguish 

etiological factors from late acute response. In spite of these limitations, however, our 

data  supports the use of microarray studies to understand the basis of preeclampsia. 

Preeclampsia Associated Factors and Pathways 

    One current of model of the development of preeclampsia is that it is an exaggerated 

systemic maternal inflammatory response to oxidative stress from a placenta that has 

failed to sufficiently invade and remodel the maternal vasculature releasing placental 

factors into maternal circulation14.  Through our transcriptional profiling we identified a 

number of transcripts encoding factors previously associated with preeclampsia such as 

ENG, FLT1, INHA15,18,19 as well as novel factors such as SIAE.  

    In the analysis of the set of differentially expressed genes between placentas of 

uncomplicated control and preeclamptic pregnancies, we identified several pathways 

that were enriched in differentially expressed genes.  Of major interest are pathways 

involved in an immune response: Fcy Receptor Mediated Phagocytosis in Macrophages 

and Monocytes, CXCR4 signaling, and leukocyte extravasation signaling (the process by 

which white blood cells migrate out of capillary circulation).  It has been previously 

reported that the placenta co-opts adhesion molecules involved in the leukocyte 

extravasation pathway for uterine remodeling33, and our study suggests that 

downregulation of these leukocyte extravasation signals are associated with the clinical 

manifestation of preeclampsia.  The CXCR4 pathway is composed of 169 genes, of which 

31 are differentially expressed at FDR < 0.05.    Our qPCR data support a model where 

expression levels of the CXCR4 receptor itself is unchanged, but where binding of the 
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receptor activates downstream G-protein mediated signaling including upregulation of 

PIK3R1.  PIK3R1 is the top differentally expressed gene in each of the three immune-

associated pathways. 

Novel Sialic Acid Associated Factors 

    Recently, work from Surolia et al.34 has described the association of functional rare 

genetic variation in sialic acid esterase (SIAE) with the regulation of human immune 

tolerance.  SIAE catalyzes the removal of O-acetyl moities from the 9-OH position of sialic 

acids that decorate the surface of cells35,36. ST6 beta-galactosamide alpha-2,6-

sialyltranferase 1 (ST6GAL1) transfers sialic acid to galactose in an α2-6 linkage37. 

ST6GAL1 ablation in mice leads to a hyper-immune phenotype38 although the 

mechanisms behind this is not well understood39. Together, ST6GAL1 and SIAE produce 

the natural ligands for CD22 (an inhibitor of B-cell receptor signaling and immune 

activation): 9-O-deacetylated, α2-6-linked sialic acid.  Defects in the ST6GL1-SIAE-Siglec 

pathway could lead to the “unmasking” of CD22 due to the unavailability of its natural 

cis-ligands as proposed in a model by Pillai et al39.  Interestingly, our microarray data 

indicates that SIAE is upregulated, and ST6GAL1 downregulated in the preeclamptic 

placenta (See Table 6.4.) We also corroborate the placental upregulation of SIGLEC6 in 

preeclampsia previously reported by others40 (See Table 6.4).  The  functional 

consequence of SIAE, ST6GAL1, and SIGLEC6 transcriptional disregulation in 

preeclamptic placentas remains to be understood, particularly in the context of genetic 

variation of these transcripts.   

Immune-mediated Model of Preeclamptic Pathogenesis 

    Our data is consistent with a model where trophoblast invasion is defective as a 

consequence of an immune-associated mechanism affecting cell migration, invasion, 

and survival.  We propose that Sialic acid modifications play a role in either initiating or 

maintaining maternal immune tolerance, eventually leading to the clinical onset of 

preeclampsia.  Failure of extravillous cytotrophoblasts to invade and remodel the 

maternal vasculature and replace the endothelial cells lining the spiral arteries are then 

predicted to be sufficient to decrease the amount of low-pressure blood flow, induce 
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placental hypoxia and oxidative stress, and increase the expression of factors such as 

sFLT1, sENG, and INHA that lead to the clinical manifestation of preeclampsia in 

maternal hypertension and proteinuria. (See Figure 6.4.) 

Future 

    This work presents the molecular characteristics of the preeclamptic placenta, by 

identifying a number of both known and novel factors and pathways.  Molecular 

classification of these expression profiles might help to elucidate fetal versus maternal 

causes of the pregnancy-associated syndrome.  While we have identified a number of 

genes and pathways we believe to be implicated in the etiology of preeclampsia, it is our 

hope that researchers in the field will use this comprehensive gene expression dataset 

to help guide their own efforts towards understanding the pathogenesis of this disorder. 

Finally, while many preeclampsia studies have focused on maternal genetic factors for 

association analysis, genetic analysis of the interactions between fetal and maternal 

genetics for disregulated genes such as SIAE could prove to be insightful.   
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Figures 

 

Figure 6.1  Model selection and Variance Component Analysis.   

(a) Venn diagram of overlap between placental differentially expressed genes between preeclamptic and 
normal pregnancies for model 1 and model 2.  Model 2 controls for the effect of induction of labor.  No 
differentially genes were detected for the effect of induction of labor.  The genes detected for the 
classification effect (preeclampsia or normal) overlapped substantially for model 1 and model 2.  82% of 
the genes detected by model 2 at FDR < 0.05 are also detected by model 1. Model 1 detects a larger 
number of differentially expressed genes due to having a higher statistical power.  The results of model 1 
were used in pathway analysis.  (b)  Variance components analysis of the first five principle components of 
variation indicates that classification is the dominant contributor to transcriptional variation in this study.  
There are minor contributions of labor and gender, and minimal contributions of the pairwise interaction 
effects and estimated gestational age.  This analysis suggest that most of the differentially expressed 
genes we detect are associated with classification and is corroborated by the results of model 2 in which 
we control for the effect of labor. 
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Figure 6.2  Differential Expression Volcano Plots 

(a) Volcano plot of differences in gene expression between placentas from male and 

female neonates. The x-axis represents the estimate of the difference in expression between males – 

females on a log2 scale.  The y-axis represents the negative log of the uncorrected p-value on a log10 

scale.  Genes upregulated in placentas from male neonates are found in the upper right while those 

upregulated in placentas from female neonates are in the upper left.  The points highlighted in red are 

differentially expressed genes that exceed a significance threshold of FDR<0.05 and map to the X or Y 

chromosome. (b) Volcano plot of expression differences between preeclamptic and control 

placentas. The x-axis represents the estimate of the difference in expression between preeclampsia – 

control on a log2 scale.  The y-axis represents the negative log of the uncorrected p-value on a log10 scale. 

Genes upregulated in preeclamptic placentas are found in the right, while those upregulated in controls 

are in the left.  A number of known preeclampsia associated factors such as ENG, FLT1, INHA, PAPPA were 

also found to be differentially expressed in our study.  The differentially expressed genes at FDR<0.05 

were used for pathway analysis.  Only genes that were annotated as high-quality in an updated Illumina re-

annotation were included in this figure and in pathway analysis. 
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Figure 6.3  Heatmap of Bonferonni-signif icant Differential ly Expressed Genes Between 

Control and Preeclamptic Placentas 

While there is significant heterogeneity in human gene expression, the relatively large sample size of our 

microarray study allowed us to sensitively detect differential expression using a linear mixed model 

analysis.  Reassuringly, unsupervised hierarchical clustering of the expression patterns of differentially 

expressed genes groups all preeclamptic and the majority of control gene expression profiles 

together.Some normal samples do cluster with preeclamptic samples, indicating that there may be 

different molecular subclassifications of preeclampsia worthy of further investigation.  

Preeclamptic/control status is indicated in the text to the left of the heatmap and by color (preeclampsia = 

green, control = red) to the right of the heatmap at each branch of the dendrogram.  Patients are grouped 

along the Y-axis, while genes are clustered along the X-axis. 
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Figure 6.4  Preeclampsia Pathogenesis Model 

Our data supports a model where disregulation of immune-associated signaling pathways, associated with 

atypical sialic acid modification, leads to shallow trophoblast invasion and inadequate uterine vascular 

remodeling.  These changes are predicted to be sufficient to decrease the amount of low-pressure blood 

flow, induce placental hypoxia and oxidative stress, and increase the expression of factors such as sFlt1, 

sEng, and INHA that lead to the clinical manifestation of preeclampsia in maternal hypertension and 

proteinuria. 
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Supplementary Figure 6.1  Mixed model power analysis 

Full design models 1 & 2 (n=60) are sufficiently powered (>80%) to detect classification (preeclampsia – 

control) effect sizes > 0.4, which correspond to a 30% change in transcript levels.  Reduced design models 

(n=30 and n=15), as well as estimated gestational age (34-37) subset models (n=23), are inadequately 

powered to detect these same effects.   

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

St
at

is
ti

ca
l P

ow
er

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
E ect Size

cation

cation.labor

Power at Alpha=1.46E-6, n=30

Power at Alpha=1.46E-6, ega (34 - 37) subset

Power at Alpha=1.46E-6, n=15

80% Power

Mean observed e!ect size



 

106 

 

 Supplementary Figure 6.2. Leukocyte extravasation signaling pathway is disregulated in 

preeclamptic placentas.  Green = upregulation in controls, Red = upregulation in 

preeclampsia. 
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Supplementary Figure 6.3. SDF1/CXCR4 signaling pathway is disregulated in 

preeclamptic placentas.  Green = upregulation in controls, Red = upregulation in 

preeclampsia. 
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Tables 

Table 6.1  Table of demographic information on study population. 

 Control (n=37) Preeclamptic (n=23) 
 Mean (s.d.)  Range Mean (s.d.)  Range p-value 
Fetal estimated 
Gestational Age 

(weeks) 
37.6 (1.93) 29-40 33.6 (3.7) 27-38 P < .0001* 

% Female 43.2  56.5  P < .4267 
Placental 

weight (g) 491.7 (140.3) 240-990 448.2 (237.8) 130-1090 P < .4322 

Birth weight (g) 3258.4 
(630.9) 1190-4685 2278.4 

(998.9) 765-3860 P < .0001* 

Corrected 
percenti le birth 

weight 
50.6 (31.0) 4-99 38.4 (26.4) 2-85 P < .1153 

Maternal parity 2.35 (1.7) 0-7 .42 (.69) 0-2 P < .0001* 
Weight ( lb) 213.9 (51.8) 125-358 209.2 (45.5) 140-322 P <  .1474 
% Induced 69.6  21.6  P < 0.0002* 

* Significant at P<0.05 
 
Table 6.2  Table of pathways signif icantly enriched for placental differential ly expressed 

genes between control and preeclamptic pregnancies. 

Canonical Pathways FDR (B-H p-value) 
Fcγ Receptor-mediated Phagocytosis in Macrophages and Monocytes 0.0068 

CXCR4 Signaling 0.0068 
Leukocyte Extravasation Signaling 0.0083 
Semaphorin Signaling in Neurons 0.0219 

Regulation of Actin-based Motility by Rho 0.0617 
N-Glycan Biosynthesis 0.0891 

NRF2-mediated Oxidative Stress Response 0.0891 
Germ Cell-Sertoli Cell Junction Signaling 0.0891 
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Table 6.3  Table of sial ic-acid associated placental differential ly expressed genes 

between preeclampsia and normal pregnancies with FDR<0.05. 

Ranka 
I l lumina 
Probe ID 

Gene 
Symbol Gene Description 

log2 
Estimate FDR 

p-
value 

4 ILMN_1669146 SIAE Sialic acid acetylesterase 0.44 1.4E-
05 

1.6E-
09 

44 ILMN_1815874 NANS N-acetylneuraminic acid synthase 0.37 8.3E-
05 

1.1E-
07 

166 ILMN_1756501 ST6GAL1 ST6 beta-galactosamide alpha-2,6-
sialyltranferase 1 

-0.42 5.2E-
04 

2.5E-
06 

1535 ILMN_1685630 SIGLEC6 sialic acid binding Ig-like lectin 6 0.21 2.2E-
02 

1.0E-
03 

1632 ILMN_1756937 ST8SIA4 ST8 alpha-N-acetyl-neuraminide alpha-2,8-
sialyltransferase 4 

0.21 2.4E-
02 

1.2E-
03 

 
a Genes ranked by p-value of preeclamptic differential expression from low to high. 
b Benjamini-Hochberg FDR 

 
Table 6.4  qPCR validation of microarray data for selected genes 

Ranka I l lumina Probe ID Gene Gene Description 
log2 

Estimate 
Array  

p-value 
qPCR  

correlation p-value 
4 ILMN_1669146 SIAE Sialic acid acetylesterase 0.44 1.6E-09 7.1E-03* 

13 ILMN_1760778 ENG Endoglin 0.89 1.5E-08 1.7E-17* 

16 ILMN_1760303 PIK3R1 Phosphoinositide-3-kinase, 
regulatory subunit 1 (alpha) 0.55 2.0E-08 8.6E-13* 

91 ILMN_1739792 RHOG Ras homolog gene family, 
member G -0.41 6.8E-07 8.9E-02 

236 ILMN_1727284 CD4 CD4 molecule -0.27 5.9E-06 1.8E-03* 

539 ILMN_1801584 CXCR4 Chemokine (C-X-C motif) 
receptor 4 -0.54 5.9E-05 1.3E-01 

7138 ILMN_1728937 CXCR4* Chemokine (C-X-C motif) 
receptor 4 -0.20 6.5E-02 3.2E-03* 

a Genes ranked by p-value of preeclamptic differential expression from low to high. 

* qPCR significant Pearson correlation p<0.05. 
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Abstract 

    Sialic acetylesterase (SIAE) was detected as differentially expressed between 

placentas from pregnancies complicated by preeclampsia and normal pregnancies.  

Rare functional variation in SIAE was also recently linked to autoimmune disease.  In this 

study, we resequence fetal genomic DNA from placentas of live births from 13 normal 

pregnancies and 11 pregnancies complicated by preeclampsia.  We identify a 

preeclamptic patient with a homozygous missense mutation SIAE(M89V) previously 

functionally described as catalytically active but secretion defective.  This is the first 

preliminary evidence linking a rare functional defect in SIAE to preeclampsia.  Deeper 

sampling and resequencing will be required to discover functionally defects in SIAE or 

other sialic acetylesterase pathway genes, and to formally test whether are associated 

with preeclampsia. 

Introduction 

    In our earlier gene expression profiling work, we identified a number of immune-

associated pathways as disregulated in placentas from pregnancies complicated by 

preeclampsia.  Additionally, we found that genes involved in sialic  acid synthesis, 

transfer, and modification were affected.  One of these genes is sialic acetylesterase 

(SIAE) which is functionally associated with autoimmunity in mice and humans.   

    Sialic acids are a chemically diverse family of sugars with a shared 9-carbon; this 

diversity is generated by a vast number of different combinations of glycosydic linkages 

and natural modifications.  The consequence of this diversity is that different sialic acids 

have the potential  participate as specific ligands in many biological processes. 

    Interestingly, it has been observed that out of 60 genes known to play a role in sialic 

acid biology, 10 have uniquely human genetic changes (in comparison to closest 

evolutionary relatives)1.  Enzymatic deacetylation of sialic acid, a cell surface 

carbohydrate, has been shown to regulate B-cell signaling and immunological tolerance2.  

Mice with a mutation in 9-O-acetyl sialic acid esterase (Siae) have enhanced B-cell 
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receptor (BCR) activation and spontaneously develop autoantibodies2.  The 9-O-

acetylation state of sialic acid regulates the function of CD22. CD22 binding of a target 

sialic acid, leaving the B-cell receptor free to be phosphorylated and activated.  CD22 

deficient mice are prone to autoimmune disease3. 

    Rare, functional variants of SIAE were recently found to be associated with 

autoimmune disease in humans (odds ratio of 8.6 overall in autoimmune subjects with 

rheumatoid arthritis and type I diabetes, P-value 0.0002).  A list of catalytically defective 

and secretion defective variants was generated by this study by reintroduction of 

variants into a wildtype SIAE cDNA and expression in 293T cells3. 

    As we observed significant and consistent upregulation of SIAE as well as prominent 

disregulation of a number of sialic acid associated factors, we hypothesized that 

defective SIAE variants may be involved in the pathogenesis of preeclampsia through 

failed regulation of fetal/maternal immune tolerance.   

Methods 

Subjects, Sample Collection, Isolation of RNA, reverse transcription of 

cDNA. 

    Subjects and sample collection procedures were the same as previously described in 

Chapter 6.  Aliquots of the same RNA isolated for transcriptional profiling were used for 

this resequencing study.  cDNA synthesis was performed as previously described. 

Amplification of SIAE coding region from cDNA 

    SIAE coding region was amplified from cDNA using Phusion Hot Start II (Finnzymes) 

and primers 3563/3564 (See Table 7.1).  Thermocycling conditions were: [98 °C, 2 min, 

initial denaturation], [98 °C, 10 s, denaturation; 72 °C, 45 s, extension]45 cycles, [72 °C, 2 

min, final extension].  Amplicons were verified on a 1% agarose gel and sequenced in 

forward and reverse directions using primers 3563, 3564, 3739, 3740.  Primer 

sequences are given in Table 7.1. 
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SNP call ing 

  Sequence trace files were aligned to cDNA reference sequence NM_170601 and called 

using NovoSNP4. 

Results 

Synonymous and Nonsynonymous SNPs Identif ied in SIAE 

    We identified 7 polymorphisms in the coding region of SIAE by sequencing of a small 

number of subjects (See Table 7.2).  Of these, 4 were coding nonsynonymous and 3 

were synonymous polymorphisms. c.265A>G encoding a homozygous M89V/M89V 

polymorphic form SIAE was found in one preeclamptic patient (See Figure 7.2, See Table 

7.2).   Another functionally uncharacterized nonsynonymous variant c.321C>G, encoding 

N107K, was found in a control patient. 

Discussion 

    In the limited sequencing we performed on 24 subjects (11 preeclamptic, 13 control) 

whose transcriptional profiles were previously described in Chapter 6, we found 1 

preeclamptic subject with a homozygous secretion-defective variant of SIAE (M89V), 3 

preeclamptic and 1 control subject with uncharacterized unique nonsynonymous 

changes.  While the sample size is small, it is comparable to the 13 autoimmune 

subjects initially analyzed Surolia et al.3  The SIAE(M89V) variant is interesting as it is 

catalytically active, but secretion defective and homozygous SIAE(M89V/M89V) was 

found only in autoimmune subjects, but not controls3.    

   A nonsynonymous SNP we identified c.321C>G encoding N107K is novel, as are 

synonymous SNPs c.468T>C and c.513G>A which have not been reported in dbSNP 

(See Table 7.2).  The catalytic and secretory function of SIAE(K71R), SIAE(N107), and 

SIAE(A467V) are unknown.  From dbSNP it appears that SIAE(A467V) variation is 

common only those of African, but not European descent. 

    Further sequencing is necessary and currently underway to achieve sufficient numbers 

to formally test the hypothesis that defective variants of SIAE are associated with the 
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immune pathogenesis of preeclampsia.  However, together with the results of 

transcriptional profiling of preeclamptic placentas, this study shows preliminary evidence 

of a link between functionally defective variants in SIAE and preeclampsia. 

    While we have started to examine the fetal genetic aspect of SIAE in relation to 

preeclampsia, equally or possibly more important are maternal genetics factors.  Other 

genes involved in sialic acid biology may also play an important role; these include NANS 

and ST6GAL1 which we found to be disregulated in our transcriptional profiling 

experiments. 

    As we will demonstrate in Chapter 9, multiplexed barcoded targeted genomic capture 

and massively parallel sequencing technology5 has now enabled the interrogation of 

small, specific genomic intervals over a large number of patients.  We estimate that 

resequencing of the coding sequences of placentally and hematopoietically expressed 

sialic associated genes of 100 subjects could be accomplished by using only 2 lanes of 

an Illumina Genome Analyzer.  Future studies resequencing both fetal and maternal 

coding regions of sialic-acid associated genes would be useful to determine whether 

defects in the sialic acetylesterase pathway are associated with preeclampsia. 

    Additionally, the functional role of transcriptional and genetic changes in these sialic-

acid associated genes should be examined.  Are the three uncharacterized SIAE variants 

listed in Table 7.2 catalytically active and/or normally secreted?  Is overexpression of 

SIAE associated with genetic variants that exhibit impaired catalytic or secretory activity?  

Are there genetic variations that impair the function of other sialic-acid associated 

genes?  Individually and coordinately, what are the effects of this variation on the 

presence and modification of sialic acids on the cell surface?  Is there a transient 

increase in autoantibody production in individuals with impaired function of sialic-acid 

associated genes?  And what might the downstream consequences of such changes be 

on maternal/fetal immune tolerance and the development of preeclampsia? 

    The answers to these questions will provide interesting insight into the biology of 

fetal/maternal immune tolerance and preeclampsia.
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Figures 

 
Figure 7.1 SIAE Protein Alignment, Depicting Nonsynonymous Coding Variation from Wild 

type 

This is a summary of all the different mutations detected in this preliminary round of sequencing and does 

not represent the amino acid sequence of an actual individual. 
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Figure 7.2 Capil lary sequencing trace, depicting c.265A>G mutation encoding M89V. 

This mutation was previously demonstrated by Surolia et al. to be catalytically active but secretion 

defective. 
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Tables 

Table 7.1 Primers used in SIAE resequencing 

Primer Description Primer Sequence 

3563 hSIAE (NM_170601) CDS FWD-3 AGATCCTTGCAAGCATGGTCGCGC 

3564 hSIAE (NM_170601) CDS REV-3 GAAACAGCCATGTGCTAGCTGAAAGCCATTC 

3739 SIAE CDS fwd sequencing primer AAGGGTCCATTCCATACG 

3740 SIAE CDS rev sequencing primer CCATACTACCCCTTTCAGAGTC 

 
Table 7.2 SNPs identif ied in SIAE coding sequence.  

 
SNP Amino Acid 

Residue/Change 
dbSNP ID Esterase 

activity 
Secretion 

c.212A>G K71R rs12282107 - - 

c.265A>G M89V rs7941523 Normal Defective 

c.321C>G N107K - -  -  

c.468T>C 156 - -  -  

c.513G>A 171 - -  -  

c.1400C>T A467V rs7941523 - - 

c.1452G>A 484 rs7941327 - - 
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Table 7.3 Genotypes table of subjects for SIAE coding sequence. 

c.212A>G c.265A>G c.321C>G c.468T>C c.513G>A c.1400C>T c.1452G>A 
ID classif ication K71R M89V N107K 156 171 A467V 484 Ethnicity 
5 PE A A C T G C G Cau 

10 PE A A C T G C G Cau 
17 PE A A C T G C G Cau 
21 PE A A C T G C G Cau 
24 PE A A C C G C G Cau 
31 PE A A C CT G C AG Cau 
45 PE A G C T G C G Cau 
47 PE A A C T G C G Cau 

625 Control A A C T G C G Cau 
652 Control A A CG T G C G Cau 
662 Control A A C T G C G Cau 
674 Control A A C T G C G Cau 
703 Control A A C T G C G Cau 
730 Control A A C T G C G Cau 
758 Control A A C T G C G Cau 
787 Control A A C T G C G Cau 

   A       
14 PE AG A C CT G CT AG AA 
36 PE A A C CT G C AG AA 
37 PE A A C T G C G AA 

710 Control A A C T G C G AA 
726 Control A A C T G C G AA 
756 Control G A C C AG C G AA 
775 Control A A C T G C G AA 
798 Control A A C CT G C G AA 
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Abstract 

    325 pregnant women and placentas from live births at Duke University Medical Center 

and Durham Regional Hospital in Durham, North Carolina, USA were studied.  Fetal 

placental placental cDNA was used for direct cDNA genotyping where available.  

Otherwise, cDNA genotypes were unambiguously inferred where possible by comparison 

of maternal and fetal genomic DNA extracted from blood.  We report a significant 

association between a paternally inherited PEG3 variant (rs1055359) and human small-

for-gestational age (SGA) birth in Caucasian-Americans (p<0.0005, n=158, OR 6.26 

[95%: 2.30 -17.04]).  This study provides the first evidence of an association between a 

PEG3 paternally-inherited fetal genotype and SGA birth in Caucasian-Americans. 

Introduction 

    Fetal growth restriction (FGR) and resulting small-for-gestational age (SGA) birth is 

associated with a significantly increased risk of perinatal morbidity and mortality, with 

the smallest 8.1% of infants account for 69.3% of infant deaths in the U.S. in 2004 as 

indicated by statistics maintained by the U.S Department of Health and Human 

Services1-6.  Additionally, abnormal metabolic programming during early development 

has been suggested to affect the incidence of diseases in adulthood, such as non-

insulin-dependent diabetes7, ischemic heart disease8, and hypertension9 in what has 

become known as the “fetal origins of disease hypothesis10.”  Clinically, one of the 

clinical criteria for diagnosing intrauterine growth restriction is birth weight below the 

10th percentile for their gestational age and sex11.  There is strong evidence for a genetic 

basis for low birth weight, as women whose full sisters had an offspring with low birth 

weight are more likely to have a pregnancy resulting in low birth weight themselves12.  

The heritability of birth weight was estimated in one study to be 25%, where the relative 

risk of low birth weight offspring was significantly increased if both parents were low birth 

weight themselves13.   
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    Previously, in a genome-wide expression profiling experiment (manuscript in 

preparation) we identified PEG3 as candidate gene for fetal growth, leading us to 

examine the role of this imprinted gene in more detail.  PEG3 (paternally expressed 3) 

encodes a transcription factor with eleven widely spaced Krüppel-type (C2H2) zinc finger 

motifs14. In humans, it is expressed in the placenta, brain, liver, spleen, hypothalamus, 

ovaries, and various other tissues, with the highest levels of expression found in 

placenta, hypothalamus and ovaries15.  Mutant mice with a PEG3 disruption inherited 

from the paternal germline are growth restricted, as well as impaired in their maternal 

behavior16. 

    PEG3 is a member of the imprinted gene family. This gene family co-evolved with the 

mammalian placenta and is characterized by its unique expression regulation such that 

only one of the two parental alleles is expressed; in some cases the paternal allele and 

in others the maternal allele. This results in a non-random mono-allelic expression 

controlled by the parent-of-origin of the allele and results in an asymmetry in the 

maternal versus paternal contributions of resources in placental mammals. This forms 

the basis for the parental conflict hypothesis which suggests that the reproductive 

success of males and females would benefit from different strategies of resource 

allocation17. Observations from embryos produced entirely from maternal (gynogenotes) 

or paternal (androgenotes) DNA indicate that imprinted paternally expressed genes are 

generally growth promoting, while in contrast, imprinted maternally expressed genes 

tend to be growth inhibiting18; 19.  

    Some genetic associations with SGA birth have also been described; all but one thus 

far have been directly or indirectly linked to the regulation of fetal-maternal levels of 

insulin or glucose.  In two cases the genes involved are known imprinted genes. 

Paternally inherited INS haplotypes and genotypes have been reproducibly reported to 

be associated with fetal growth20-22.  Additionally, fetal and placental growth was found 

to be associated with a paternal haplotype of IGF2 and not with the methylation status of 

IGF2/H1923. Mutations in the enzyme glucokinase (GCK) were the first to be shown to 

have a direct association with low birth weight24. The presence of the glucokinase 



 

125 

mutation in the fetus causes a reduction in secreted insulin levels and consequently a 

reduction in fetal growth, supporting the fetal insulin hypothesis24.  Recently, a single-

nucleotide polymorphism in the maternal FAS gene has also been reported to be 

associated with intrauterine growth restriction37.  For this project, the monoallelic 

expression of PEG3 reduces the complexity and increases the power of association 

analysis as there is only one functionally relevant allele. 

    In the current study, we investigate the association of PEG3 to birth weight, by first 

asking whether epigenetic disregulation via loss of imprinting occurs at this locus, and by 

determining whether genetic polymorphisms in PEG3 are associated with PEG3 

expression levels and SGA birth.  We detect a significant association between genotypes 

in PEG3 and SGA birth (See Table 8.2) 

Materials and Methods 

Subjects and Study Design  
    The study population consisted of 325 Caucasian and African-American patients for 

whom placental tissue was available, collected 2004-2008. Subjects were women who 

received care at the Duke University Medical Center Obstetric Clinic.  The study was 

approved by the Duke University Medical Center Institutional Review Board (IRB 

00016065).  Enrollment began August 1, 2003.  Women age 18 and older and their 

infants were eligible for inclusion, all ethnicities were enrolled in the study, but only 

Caucasian and African-American subjects were analyzed for association analysis. 

Women with multiple gestations, fetuses with documented congenital anomalies, 

fetuses with documented chromosomal abnormalities, and fetuses with prolonged 

premature rupture of the membranes (greater than 4 weeks) were excluded from 

enrollment. Inclusion was contingent upon a term live birth.  Summary characteristics of 

the initial and replication study populations are presented in Table 8.1. 

Sample Collection Procedures 

    The study coordinator approached eligible participants.  After giving informed consent, 

participants completed a questionnaire administered by the study coordinator.  The 
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questionnaire included information on demographics (height, weight, race, ethnicity), 

lifestyle (smoking, substance abuse), and medical and reproductive history.  A blood 

sample was obtained and processed for subsequent DNA extraction. At the time of 

delivery, cord blood was obtained and processed for subsequent DNA extraction.  An 

approximately 2 cm3 placental sample, excluding fetal membranes, was obtained within 

5 cm of the placental umbilical insertion site within an hour of delivery.  Placental 

samples were flash frozen in liquid nitrogen. The placental tissue samples were 

homogenized under liquid nitrogen using a mortar and pestle. Maternal and infant 

medical records were reviewed for pertinent data including gestational age at delivery, 

fetal sex and weight, placental weight, ethnicity, and maternal parity.  

DNA, RNA isolation, and first-strand cDNA synthesis 

    Genomic DNA was isolated from 20-30 mg of homogenized tissue using the DNeasy 

Blood and Tissue Kit (Qiagen) according to the manufacturer’s instructions.  Total RNA 

was isolated from term human placenta using the Totally RNA kit (Ambion) following the 

manufacturer’s instructions with slight modifications.  Briefly, homogenized tissue chilled 

in liquid nitrogen were lysed in 10 volumes of denaturation solution (200 mg tissue, 2 ml 

denaturation solution).  The lysed sample was pre-cleared of bulk genomic DNA and 

cellular debris by spinning at 4,000 x g for 5 minutes. The supernatant was sequentially 

extracted with equal volumes phenol:chloroform, and acid phenol:chloroform (pH 4.5) 

using phase divider gels (Sigma), then precipitated with an equal volume of 100% 

isopropanol.  The pellet was washed twice with 70% ethanol and resuspended in elution 

buffer (1 mM Tris-Cl). Total RNA was treated with Turbo DNA-free to remove traces of 

genomic DNA contamination (Ambion).  Total RNA was converted into 1st cDNA using the 

AffinityScript Multitemperature cDNA Synthesis Kit (Stratagene) according to 

manufacturer’s instructions.  

Quality Control 

    Nucleic acid purity and quantity were assessed using a Nanodrop Spectrophotometer 

(Thermo Scientific). RNA quality was assessed using a Bioanalyzer (Agilent 

Technologies).  36 randomly selected samples were regenotyped in separate assays to 
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ensure assay concordance and reliability.  Genotyping concordance was 100% in this 

sample. 

Selection of Candidate SNPs in PEG3 

    SNPs rs1055359 and rs33931963 were chosen on the basis of high reported 

heterozygosity and location in coding region or 3’ UTR of PEG3 (See Figure 8.2).  

Heterozygosity for SNP rs1055359 was 0.300 in European (CEU) and 0.350 in Sub-

Saharan African (YRI) Hapmap26 population data.  Heterozygosity for SNP rs33931963 

was 0.278 in a population of Caucasians and African-Americans, from data generated in 

a survey of protein-coding genes in the human genome for signatures of selection27. 

Microarray Experimental Design 

    37 control, 23 preeclamptic, and 26 SGA patient samples were hybridized in two 

batches to Illumina Human6-v2 BeadArrays as described previously in Chapter 6.  Of the 

26 SGA patient samples, 8 were hybridized in duplicate as technical replicates for a total 

of 87 independent hybridizations.   

Microarray Hybridization 

    Labeling and hybridization for Illumina Human6-v2 BeadArrays was performed 

according to manufacturer’s instructions.  Briefly, the Illumina TotalPrep RNA 

Amplification Kit (Applied Biosystems, Foster City, CA) was used for a first and second 

strand reverse transcription step from 500 ng of total RNA.  This was followed by an 

overnight in vitro transcription reaction that incorporates biotin-labeled nucleotides.  1.5 

ug of biotin-labeled cRNA was mixed with an Illumina-supplied hybridization buffer 

containing several control oligonucleotides.  Labeled cRNA was hybridized to BeadArrays 

at 58°C for 18 hr.  Washing, blocking, and streptavadin-Cy3 staining was performed out 

following manufacturer’s protocol.  BeadChips were scanned on the BeadArray Reader 

and scanned images were analyzed using BeadStudio software. 

Quantitative RT-PCR (qRT-PCR) 

    β-Actin (ACTB) was chosen as an endogenous control for qRT-PCR on the basis of 

exhibiting the lowest coefficient of variation across all samples in our placental 

microarray dataset, and the highest expression stability as assessed by GeNORM28.  
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PEG3 expression was normalized against ACTB in a multiplex 5’ nuclease TaqMan assay.  

PEG3 primers (5’-CATCACTTCCTTTGTGCGCTTCCT-3' and 5’-

GTGCAAACTGACTTGTGGCAGCAT-3’) and dual-labeled probe (5’-FAM- 

ACCCAAGCCATGTTGCTACTTGTCAC-NFQ-3’) were designed against the region detected by 

the corresponding Illumina PEG3 probe.  ACTB primers (5’-GGCACCCAGCACAATGAAG-3’ 

and 5’-GCCGATCCACACGGAGTACT-3’) were designed to be intron-spanning, with a dual-

labeled probe (5’-MAX550-TCAAGATCATTGCTCCTCCTGAGCGC-NFQ-3’) precisely spanning 

the splice junction. (Integrated DNA Technologies)   

    Amplifications were performed using TaqMan Fast Universal PCR Master Mix (Applied 

Biosystems) with primers at a concentration of 300 nM and probes at a concentration of 

200 nM on a StepOne Real-Time PCR System (Applied Biosystems) in a final reaction 

volume of 20 ul.  Fast qRT-PCR thermocycling conditions used were: [95º C, 20 s, initial 

denaturation, 95º C, 1 s, denaturation; 60º C, 20 s, annealing/extension]40 cycles.  25% of 

the samples were repeated across each plate in a loop design, to evaluate potential 

plate effect on variation. 

Quantitative pyrosequencing (PSQ) of genetic polymorphisms in gDNA and 

cDNA 

    Biotinylated amplicons were generated using a universal primer system.  Briefly, 

touchdown PCR was performed using 50 nM gene-specific primers, and 250 nM 

universal primers using Phire Hot Start DNA Polymerase (NEB).  Thermocycling 

conditions used were: [98 °C, 2 min, initial denaturation], [98 °C, 5 s, denaturation;  65 

°C, -0.5 °C/cycle, 5 s, annealing; 72 °C, 5 s, extension ]20 cycles, [98 °C, 5 s, 

denaturation;  55 °C, 5 s, annealing; 72 °C, 5s, extension ]25 cycles.  

    Pyrosequencing (Biotage) was performed as described previously29 to quantitate 

monoallelic expression consistent with genomic imprinting, and to generate gDNA and 

cDNA genotypes.  

Birth Weight Percenti les 

    Birth weight percentiles were looked up on the basis of birth weight, weeks of 

gestation, and sex from tables derived from the 1999-2000 US Natality Datasets, 
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describing all singleton infants born at 22-44 completed weeks of gestation in 1999-

2000 (6,690,717 births)30.   

cDNA Genotype Inference 

    placental cDNA genotypes were directly measured in our initial cohort for which we 

had access to placental samples.  cDNA genotypes were unambiguously inferred in the 

replication cohort by comparing the maternal genomic DNA genotype to the fetal 

genomic DNA genotype.  Expressed cDNA genotypes could be unambiguously inferred in 

two cases: 1) where the fetal genomic DNA genotype was homozygous or 2) where the 

fetal genomic DNA genotype was heterozygous, and where the maternal genomic DNA 

genotype was homozygous.  In the remaining case, where both the fetal and maternal 

genomic DNA genotypes were heterozygous, no inference was made regarding the fetal 

cDNA genotype.  

Bisulfite sequencing of PEG3 promoter 

    The UCSC genome browser was used to analyze a portion of the Peg3 promoter 

sequence (Chr 19: 61,568,168-61,568,413). We chose a region of the PEG3 promoter 

that was CpG-rich, but outside of known imprinting-control regions, to determine whether 

PEG3 expression was associated with imprinting-control independent differential 

methylation. The region we analyzed was located at -712 to -467 relative to the 

transcription start site of PEG3.  The sequence was imported into the web-based 

MethPrimer program (http://www.urogene.org/methprimer/index1.html), which can also 

detect CpG islands (Huang et al., 2009).   

    We chose control samples that were around the 50th percentile of mean birth weight, 

whereas the IUGR samples were 10th percentile or less.  500 ng of genomic DNA 

samples was bisulfite converted using the EZ DNA Methylation Kit according to 

manufacturer’s protocol (Zymo Research, Orange, USA). The converted DNA was PCR 

amplified, using forward primer sequence 

TGACGTACTAGCAACGGTGAGATTGTTCGTTTTTTTAAATTGTATGTG  and reverse primer 

TAGCAGGATACGACTATCCCACCTAAAACACATAAAAAACATCATAACTAATTTCC. Thermocycling 

conditions used were: [95 °C, 10 min, initial denaturation], [94 °C, 30 s, denaturation;  
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60 °C, -0.5 °C/cycle, 30 s, annealing; 72 °C, 1 min, extension ]15 cycles, [94 °C, 30 s, 

denaturation;  55 °C, 30 s, annealing; 72 °C, 1 min, extension ]25 cycles,[72 °C, 7 min, 

extension]final extension. The final reaction volume of 50 µl contained 25 ul of the Zymo pre-

mixed Taq DNA polymerase, and 0.02 µM of each primer, designed with MethPrimer. The 

resulting 245 bp PCR products were visualized on 2% TAE agarose gels and purified 

using the Zymo DNA Clean & Concentration25 kit (Zymo Research, Orange, USA). The 

purified PCR products were quantitated using a Nanodrop ND-1000 spectrophotometer.  

     Equivalent amounts of bisulfite PCR products from each sample were subcloned 

using the pGEM-T vector system (Promega, Madison, USA). Plasmid DNA of 20 insert-

positive clones for each PCR product was isolated using the Zyppy Plasmid Miniprep kit 

(Zymo Research, Orange, USA) and sequenced using an ABI 3730xl DNA Analyzer 

(Applied Biosystems). Analyses were performed using the 4Peaks program (1.7.2) to 

determine the methylation patterns in amplicons that were 95-100 percent bisulfite-

converted.  Methylation patterns were then compared between control and SGA 

samples. Figures were made using the online program BISMA (Bisulfite Sequencing DNA 

Methylation Analysis) at http://biochem.jacobs-university.de/BDPC/BISMA/index.php. 

Microarray & qPCR Statistical Analysis 

    Transcript data was log2 transformed, and quantile normalized [24].  Following this, 

transcripts which did not attain a detection p-value of <= 0.05 (compared to synthetic 

sequences on the array not complementary to mammalian genomes, used as negative 

controls) in any sample were dropped from analysis, leaving 35580 transcripts out of the 

original 48701.  This filtered expression data was scaled to values between 0 and 10, 

and mean-centered around 0.   

    Gene-specific analysis of variance (ANOVA) was performed using the following model 

using PROC MIXED in SAS (SAS Institute, Cary, NC), treating classification, gender as 

fixed effects: 

expression = µ + classification + gender × classification  +  batch + ε  (model 1) 

Custom hypothesis tests were constructed to test for differential expression between 

SGA and control groups, as well as male and female samples.  Raw p-values were 
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corrected for multiple comparisons via the conservative Benjamini-Hochberg FDR at α < 

0.01 as implemented in PROC MULTTEST in SAS (SAS Institute, Cary NC).   

    qRT-PCR data was analyzed by fitting the change in cycle threshold values between 

target and housekeeping genes (delta-CT) to a linear mixed model with fixed effects for 

birth weight percentile and random effects for plate using SAS 9.1.3 (SAS Institute, Cary, 

NC).  Student’s t-test was used to test for genomic imprinting by comparing the absolute 

values of the deviation of quantitative cDNA genotypes from heterozygous genomic DNA 

and cDNA samples. Tests for association between the SGA birth and the targeted SNPs, 

as well as individual genotypes were performed using JMP 8.  Tests were performed 

separately for each ethnic group.   Population summary statistics (Table 1) were 

calculated using JMP 8 (SAS Institute, Cary NC).   

Results 

PEG3 is differential ly expressed between placentas from normal and SGA 

births 

    Using gene expression profiling study of human placentas with Illumina Human6-v2 

BeadArrays, we identified PEG3 as a candidate differentially expressed gene associated 

with SGA birth at FDR < 0.1 (See Figure 8.1).  We performed qRT-PCR on PEG3, and 

regressed gene expression values to percentile birth weight using a linear mixed model, 

confirming that it is significantly and negatively associated with levels of PEG3 gene 

expression in the human placenta (p=0.006, n=63).  

PEG3 exhibits consistent monoallel ic expression 

    To determine whether the variation in PEG3 gene expression levels was correlated 

with aberrant biallellic expression at this locus, we quantitatively genotyped synonymous 

coding SNP rs33931963 and 3’UTR SNP rs10555359.  By comparing the genomic DNA 

genotypes of informative heterozygotes of SNP rs33931963 to cDNA genotypes, we 

found that the allelic expression ratio of genomic genotypes was 52:48, SD 2.0, while 

the cDNA genotypes were significantly shifted to 94:6, SD 4.3%, confirming that PEG3 is 

monoallelically expressed in the human placenta (p=3.7E-46, n=28), consistent with 
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normal imprinting (See Figure 8.3).  Consequently, percent monoallelic expression has 

no significant effect on PEG3 gene expression (p=0.8716, n=28).  

The PEG3 promoter exhibits no evidence of methylation differences 

between control and IUGR placentas 

    We next tested the possibility that the variation in PEG3 transcript levels could be due 

to differences in the methylation of the PEG3 promoter. We focused our attention on the 

3’ portion of the Peg3 promoter, because it contains approximately 60% CpG content, 

making this region a prime candidate for methylation. Genomic DNA from placentas from 

control and SGA births was subjected to a bisulfite-mediated cytosine conversion 

reaction and used as a template for both a PCR-based screen and (using different 

primers) PCR followed by sequencing of this region. Bisulfite sequencing revealed no 

differences between the methylations levels of the PEG3 promoter between placentas 

from control and SGA births.  Together, these results suggest that the variability in PEG3 

mRNA levels cannot be attributed to differences in methylation of the PEG3 promoter. 

PEG3 genotype is signif icantly associated with SGA birth in Caucasian 

Americans 

    Because imprinted genes are monoallelically expressed, it is important to analyze 

functionally relevant expressed cDNA genotypes.  We initially evaluated two common 

SNPs (rs1055359 and rs33931963) for association with SGA birth in Caucasian-

Americans and African-americans.  SNP rs1055359 was evaluated further because of a 

significant association signal in an initial screen (n=132).   SNP rs1055359 was found to 

be significantly associated with SGA birth in Caucasians-Americans but not African-

Americans (See Table 8.2). 

Discussion 

    Many genes can affect fetal and placental growth, as demonstrated by a number of 

genetic studies31, though only a small fraction of these are likely to be clinically relevant.  

For this reason, gene expression profiling to identify potential candidate genes for fetal 

growth in genetically heterogeneous human populations is helpful, recognizing that there 



 

133 

are many possible causative factors. PEG3 is a well-known regulator of fetal growth and 

its growth-restricted knockout phenotype in mouse16 is consistent with the parental 

conflict hypothesis, which suggests that paternally expressed genes tend to promote 

growth32. Using a genome-wide gene expression profiling approach, we have identified 

PEG3 as such a candidate differentially expressed gene affecting birth weight. 

Interestingly, our data indicate a significant negative association between birth weight 

and PEG3 gene expression levels.   The prediction from the PEG3-/- mouse model would 

be that low birth weight would be characterized by decreased expression of PEG3.  

However, one possibility that reconciles these two observations is that PEG3 mRNA 

levels are upregulated as a compensatory response to either defects in PEG3 protein 

function, translation, or other unidentified/heterogeneous effectors of fetal growth.  

    As the aberrant expression of imprinted genes has been observed in embryos 

produced by somatic cell nuclear transfer, embryo transfer, and in vitro culture33, we 

reasoned that these expression differences might be explained by relaxed or aberrant 

genomic imprinting.  Our quantitative pyrosequencing results indicate that in this 

situation PEG3 is strictly monoallelically expressed, and the variation in PEG3 expression 

is thus independent of imprinting relaxation.  As biallelic expression is not observed at 

this locus, observed genetic effects must originate from the paternally-inherited 

genotypes.  This phenomena means that association analysis of phenotype associations 

to imprinted gene variation resembles association analysis with a dominant trait, 

increasing the power of such an analysis even in smaller study populations.  Most 

imprinting related disorders are loss-of-function mutations rather than dosage effects; 

these loss-of-function mutations, are also more easily manifested as a consequence of 

being functionally haploid19. 

    We found preliminary evidence that the a genotype of PEG3 SNP rs1055359 is 

associated with human SGA birth in Caucasian-Americans.  The odds ratio for this effect 

is relatively high at 6.26; the significance and magnitude of this effect need to be 

confirmed in an independent study population.  We are currently attempting to replicate 

this initial association in a cohort of Causian-American trios.  We note in an earlier family 
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study of 844 Mexican-Americans that reassuringly, one of the QTLs found to influence 

birth weight was located at human chromosomal location 19q13.4, where PEG3 is 

located36.  Naturally, association does not equal causation and functional studies in 

human cells are necessary to establish a direct causal relationship.  One known 

limitation of this study is that accuracy in assessing the magnitude of the effect of PEG3 

variation on human birth weight is constrained by the size of our current population.  We 

expect to increase the accuracy in a follow up study with a larger study population 

including approximately 1,000 patients.   

    Our data lends support an increasing body of evidence that imprinted genes play an 

important role as rheostats of fetal growth.   The functional evidence from PEG3 mutant 

mice lends credence to the notion that this locus is also relevant to human fetal growth.      

One model for explaining our combined gene expression and genetic data for PEG3 is 

that PEG3 plays a role in a compensatory response to negative genetic or environmental 

effectors of fetal growth.  In this model, while many factors can contribute towards 

pregnancies with low birth weight, it is the ability of the developing fetus to respond to 

stressful conditions that can most significantly affect birth weight outcome. 

    This is the first report, to our knowledge, to present evidence of a role of PEG3 in 

modulating human fetal growth and corroborates the function of PEG3 in mice as a 

growth regulator.  The gene expression and genetic data we have compiled on this locus, 

taken together, support a role of PEG3 affecting birth weight outcome in humans.  

Understanding the role of PEG3 in fetal growth represents the first step towards the 

development of prenatal genetic diagnostics for early identification of low birth weight 

risk pregnancies and provides a potential target for therapeutic intervention. The high 

incidence of growth restricted babies, the magnitude of the observed effect of the risk 

PEG3 genotype, and the relatively high proportion of heritable variation in birth weight 

makes PEG3 an interesting locus for further investigation of SGA birth risk and etiology. 
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Figures 

 
 
Figure 8.1.  Volcano plot of placental differential expression between pregnancies with 

SGA births and normal pregnancies. 

The red dotted line is drawn at FDR < 0.1.  Relatively few genes are differentially expressed at this 

threshold, presumably because of the heterogeneity of this phenotype.  PEG3 is upregulated in SGA births. 
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Figure 8.2.  Location of PEG3 SNPs genotyped. 

The SNPs are identified by their NCBI dbSNP rs numbers.  SNP rs33931963 is located in the coding 

portion of the above isoform of the PEG3 transcript, while rs1055359 is located in the 3’ UTR.  We found 

that rs1055359 (3’ UTR) has a significant effect on PEG3 expression, while rs33931963 (coding) does 

not.   Figure adapted from Ensembl38 diagram of PEG3. 

 
Figure 8.3.  PEG3 exhibits consistent monoallel ic expression.   

(a) Quantitative genotyping using pyrosequencing finds no evidence of imprinting relaxation.  Data is 

shown for representative informative heterozygotes for both possible imprinted alleles for this 

polymorphism.  (b) Bar graph of PEG3 allelic expression differences between genomic DNA and cDNA, 

demonstrating that PEG3 is imprinted with no significant evidence of imprinting relaxation.   
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Figure 8.4 Bisulf ite analysis of a portion of the PEG3 promoter.  

A 245 bp fragment of the PEG3 promoter located at -712 to -467 relative to the transcriptional start site 

was PCR amplified from bisulfite-treated genomic DNA, cloned and sequenced.  No obvious methylation 

differences were observed between samples from normal versus SGA birth. 
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Tables 

Table 8.1.  Summary characteristics of study population. 

  Afr ican-American (n=135) 

  Control (n=99)  SGA (n=36) 

  Mean S.D. Min Max  Mean S.D. Min Max 

Estimated gestational age  

(weeks) 
 37.9 2.4 28 41  37.5 1.7 32 41 

% Female           

Birth weight (g)  3213.7 665.5 840 4746  2345.3 379.9 1145 3000 

Corrected percenti le  

birth weight (%) 
 46.6 27.2 11 99  3.9 3.0 1 10 

Maternal parity  2.9 1.7 0 6  3.2 2.0 0 6 

 
  Caucasian (n=186) 

  Control (n=164)  SGA (n=22) 

  Mean S.D. Min Max  Mean S.D. Min Max 

Estimated gestational age 

(weeks)  38.8 1.9 25 42  37.7 2.1 33 41 

% Female           

Birth weight (g)  3487.5 555.7 610 4730  2425.6 517.4 930 3025 

Corrected percenti le 

birth weight (%)  57.0 25.5 12 99  5.9 2.7 1 10 

Maternal parity  2.2 1.4 0 7  2.3 1.4 1 5 

 
Table 8.2.  Association analysis of PEG3 SNPS with SGA birth.   

NCBI 
dbSNP ID Ethnicity Total Control SGA 

 
Fisher’s  

exact 
p-value Odds Ratio 

African-American 123 89 34 1.0 1.08 [0.45 – 2.64] 
rs1055359 

Caucasian 158 138 20 0.0005* 6.26 [2.30 -17.04] 

African-American 79 51 28 1.0 1.32 [0.31 – 5.59] 
rs33931963 

Caucasian 53 36 17 0.06 5.35 [1.06 – 27.0] 

 

* Significant at Bonferonni-corrected p<0.05 
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Abstract 

    We have previously demonstrated preliminary association of PEG3 variant rs1055359 

with SGA birth.  We describe here, the generation of high-resolution, high-coverage 

assemblies of PEG3 and its genomic context in 55 human individuals.  We use solution 

hybrid selection to efficiently capture a 0.5 Mb interval, chr19:57,184,288-57,630,792, 

and error-correcting DNA barcode strategy to index and pool individual libraries for 

Illumina Genome Analyzer massively parallel sequencing.  

Introduction 

    Earlier we showed evidence that PEG3 gene expression was disregulated in human 

small-for-gestational age births.  We then examined common genetic variation of this 

gene and found that paternally inherited genotypes of PEG3 significantly increase the 

odds of a resulting SGA birth. 

    To investigate this preliminary association further, we decided to resequence PEG3 in 

55 Caucasian and African-American individuals whose placental transcriptional profiles 

we had previously characterized.   As the PEG3 gene is large, we decided to characterize 

a 0.5 Mb genomic interval surrounding and including PEG3 with targeted genomic 

sequence capture and massively parallel sequencing technology instead of using 

traditional capillary sequencing methods.  While a number of different methods have 

been described for specific capture of targeted genomic regions1-4, solution hybrid 

capture offers the most flexibility across target size and sample number, and can be 

adapted to perform in a high-throughput 96-well format5. 

    The increased sequencing throughput have made targeted genomic capture and 

sequencing feasible and this approach has been applied to identify causal mutations in 

a number of rare genetic disorders including Kabuki syndrome6, Fowler Syndrome7, 

Joubert syndrome 28, and “royal disease” (a severe form of hemophilia B)9.   

    In this study, we apply massively parallel resequencing to PEG3 to try to uncover 

evidence of functional variation in association with SGA birth. 
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Materials & Methods 

Subjects 

    Subjects were women who received care at the Duke University Medical Center 

Obstetric Clinic and were described previously in Chapter 8. Enrollment began August 1, 

2003.  Women age 18 and older and their infants were eligible for inclusion. Women 

with multiple gestations, fetuses with documented congenital anomalies, fetuses with 

documented chromosomal abnormalities, and fetuses with prolonged premature rupture 

of the membranes (greater than 4 weeks) were excluded from enrollment. Inclusion was 

contingent upon live birth.   The study was approved by the Duke University Medical 

Center Institutional Review Board (IRB 00016065).  

Study Design 

    The object of this study was to screen for functional mutations associated with SGA 

birth by specifically capturing genomic DNA from a 0.5 MB genomic interval surrounding 

PEG3 for massively parallel sequencing using an Illumina Genome Analyzer.  Genomic 

DNA from 55 Caucasian-American and African-American subjects that were also the 

subject of a previously described transcriptional profiling study of placentas from control 

and small for gestational age births were used in this study.  

Capture Interval & In-solution Probe Design 

    The target interval on chr19:57,184,288-57,630,792 was bounded by two 

neighboring genes ZNF835 and USP29.  Probes were designed at 8X tiling density 

against one strand and any probes with greater than 20 bp overlap with RepeatMasked 

sequence was removed.  9,025 120-mer probes were repeated 6X on the array to 

maximize fully utilize synthesis capacity for a total of 54,150 probe synthesized.  The 

total amount of non-RepeatMasked sequence targeted was 134.76 kb, representing 

0.0045% of the human genome (See Figure 9.1). 

Choice of Hamming Error-correcting DNA Barcodes 

    For this study, we chose to barcode each patient sample with a 6 bp error-correcting 

DNA barcode to enable us to identify sequences belonging to each patient and call 

individual genotypes. We opted to develop our own barcoding protocol, based on the 
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Illumina Multiplex Paired-End Library protocol, as theirs was limited to multiplexing 12 

samples where we needed 55.  The barcode sequences themselves were chosen from a 

set of 1544 error-correcting barcoding primers initially described for multiplexed 

pyrosequencing by Hamady et al.10.  Barcodes were chosen on the basis of the following 

criteria: 1) barcodes must begin with T and end with G bases to reduce barcode length 

from 8bp to 6 bp, 2) middle 6 bp of barcode must contain one of each of 4 possible (A, 

C, G, T) DNA bases, and 3) no barcode can contain more than 3 pyrimidine bases (C or 

G) in a row to minimize Tm differences between barcode sequences.     

Construction of Multiplexed Barcoded I l lumina Genome Analyzer Paired-

End Library 

    In the construction of this library we incorporated many of the improvements 

described by the Welcome Trust Sanger Institute5,11 including: 1) adaptive focused 

acoustics  shearing of genomic DNA (Covaris), 2) reaction cleanup at each stage with 

solid-phase reversible immobilzation (SPRI) magnetic beads, and 3) electrophoretic 

quantitation using the Agilent Bioanalyzer DNA High Sensitivity Kit. 

    The basic strategy for the multiplex library construction is to first add Illumina index 

paired-end adapters to sheared genomic DNA as described in the standard Multiplexed 

Illumina Paired-End sample preparation protocol.  This adapter-ligated genomic DNA is 

then amplified with 6-9 cycles of PCR and used as input for solution hybrid capture using 

cRNA baits (Agilent SureSelect system).  Captured DNA is eluted and amplified with 

indexed PCR primers, quantified electrophoretically, pooled in equilmolar concentrations, 

and sequenced on an Illumina Genome Analyzer. 

    5 ug of phenol:chloroform extracted genomic DNA was sheared on a Covaris S2 

instrument using the following parameters: duty cycle 10%, intensity 5, cycles per burst 

200, time 180 s.  Sheared DNA was purified with Ampure XP (SPRI) magnetic beads 

(Agencourt).  DNA was end-repaired, A-tailed, and adapter-ligated as described in the 

manufacturer’s (Illumina) protocol for multiplexed paired-end library preparation, using 

standard molecular biology reagents (NEB) and primers 2734/2735 (IDT).  Size-selection 

step was omitted as suggested by Mamanova et al.5.  
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    In-solution hybrid capture performed with the following modifications to the 

manufacturer’s protocol (Agilent SureSelect) (See Table 9.4 and Table 9.5 

 for primer sequences):  

1) all reactions, capture, and wash steps performed in a 96-well plate format, 

using a 96-well magnetic plate (Agencourt) for SPRI purifications  

2) pre-capture PCR was performed with primers 2736/2737 instead of 

Agilent/Illumina primers 

3) capture hybridization step was performed with the addition of 7.5 ug of human 

COT-1 DNA 

4) blocking step was performed with additional blocking primers 

3225/3226/3538/3539 against multiplex adapter sequences 

5) post-capture PCR performed with primers 2736/2738 and individual PCR 

Primer Index instead of Agilent/Illumina primers 

6) PCR reactions performed with Phusion Hot Start II enzyme (Finnzymes) 

    Adapter sequences and index primers are given in Table 9.4 and Figure 9.5.  Primers 

(2735-2737) with phosphothiorate modifications were synthesized with PAGE 

purification, all other primers desalted without additional purification (Integrated DNA 

Technologies).   

Quantitation & Quality Control 

   Libraries were quantitated using Agilent’s DNA High Sensitivity Kit on an Agilent 

Bioanalyzer instrument (Agilent) by integrating the electrophoretogram between 200 and 

1000 bp.  A pooled library fraction was topo-cloned (Invitrogen) and capillary sequenced 

to check for integrity of adapters, efficiency of barcode addition, and targeted sequence 

capture. 
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I l lumina Genome Analyzer Sequencing 

    55 individual barcoded libraries were pooled to achieve a final concentration of 10 

nM.  Sequencing was performed according to manufacturer’s instructions for Illumina 

multiplex paired end sequencing.  Library was paired-end sequenced (2 x 72 bp) across 

2 lanes of an Illumina Genome Analyzer run, resulting in 12.9 Gb of raw sequence data 

produced.   

Sequence Demultiplexing     

    Sequences were demultiplexed using a Hamming decoder script written in Python, 

originally derived from work by Hamady et al.10 and modified to support the 6bp 

barcodes we used here (See Supplemental Note).  One barcode read was made for each 

of 2x72bp paired end reads and that pair of reads was binned according to its sample 

ID. 

Sequence Assembly, Base Recalibration, and SNP Call ing 

BWA was used for reference-guided assembly against HG19 chromosome 19 (NCBI) 

using default parameters for each individual sample{Li, 2009, p15197}.  SAMTools was 

used to call SNPs using the SOAPsnp model{Li, 2009, p15196}.  Integrated Genome 

Viewer (http://www.broadinstitute.org/igv) was used to visualize reference-guided short-

read alignments. 

Results 

Sequence Demultiplexing & Barcode Performance 

    Our chosen Hamming error-correcting DNA barcode performed well, with 96.9 million 

individual barcode reads (98% of them assignable to an individual sample). 1.8% of 

barcodes had correctable 1-bit errors which were corrected and subsequently assigned 

to their intended sample (See Figure 9.5).  

Sequence capture efficiency & coverage analysis 

    We initially analyzed capture efficiency in four samples.  Of these, capture efficiency 

was high, with 95.9 – 97.7% of alignable reads mapping within our specific targeted 

interval.  Sequence coverage was exceptionally high over the targeted interval due to a 
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combination of high sequence capture efficiency, even barcode performance, and 

efficient cluster generation with an average of >1000X coverage (See Table 9.1).   

Exhaustive Polymorphism Discovery 

    The high level of coverage permits us to exhaustively discover variants and call 

genotypes within the targeted interval.  Figure 9.6 shows a high-level picture of 

genotypes of all exons of PEG3 containing containing coding sequence.  Figure 9.7 

shows an example where clearly detect a nonsense mutation from SNP rs35355795 

encoding a PEG3(Phe160Ser) change in patient 022.  As we have previously genotyped 

the samples in the study at 2 SNPs (rs1055359 and rs33931963) we compared them 

to the genotypes detected from the next-generation sequencing data for concordance.  

Genotyping concordance was 100% in the initial 4 samples analyzed. 

Discussion 

    As Craig et al.12 noted, achieving adequate coverage is one of the most important 

factors in an multiplexed targeted resequencing experiment.  By careful choice of 

barcodes from an existing error-correcting barcode design, we were able to improve 

barcode performance from earlier studies which suffered from widely variable coverage 

levels across indexes12.  This improvement facilitated the generation of single-nucleotide 

resolution high-coverage assemblies (on average >1000X) spanning a 0.5Mb targeted 

interval surrounding the PEG3 gene. 

    Solution hybrid selection was an effective method of targeted sequence capture, even 

in our case where the non-repetitive portion of our targeted interval represented only 

0.0045% of the sequence of the human genome.  Capture efficiency was similar or 

better than previously reported in the first pioneering solution hybrid capture 

experiments1 resulting in >13000X enrichment. 

    While we are still in the process of analyzing this dataset in all 55 individuals, the 

exceptionally high coverage of this dataset will permit exhaustive variant discovery and  

genotype calling in all non-repetitive parts of our targeted interval.   
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Figures 

 
Figure 9.1  PEG3 Solution Hybrid Capture Bait Design 

 

Figure 9.2  PEG3 Multiplex Targeted Sequence Capture Overview 

This is a global overview of the strategy for barcoded solution hybrid capture.  Briefly, genomic DNA 

libraries are by prepared ligating Illumina-compatible adapters and amplifying with a few cycles of PCR.  

Amplified libraries are hybridized to biotinylated cRNA baits and then captured with streptavidin-coated 

magnetic beads.  Captured DNA is eluted and amplified with unique error-correcting index barcode primers 
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Sequence capture region:
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Probes with greater than 20 bp overlap with repeatmasked sequence removed.
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to identify each sample.  Barcoded, capture libraries are pooled in equimolar concentrations and 

sequenced on an Illumina Genome Analyzer instrument. 

 
Figure 9.3 PEG3 Multiplex Targeted Sequence Capture Protocol Details 

This figure provides more details of the capture procedure.  Genomic DNA is sheared using a Covaris AFA 

instrument.  This instrument shears DNA to a tight size distribution averaging 200 bp and eliminates the 

need for size selection of libraries.  Sheared DNA is purified, end-repaired, A-tailed, and ligated to Illumina 

multiplex adapters.  The library is PCR amplified and quantitated.  500 ng of library and 7.5 ug of genomic 

DNA are hybridized to 25 ng of cRNA baits and hybridized at 65C for 24 hours.  Captured DNA is eluted, 

barcoded with an error-correcting Hamming index by PCR.  PCR-amplified barcoded capture libraries are 

pooled in equimolar concentrations and then sequenced on an Illumina Genome Analyzer.  Figure adapted 

from Gnirke et al1. 

 
 

Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
(bait; top left), whole-genome fragment input library (pond; top right) and
hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
complementary RNA (wavy lines) drives the hybridization.

2 ADVANCE ONLINE PUBLICATION NATURE BIOTECHNOLOGY

A R T I C L E S

Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
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targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
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Here we describe a method that overcomes some of the weaknesses

of previous methods. It combines the simplicity and robust perfor-

mance of oligonucleotide hybridization with the advantages of ampli-

fying array-synthesized oligonucleotides and performing the selection

reaction in solution.

RESULTS
Hybrid selection methodWe developed a method for capturing sequencing targets that com-

bines the flexibility and economy of oligonucleotide synthesis on a

microarray with the favorable kinetics of hybridization in solution

(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is

synthesized in parallel on an Agilent microarray and then cleaved from

the array. Each oligonucleotide consists of a target-specific 170-mer

sequence flanked by 15 bases of a universal primer sequence on each

side to allow PCR amplification. After the initial PCR, a T7 promoter

is added in a second round of PCR. We then use in vitro transcription

in the presence of biotin-UTP to generate a single-stranded RNA

hybridization bait for fishing targets of interest out of a ‘pond’ of

randomly sheared, adaptor-ligated and PCR-amplified total human

DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated

magnetic beads, PCR amplified with universal primers and analyzed

on a next-generation sequencing instrument. The method allows

preparation of large amounts of bait from a single oligonucleotide

array synthesis that can be tested for quality, stored in aliquots

and used repeatedly over the course of a large-scale targeted sequen-

cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly

chosen to ensure unbiased sampling regardless of length, repeat

content or base composition. We designed 22,000 bait sequences of

170 bases in length, targeting all 15,565 protein-coding exons of these

genes. The baits were tiled without overlap or gaps such that the entire

coding sequence was covered. This simple design minimizes the

number of synthetic oligonucleotides required; for 75% of all coding

exons in the human genome, a single oligonucleotide would

be sufficient. As the median size of protein-coding exons is only

120 bp16, many baits extend beyond their target exon. Our test baits

for catching exons constituted 3.7 Mb, and the targeted exons

comprised 2.5 Mb (67%).Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to

standard Illumina sequencing adapters, selected to include lengths of

200–350 bp (mean insert size B250 bp) and PCR amplified for 12

cycles. We hybridized 500 ng of this whole-genome fragment library

with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected

DNA and generated 36-base sequencing reads off the Illumina adaptor

sequence at the ends of each fragment. We obtained 85 Mb of

sequence that aligned uniquely to the human genome; 76 Mb was

on or within 500 bp of a bait.Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within

the exons (36 Mb total) closely matched the proportion of

exonic sequence within the bait. Overall, 58% and 42% of the

85 Mb uniquely aligning human sequence mapped to baits and

exons, respectively.The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,

fragments for which both ends map near to or outside of the ends

of the bait sequence are overrepresented relative to fragments that

overlap less (that is, fragments that end near the middle of a bait).

Merely end-sequencing the fragments with short 36-base reads there-

fore leads to elevated coverage near the end of the baits, with many

reads falling outside the target, and a pronounced dip in coverage in

the center. This effect is evident in the cumulative coverage profile

representing 7,052 free-standing single-bait targets (Fig. 2a).

To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we

changed the Illumina adaptor on the whole-genome fragment library

to a generic adaptor, independent of a sequencing method, and

amplified the catch with PCR primers carrying a NotI site at their

5¢ ends. NotI-digestion of the PCR product generates sticky ends and

facilitates concatenation by co-ligation for subsequent reshearing and

shotgun sequencing of the hybrid-selected DNA. This modification to

the protocol shifted the coverage to the middle (Fig. 2b). About 90 of

102 Mb of unique human sequence (88%) aligned within 500 bases of

a bait. The proportion of bait sequence in the specific catch (90 Mb)

rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction

of bait and exon sequence in the uniquely aligning human Illumina

sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
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adaptor sequences are gray. The excess of single-stranded nonself-
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Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
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hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
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Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
(bait; top left), whole-genome fragment input library (pond; top right) and
hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
complementary RNA (wavy lines) drives the hybridization.

2 ADVANCE ONLINE PUBLICATION NATURE BIOTECHNOLOGY

A R T I C L E S

Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
(bait; top left), whole-genome fragment input library (pond; top right) and
hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
complementary RNA (wavy lines) drives the hybridization.

2 ADVANCE ONLINE PUBLICATION NATURE BIOTECHNOLOGY

A R T I C L E S

Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
(bait; top left), whole-genome fragment input library (pond; top right) and
hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
complementary RNA (wavy lines) drives the hybridization.
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Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
(bait; top left), whole-genome fragment input library (pond; top right) and
hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
complementary RNA (wavy lines) drives the hybridization.
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Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
(bait; top left), whole-genome fragment input library (pond; top right) and
hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
complementary RNA (wavy lines) drives the hybridization.
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of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
(bait; top left), whole-genome fragment input library (pond; top right) and
hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
complementary RNA (wavy lines) drives the hybridization.
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of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
(bait; top left), whole-genome fragment input library (pond; top right) and
hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
complementary RNA (wavy lines) drives the hybridization.
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A R T I C L E S

Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.

©
20

09
 N

at
ur

e 
A

m
er

ic
a,

 In
c.

  A
ll 

ri
gh

ts
 r

es
er

ve
d.

Shearing,
adapter ligation,
PCR (optional)

Solution hybridization

Elution

PCR

Sequencing

Bead capture

Bait Pond

Catch

Elution

PCR

Biotin–UTP transcription

T7 T7

Microarray Genomic
DNA

Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
(bait; top left), whole-genome fragment input library (pond; top right) and
hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
complementary RNA (wavy lines) drives the hybridization.
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Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.

©
20

09
 N

at
ur

e 
A

m
er

ic
a,

 In
c.

  A
ll 

ri
gh

ts
 r

es
er

ve
d.

Shearing,
adapter ligation,
PCR (optional)

Solution hybridization

Elution

PCR

Sequencing

Bead capture

Bait Pond

Catch

Elution

PCR

Biotin–UTP transcription

T7 T7

Microarray Genomic
DNA

Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
(bait; top left), whole-genome fragment input library (pond; top right) and
hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
complementary RNA (wavy lines) drives the hybridization.
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Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
(bait; top left), whole-genome fragment input library (pond; top right) and
hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
complementary RNA (wavy lines) drives the hybridization.
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Here we describe a method that overcomes some of the weaknesses
of previous methods. It combines the simplicity and robust perfor-
mance of oligonucleotide hybridization with the advantages of ampli-
fying array-synthesized oligonucleotides and performing the selection
reaction in solution.

RESULTS
Hybrid selection method
We developed a method for capturing sequencing targets that com-
bines the flexibility and economy of oligonucleotide synthesis on a
microarray with the favorable kinetics of hybridization in solution
(Fig. 1). A complex pool of ultra-long 200-mer oligonucleotides is
synthesized in parallel on an Agilent microarray and then cleaved from
the array. Each oligonucleotide consists of a target-specific 170-mer
sequence flanked by 15 bases of a universal primer sequence on each
side to allow PCR amplification. After the initial PCR, a T7 promoter
is added in a second round of PCR. We then use in vitro transcription
in the presence of biotin-UTP to generate a single-stranded RNA
hybridization bait for fishing targets of interest out of a ‘pond’ of
randomly sheared, adaptor-ligated and PCR-amplified total human
DNA. The hybridization is driven by the vast excess of RNA baits that

cannot self-anneal. The ‘catch’ is pulled down with streptavidin-coated
magnetic beads, PCR amplified with universal primers and analyzed
on a next-generation sequencing instrument. The method allows
preparation of large amounts of bait from a single oligonucleotide
array synthesis that can be tested for quality, stored in aliquots
and used repeatedly over the course of a large-scale targeted sequen-
cing project.

Capturing and sequencing exon targets
For a pilot study, we used a set of 1,900 human genes randomly
chosen to ensure unbiased sampling regardless of length, repeat
content or base composition. We designed 22,000 bait sequences of
170 bases in length, targeting all 15,565 protein-coding exons of these
genes. The baits were tiled without overlap or gaps such that the entire
coding sequence was covered. This simple design minimizes the
number of synthetic oligonucleotides required; for 75% of all coding
exons in the human genome, a single oligonucleotide would
be sufficient. As the median size of protein-coding exons is only
120 bp16, many baits extend beyond their target exon. Our test baits
for catching exons constituted 3.7 Mb, and the targeted exons
comprised 2.5 Mb (67%).
Our pond consisted of genomic DNA, derived from a human cell

line (Coriell NA15510), that had been randomly sheared, ligated to
standard Illumina sequencing adapters, selected to include lengths of
200–350 bp (mean insert size B250 bp) and PCR amplified for 12
cycles. We hybridized 500 ng of this whole-genome fragment library
with 500 ng biotinylated RNA bait, PCR amplified the hybrid-selected
DNA and generated 36-base sequencing reads off the Illumina adaptor
sequence at the ends of each fragment. We obtained 85 Mb of
sequence that aligned uniquely to the human genome; 76 Mb was
on or within 500 bp of a bait.
Of the specifically captured 76 Mb of sequence, 49 Mb (65%) lay

directly on a bait. The proportion of this sequence directly within
the exons (36 Mb total) closely matched the proportion of
exonic sequence within the bait. Overall, 58% and 42% of the
85 Mb uniquely aligning human sequence mapped to baits and
exons, respectively.
The high stringency of hybridization selects for fragments that

contain a substantial portion of the bait sequence. As a result,
fragments for which both ends map near to or outside of the ends
of the bait sequence are overrepresented relative to fragments that
overlap less (that is, fragments that end near the middle of a bait).
Merely end-sequencing the fragments with short 36-base reads there-
fore leads to elevated coverage near the end of the baits, with many
reads falling outside the target, and a pronounced dip in coverage in
the center. This effect is evident in the cumulative coverage profile
representing 7,052 free-standing single-bait targets (Fig. 2a).
To improve coverage in the middle, we replaced end sequencing of

the catch with shotgun sequencing of the catch. Specifically, we
changed the Illumina adaptor on the whole-genome fragment library
to a generic adaptor, independent of a sequencing method, and
amplified the catch with PCR primers carrying a NotI site at their
5¢ ends. NotI-digestion of the PCR product generates sticky ends and
facilitates concatenation by co-ligation for subsequent reshearing and
shotgun sequencing of the hybrid-selected DNA. This modification to
the protocol shifted the coverage to the middle (Fig. 2b). About 90 of
102 Mb of unique human sequence (88%) aligned within 500 bases of
a bait. The proportion of bait sequence in the specific catch (90 Mb)
rose from 65% to 77% (69 Mb; 51 Mb thereof on exon). The fraction
of bait and exon sequence in the uniquely aligning human Illumina
sequence was 67% and 50%, respectively.
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Figure 1 Overview of hybrid selection method. Illustrated are steps involved
in the preparation of a complex pool of biotinylated RNA capture probes
(bait; top left), whole-genome fragment input library (pond; top right) and
hybrid-selected enriched output library (catch; bottom). Two sequencing
targets and their respective baits are shown in red and blue. Universal
adaptor sequences are gray. The excess of single-stranded nonself-
complementary RNA (wavy lines) drives the hybridization.

2 ADVANCE ONLINE PUBLICATION NATURE BIOTECHNOLOGY

A R T I C L E S

PCR
barcodesequence

 

1223%&#.
4"#$%"(+#.256"7(118



 

153 

 

Figure 9.4  Quality control metrics of prepared l ibraries.   

Size distribution and quantity of prepared libraries were checked using an Agilent Bioanalyzer with High 

Sensitivity DNA kit.   
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1 35 125.00 5,411.2 Lower Marker
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Figure 9.5 Multiplexed DNA Barcode Performance. 

55 patient genomic DNA samples were indexed with a Hamming error-correcting barcode after targeted 

sequence capture of PEG3 genomic interval, pooled in an equimolar ratio and sequenced across 2 lanes 

of an Illumina Genome Analyzer.  96.9 million index reads were generated. 97.99% of these reads could 

be assigned to a unique patient identifier, enabling the calling of individual genotypes.  2.01% of the reads 

contained 2-bit errors or indels and were not correctable.  Only 1 sample of 55 was greater than 2-fold 

different from the median index coverage. 
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Figure 9.6 Coverage across targeted sequence capture interval is exceptionally high. 

Base by base coverage plot of 51 kb of the 446.504 kb targeted region chr19:57,184,288-

57,630,792 are shown here on a linear scale.  Probes where sequence overlapped RepeatMasked regions 

by more than 20bp were excluded from bait design group. 
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Figure 9.7 Individual homozygous and heterozygous SNP calls can be made with high 

confidence given the high level of coverage. 

This plot shows a view of the coding region and 3’ UTR of PEG3.  Coverage is 700-1300X across entire 

targeted interval, with higher coverage in high-complexity gene region.  Bases are colored where > 20% of 

reads are differ from the reference. 
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Figure 9.8 Detailed view of coding SNP rs35355795 in resequencing data. 

We clearly detect a nonsense mutation from SNP rs35355795 encoding a Phe160Ser mutation in PEG3 in 

patient 022.  This SNP, like the majority in our targeted interval, are supported by a high number of reads 

(1316).   
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Tables 

Table 9.1  Representative Sequence Capture Efficiency for 4 out of 55 Patients 

I l lumina Sequencing Reads 
Patient 

016 
Patient 

022 
Patient 

746 
Patient 

777 
Total barcoded sequence produced 293 Mb 274 Mb 248 Mb 173 Mb 

Uniquely mapped 184 Mb 170 Mb 121 Mb 101 Mb 
Uniquely mapped & properly paired 181 Mb 167 Mb 118 Mb 99 Mb 

Uniquely mapped to targeted interval 180 Mb 166 Mb 114 Mb 97 Mb 
Fraction of uniquely mapped sequences within target intervala 97.7% 97.5% 94.4% 95.9% 
Fraction of total barcoded sequence within targeted intervalb 61.3% 60.6% 45.9% 56.1% 

Average coverage across  
targeted interval 

1,333X 1,232X 847X 719X 

 

a represent high end of estimate of sequence capture efficiency 
b represents low end of estimate of sequence capture efficiency 
 
Table 9.2 Example of high-quality PEG3 SNPs with phred-scaled snp quality score > 30 

called from patient 022 gDNA capture. 

chromosome coordinate read base SNP snp quality read bases 
chr19 57323016 C Y 228 1581 
chr19 57323275 A R 228 1553 
chr19 57324340 C Y 133 730 
chr19 57325443 G R 228 1738 
chr19 57329383 C M 228 1275 
chr19 57331912 C Y 228 1161 
chr19 57334629 G R 158 797 
chr19 57334963 A R 228 1316 
chr19 57335179 T Y 228 999 
chr19 57340535 G R 196 70 
chr19 57340885 G S 228 1380 
chr19 57340956 G R 228 1636 
chr19 57341067 A M 228 1645 
chr19 57344913 T K 228 1142 
chr19 57344967 T Y 196 939 
chr19 57347786 C Y 140 732 
chr19 57350197 A R 255 989 
chr19 57350608 G R 228 1464 
chr19 57351306 T Y 255 801 
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Table 9.3  Demographic Information on patients resequenced in study. 

Sample ID ethnicity parity sex classif ication 

Corrected 
Birth weight 
Percenti le 

3 aa 0 M IUGR 1 
8 aa 1 F IUGR 3 

16 cau 0 M IUGR 1 
22 aa 2 M IUGR 3 
34 cau 0 M IUGR 4 

617 aa 1 F Control 76 
623 aa 2 M Control 88 
624 aa 1 M Control 56 
625 cau 4 F Control 67 
626 cau 2 M Control 97 
646 aa 3 F Control 23 
652 cau 1 M Control 26 
654 aa 5 F IUGR 2 
657 aa 2 F Control 33 
659 aa 1 F IUGR 3 
662 cau 1 M Control 28 
668 aa 1 M Control 82 
674 cau 3 M Control 77 
678 cau 1 F Control 17 
682 cau 0 F Control 35 
693 cau 2 M IUGR 9 
694 aa 5 F IUGR 1 
695 aa 1 M Control 39 
698 cau 2 F IUGR 9 
701 aa 2 F Control 82 
703 cau 5 F Control 78 
705 aa 6 M Control 52 
710 aa 0 F Control 91 
726 aa 4 F Control 34 
730 cau 0 F Control 32 
734 aa 0 M IUGR 1 
738 cau 0 M IUGR 6 
740 cau 1 F IUGR 5 
741 aa 5 F IUGR 1 
743 aa 2 M Control 66 
744 aa 6 M IUGR 4 
746 cau 4 M Control 44 
748 aa 4 M Control 32 
749 aa 2 M IUGR 10 
751 cau 7 F Control 31 
756 aa 3 F Control 14 
757 cau 1 F IUGR 5 
758 cau 2 M Control 90 
761 cau 2 M Control 13 
763 cau 3 M Control 99 
764 cau 2 F Control 24 
766 aa 0 M Control 15 
767 aa 1 M Control 13 
775 aa 2 M Control 96 
777 aa 0 F Control 58 
779 aa 1 F Control 42 
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Table 9.4  Primers Used for Multiplexed I l lumina Paired End Library Construction 

Primer Description Primer Sequence 

2734 llumina Multiplex  Adapter /5Phos/GATCGGAAGAGCACACGTCT 

2735 Illumina Multiplex Adapter ACACTCTTTCCCTACACGACGCTCTTCCGATC*T 

2736 Multiplexing PCR Primer 1.0 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T 

2737 Multiplexing PCR Primer 2.0 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

3225 Multiplexing Block 1.0 
 

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 
 

3226 Multiplexing Block 2.0 
 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC 
 

3538 Multiplexing Block 1.0 RC 
 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 
 

3539 Multiplexing Block 2.0 RC 
 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 
 

 

* between bases represents phosphothiorate modification 

/5Phos/ represents 5’ phosphorylation 

Oligonucleotide sequences © 2006-2008 Illumina, Inc. All rights reserved. 
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Table 9.5  55 PCR Primer Index for Barcoding 

Index primer: CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTC 

where NNNNNN is the location of the 6bp DNA barcode sequence. 
Index Patient Primer Sequence 6bp barcode Full  Hamming Tag 

1 003 CAAGCAGAAGACGGCATACGAGATTCGATGGTGACTGGAGTTC TCGATG TTCGATGG 
2 008 CAAGCAGAAGACGGCATACGAGATGGTCTAGTGACTGGAGTTC GGTCTA TGGTCTAG 
3 016 CAAGCAGAAGACGGCATACGAGATTGGATCGTGACTGGAGTTC TGGATC TTGGATCG 
4 022 CAAGCAGAAGACGGCATACGAGATTGCTAGGTGACTGGAGTTC TGCTAG TTGCTAGG 
5 034 CAAGCAGAAGACGGCATACGAGATTAAGCCGTGACTGGAGTTC TAAGCC TTAAGCCG 
6 617 CAAGCAGAAGACGGCATACGAGATGTCAGTGTGACTGGAGTTC GTCAGT TGTCAGTG 
7 623 CAAGCAGAAGACGGCATACGAGATCCAGATGTGACTGGAGTTC CCAGAT TCCAGATG 
8 624 CAAGCAGAAGACGGCATACGAGATGACTGTGTGACTGGAGTTC GACTGT TGACTGTG 
9 625 CAAGCAGAAGACGGCATACGAGATCACAGTGTGACTGGAGTTC CACAGT TCACAGTG 

10 626 CAAGCAGAAGACGGCATACGAGATGCAGTTGTGACTGGAGTTC GCAGTT TGCAGTTG 
11 646 CAAGCAGAAGACGGCATACGAGATCTCAGAGTGACTGGAGTTC CTCAGA TCTCAGAG 
12 652 CAAGCAGAAGACGGCATACGAGATGTCTGAGTGACTGGAGTTC GTCTGA TGTCTGAG 
13 654 CAAGCAGAAGACGGCATACGAGATGGTCATGTGACTGGAGTTC GGTCAT TGGTCATG 
14 657 CAAGCAGAAGACGGCATACGAGATACGTACGTGACTGGAGTTC ACGTAC TACGTACG 
15 659 CAAGCAGAAGACGGCATACGAGATAGCATCGTGACTGGAGTTC AGCATC TAGCATCG 
16 662 CAAGCAGAAGACGGCATACGAGATGCACATGTGACTGGAGTTC GCACAT TGCACATG 
17 668 CAAGCAGAAGACGGCATACGAGATACGTTGGTGACTGGAGTTC ACGTTG TACGTTGG 
18 674 CAAGCAGAAGACGGCATACGAGATCCTGAAGTGACTGGAGTTC CCTGAA TCCTGAAG 
19 678 CAAGCAGAAGACGGCATACGAGATTGCAACGTGACTGGAGTTC TGCAAC TTGCAACG 
20 682 CAAGCAGAAGACGGCATACGAGATAGCTTGGTGACTGGAGTTC AGCTTG TAGCTTGG 
21 693 CAAGCAGAAGACGGCATACGAGATGTGTCAGTGACTGGAGTTC GTGTCA TGTGTCAG 
22 694 CAAGCAGAAGACGGCATACGAGATTCGAACGTGACTGGAGTTC TCGAAC TTCGAACG 
23 695 CAAGCAGAAGACGGCATACGAGATCGAGTTGTGACTGGAGTTC CGAGTT TCGAGTTG 
24 698 CAAGCAGAAGACGGCATACGAGATACCATGGTGACTGGAGTTC ACCATG TACCATGG 
25 701 CAAGCAGAAGACGGCATACGAGATCACTGAGTGACTGGAGTTC CACTGA TCACTGAG 
26 703 CAAGCAGAAGACGGCATACGAGATCGTCAAGTGACTGGAGTTC CGTCAA TCGTCAAG 
27 705 CAAGCAGAAGACGGCATACGAGATAGCTACGTGACTGGAGTTC AGCTAC TAGCTACG 
28 710 CAAGCAGAAGACGGCATACGAGATGTGACTGTGACTGGAGTTC GTGACT TGTGACTG 
29 726 CAAGCAGAAGACGGCATACGAGATCCAGTAGTGACTGGAGTTC CCAGTA TCCAGTAG 
30 730 CAAGCAGAAGACGGCATACGAGATGCTCAAGTGACTGGAGTTC GCTCAA TGCTCAAG 
31 734 CAAGCAGAAGACGGCATACGAGATTCGTAGGTGACTGGAGTTC TCGTAG TTCGTAGG 
32 738 CAAGCAGAAGACGGCATACGAGATCAGACTGTGACTGGAGTTC CAGACT TCAGACTG 
33 740 CAAGCAGAAGACGGCATACGAGATAGGTTCGTGACTGGAGTTC AGGTTC TAGGTTCG 
34 741 CAAGCAGAAGACGGCATACGAGATCGACTAGTGACTGGAGTTC CGACTA TCGACTAG 
35 743 CAAGCAGAAGACGGCATACGAGATGCACTAGTGACTGGAGTTC GCACTA TGCACTAG 
36 744 CAAGCAGAAGACGGCATACGAGATCAGTGTGTGACTGGAGTTC CAGTGT TCAGTGTG 
37 746 CAAGCAGAAGACGGCATACGAGATACCTAGGTGACTGGAGTTC ACCTAG TACCTAGG 
38 748 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTC CGTGAT TCGTGATG 
39 749 CAAGCAGAAGACGGCATACGAGATGAGTCTGTGACTGGAGTTC GAGTCT TGAGTCTG 
40 751 CAAGCAGAAGACGGCATACGAGATGTCACAGTGACTGGAGTTC GTCACA TGTCACAG 
41 756 CAAGCAGAAGACGGCATACGAGATTGGTACGTGACTGGAGTTC TGGTAC TTGGTACG 
42 757 CAAGCAGAAGACGGCATACGAGATGCTGATGTGACTGGAGTTC GCTGAT TGCTGATG 
43 758 CAAGCAGAAGACGGCATACGAGATGGACTTGTGACTGGAGTTC GGACTT TGGACTTG 
44 761 CAAGCAGAAGACGGCATACGAGATTGCATGGTGACTGGAGTTC TGCATG TTGCATGG 
45 763 CAAGCAGAAGACGGCATACGAGATCAGTCAGTGACTGGAGTTC CAGTCA TCAGTCAG 
46 764 CAAGCAGAAGACGGCATACGAGATGACACTGTGACTGGAGTTC GACACT TGACACTG 
47 766 CAAGCAGAAGACGGCATACGAGATCTGTGAGTGACTGGAGTTC CTGTGA TCTGTGAG 
48 767 CAAGCAGAAGACGGCATACGAGATCGACATGTGACTGGAGTTC CGACAT TCGACATG 
49 775 CAAGCAGAAGACGGCATACGAGATGACTCAGTGACTGGAGTTC GACTCA TGACTCAG 
50 777 CAAGCAGAAGACGGCATACGAGATCGTGTAGTGACTGGAGTTC CGTGTA TCGTGTAG 
51 779 CAAGCAGAAGACGGCATACGAGATACGATCGTGACTGGAGTTC ACGATC TACGATCG 
52 784 CAAGCAGAAGACGGCATACGAGATTCCAAGGTGACTGGAGTTC TCCAAG TTCCAAGG 
53 787 CAAGCAGAAGACGGCATACGAGATCTGACAGTGACTGGAGTTC CTGACA TCTGACAG 
54 798 CAAGCAGAAGACGGCATACGAGATGCTGTAGTGACTGGAGTTC GCTGTA TGCTGTAG 
55 801 CAAGCAGAAGACGGCATACGAGATCTGAGTGTGACTGGAGTTC CTGAGT TCTGAGTG 
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Supplemental Note 

This code enables the decoding and error-correction of 6bp DNA barcodes used in 

Illumina Multiplex Paired-End library construction.  Code adapted from Supplementary 

Data 2 of Hamady et al.10 

ilmn_hamming_decode.py 
#!/usr/bin/env python  
 
"""  
Supplementary Data 2: Decoding software example  
Standalone Hamming(5, 11) demo decoder for 8 nt codewords (16 bits)  
Requires python and numpy  
Run demo via command line: "python standalone_hamming.py"  
Author: Micah Hamady (hamady@colorado.edu)  
"""  
 
from numpy import array  
 
# current encoding scheme  
INT_TO_BS = {0:"00", 1:"01", 2:"10", 3:"11"}  
CUR_ENC_FO = {'A': 3, 'C': 2, 'T': 0, 'G': 1}  
CUR_REV_ENC_SI = { "11":"A",  "10":"C", "00":"T", "01":"G"}  
 
def calc_parity_vector(parity_vector):  
    """ Returns even or odd parit for parity vector """  
    return reduce(lambda x, y: x^y, parity_vector[1:])  
 
def calc_syndrome(codeword, n):  
    """ Calculate syndrome and correct codeword if possible """  
    sym = 0  
    for i in range(1,n):  
        if codeword[i]:  
            sym ^= i  
    extra_parity = calc_parity_vector(codeword)  
    if extra_parity == codeword[0]:  
        if sym == 0:  
            return 0, sym  
        else:  
            return 2, sym  
    else:  
        if sym >= n:  
            pass            
        else:  
            codeword[sym] ^= 1  
        return 1, sym  
 
def nt_to_cw(cur_enc, cur_nt):  
    """ Convert nt sequence to codeword """  
    return array(map(int, ''.join([INT_TO_BS[cur_enc[x]] for x in  
cur_nt]))) 
 
def unpack_bitstr(rev_cur_bit, bitstr):  
    """ Unpack bistring into nt sequence """  
    bstr_len = len(bitstr)  
    return ''.join([rev_cur_bit[bitstr[i:i+2]] for i in range(0, bstr_len,  
2)])  
 
def decode_barcode_8(nt_barcode):  
    """ Decode length 8 barcode (16 bits) """  
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    # check proper length  
    if len(nt_barcode) != 8:  
        raise ValueError, "barcode must be 8 nt long."  
    # check valid characters  
    if set(list(nt_barcode)).difference(CUR_ENC_FO.keys()):  
        raise ValueError, "Only A,T,C,G valid chars."  
    # decode  
    decoded = nt_to_cw(CUR_ENC_FO, nt_barcode)  
    num_errors, sym = calc_syndrome(decoded, 16)  
    # check errors   
    if num_errors > 1:  
        raise ValueError, "2 bit error detected."  
     
    # convert corrected codeword back to nt sequence  
    if num_errors == 1:  
        nt_barcode = unpack_bitstr(CUR_REV_ENC_SI, ''.join(map(str,  
decoded)))  
    return nt_barcode  
 
# mapping from barcode used to original sample id  
ILMN_SAMPLE_MAPPING = {  
    "TTCGATGG":"003", 
    "TGGTCTAG":"008", 
    "TTGGATCG":"016", 
    "TTGCTAGG":"022", 
    "TTAAGCCG":"034", 
    "TGTCAGTG":"617", 
    "TCCAGATG":"623", 
    "TGACTGTG":"624", 
    "TCACAGTG":"625", 
    "TGCAGTTG":"626", 
    "TCTCAGAG":"646", 
    "TGTCTGAG":"652", 
    "TGGTCATG":"654", 
    "TACGTACG":"657", 
    "TAGCATCG":"659", 
    "TGCACATG":"662", 
    "TACGTTGG":"668", 
    "TCCTGAAG":"674", 
    "TTGCAACG":"678", 
    "TAGCTTGG":"682", 
    "TGTGTCAG":"693", 
    "TTCGAACG":"694", 
    "TCGAGTTG":"695", 
    "TACCATGG":"698", 
    "TCACTGAG":"701", 
    "TCGTCAAG":"703", 
    "TAGCTACG":"705", 
    "TGTGACTG":"710", 
    "TCCAGTAG":"726", 
    "TGCTCAAG":"730", 
    "TTCGTAGG":"734", 
    "TCAGACTG":"738", 
    "TAGGTTCG":"740", 
    "TCGACTAG":"741", 
    "TGCACTAG":"743", 
    "TCAGTGTG":"744", 
    "TACCTAGG":"746", 
    "TCGTGATG":"748", 
    "TGAGTCTG":"749", 
    "TGTCACAG":"751", 
    "TTGGTACG":"756", 
    "TGCTGATG":"757", 
    "TGGACTTG":"758", 
    "TTGCATGG":"761", 
    "TCAGTCAG":"763", 
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    "TGACACTG":"764", 
    "TCTGTGAG":"766", 
    "TCGACATG":"767", 
    "TGACTCAG":"775", 
    "TCGTGTAG":"777", 
    "TACGATCG":"779", 
    "TTCCAAGG":"784", 
    "TCTGACAG":"787", 
    "TGCTGTAG":"798", 
    "TCTGAGTG":"801", 
}  
 
def ilmn_decode():  
    """ Modified ILMN decoding a list of tagged reads from several samples S. Tsai """  
 
    for ix, cur_seq in enumerate(ILMN_SEQUENCES):  
 
    # Add T to beginning, G to end to go from 6 bp to 8 bp Hamming barcodes S. Tsai 
 
        barcode = "T" + cur_seq[:6] + "G"  
        seq_read = cur_seq[8:]  
 
        try:  
            corrected_barcode = decode_barcode_8(barcode)     
            orig_sample_id = ILMN_SAMPLE_MAPPING[corrected_barcode] 
             
            if corrected_barcode != barcode:  
                 corrected = "corrected"  
            else:  
                 corrected = "ok"  
            print corrected, "\t", orig_sample_id, "\t", barcode, "\t", corrected_barcode  
 
        except ValueError, e:  
            print "error1", "\t", barcode 
            continue  
        except KeyError, e: 
            print "error2", "\t", barcode 
            continue 
 
if __name__ == "__main__":  
    from sys import argv, exit  
   
    f = open('lane5_barcodes_rc.txt', 'r') 
 
    while 1: 
        ILMN_SEQUENCES = f.readlines(100000) 
        if not ILMN_SEQUENCES: 
            break 
        ilmn_decode(); 
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Conclusions 

    Biological studies of humans, unlike animal models with the luxury of isogenic strains, 

are complicated by high amounts of genetic and transcriptional heterogeneity.  

Transcriptional profiling is a descriptive but nonetheless useful way of identifying genes 

and pathways that are naturally associated with a phenotype.  This work began with a 

small pilot transcriptional profiling project of placentas from 24 human births, 8 each 

from pregnancies complicated by preeclampsia, fetal growth restriction, and 

uncomplicated pregnancies.  In the course of that study we quickly realized that it was 

necessary to sample more deeply to achieve sufficient statistical power to detect 

differential expression and expanded the study to interrogate the placental 

transcriptional profiles of 89 human births, including 29 SGA, 23 preeclamptic, and 37 

normal. 

    By carefully examining preeclamptic gene expression profiles, I found disregulation in 

many immune-associated pathways and of genes involved in sialic acid synthesis, 

transfer, and modification.  Sialic acid acetylesterase  (SIAE), significantly upregulated in 

preeclampsia, is interesting because it has been functionally associated with 

autoimmunity in mice and humans1.  Resequencing of SIAE identified rare a homozygous 

variant SIAE(M89V) which is catalytically active but secretion-impaired providing a 

preliminary genetic link between SIAE and preeclampsia.  Overall, the data supports the 

interesting hypothesis that functional modifications to a cell surface carbohydrate can 

have an impact in a number of autoimmune disorders including type I diabetes, 

rheumatoid arthritis, and possibly preeclampsia. 

    Transcriptional profiling of placentas from SGA versus normal births also identified 

some genes of interest, particularly imprinted gene PEG3. As previously discussed, PEG3 

is associated with fetal growth and impaired maternal behavior in mice2.  Given our a 

priori hypothesis that imprinted genes might affect placental function and fetal growth, 

we conducted an association study of PEG3 fetal genotypes with SGA birth and identified 

a SNP (rs1055359) in Caucasian-Americans that was significantly associated. 
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    To follow up on this initial association signal, we resequenced the genomic interval 

surrounding and including the PEG3 coding region using solution hybrid targeted 

sequence capture and next-generation sequencing technologies.  The high depth of 

overage generated by our approach (>1000X on average) enables us to exhaustively 

discover variants and call individual genotypes, where a minimum of 50X coverage is 

typically required for robust genotype discovery using the Illumina sequencing platform 

with its high throughput but also relatively high associated error rates3.   These 

comprehensive genotypes in the PEG3 genomic interval in combination with previously 

gathered gene expression data will allow us to explore the genetic basis of 

transcriptional differences in PEG3 as well as to explore the landscape of potentially 

functional coding mutations that may be associated with fetal growth restriction. 

Future Directions 

Deeper Sampling 

    In the preeclamptic placental transcriptional profiling studies, I have made an effort 

to control for differences between control and preeclamptic groups such as induction of 

labor and estimated gestational age.  This is challenging as clinical treatment of 

preeclampsia is often to induce labor and consequently the mean estimated gestational 

age on delivery is significantly less than in normal pregnancies.  We were able to 

successfully control for induction of labor, but the study was not sufficiently powered to 

also control for estimated gestational age, an issue that could be remedied in future 

studies by deeper sampling.   

Replication of PEG3 Association Signal 

    As replication is the gold standard for confirming genetic associations4, in 

collaboration with Emory University, we are genotyping 200 trios of patients with a wide 

range of birth weights to confirm the initial association. 

Maternal Factors 

    Preeclampsia is a serious fetal-triggered maternal pregnancy-associated disease.  

Placental factors are implicated because delivery of the placenta resolves the clinical 
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condition5.  Because placenta tissues were readily available, we have investigated the 

fetal component from a transcriptional perspective and also have begun to work on fetal 

genetics.  But, obviously the placenta does not exist in isolation, but rather interacts 

intimately with its maternal intrauterine environment.  Maternal genetic characterization 

would complement what we know regarding fetal factors, as well as allowing us the 

opportunity to explore interaction effects between maternal and fetal genetics.   

Genome-wide Scan for Genetic Factors Affecting Preeclampsia 

    I have explored the placental transcriptional profiles of a relatively large number of 

patients from pregnancies complicated by preeclampsia and SGA birth and then followed 

up with genetic investigation of specific disregulated genes.  The reasoning behind 

connecting gene expression and genetics is two-fold: first, there is a well-known genetic 

basis to the variability in gene expression and a number of  regulatory cis- and trans- 

expression quantitative trait loci (eQTLs) have been mapped across the human genome6, 

and second, functional genetic mutations may underlie compensatory changes in 

transcript abundance.  

    However, ideally systematic genetic approaches would also be applied to uncover 

important genetic associations independent of transcriptional differences. Preeclampsia 

is a particularly tractable phenotype to approach in this manner as there are clear 

clinical signs (sudden onsent maternal hypertension, glomerularnephritis, proteinuria); 

exome sequencing or targeted sequencing of placental, uterine, and haemaetapoietic 

expressed genes would likely offer useful information. 

Molecular Classif ication & Exploit ing Biological Heterogeneity 

    While not described here, I have also preliminarily explored molecular classification of 

placental gene expression profiles.  By using modulated modularity clustering7 on all 

values obtained in genome-wide gene expression profiles to group patients by 

similarities in their overall transcriptional profiles, I identified six groups of profiles, two 

of which were significantly were associated with the phenotypes of preeclampsia and 

SGA birth.  
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    The biological heterogeneity of human gene expression (related to intrinsically high 

genetic heterogeneity) complicates the detection of true differences; however, this level 

of transcriptional variation could also be exploited for the construction de novo 

regulatory networks on the basis of gene expression co-regulation.  These de novo 

pathways could subsequently be tested for changes in association with preeclampsia 

and fetal growth restriction.  

Functional Studies 

    Many of the results from these transcriptional profiling experiments should be 

explored further with functional studies. For example, with respect to the sialic-acid 

associated observations and preeclampsia, it would be interesting to determine:  1) 

whether there is a functional effect of SIAE transcriptional upregulation on sialic acid 

acetylation, 2) whether previously uncharacterized variants of SIAE are catalytically 

active and normally secreted in a cell model, 3) the effect of ST6GAL1 downregulation on 

cell surface sialic acid presentation and modification, and 4) the effect of genetic and 

transcriptional changes in SIAE and ST6GAL1 individually and coordinately on CD22 

binding. 
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