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Mouse E14 embryonic stem cells (ESCs) are a well-characterized and widespread used ESC line, often employed
for genome-wide studies involving next generation sequencing analysis. More than 2 × 109 sequences made on
Illumina platform derived from the genome of E14 ESCs were used to build a database of about 2.7 × 106 single
nucleotide variants (SNVs). The identified variants are enriched in intergenic regions, but several thousands re-
side in gene exons and regulatory regions, such as promoters, enhancers, splicing sites and untranslated regions
of RNA, thus indicating high probability of an important functional impact on themolecular biology of these cells.
We created a new E14 genome assembly reference that increases the number of mapped reads of about 5%. We
performed a Reduced Representation Bisulfite Sequencing on E14 ESCs and we obtained an increase of about
120,000 called CpGs and avoided about 20,000 wrong CpG calls with respect to the mm9 genome reference.
Cs, embryonic stem cells; Gb,
ce number 9; ChIP-Seq/MeDIP-
equencing; m/nc/mi/LincRNA,
RNA; WCE, whole cell extract.
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1. Introduction

In the last two decades, theworld's interest has focused on the study
of embryonic stem cells since they represent an important tool for the
understanding of developmental processes, stemness homeostasis and
self-renewal and are essential for gene targeting in mouse models.
Thousands of papers have been published describing the genomic and
proteomic regulations that rule this particular cell line [1–3].

E14 embryonic stem cells (ESCs) have been isolated many years
ago from mouse blastocyst derived from a strain of 129/Ola and still
are one of the most widespread ESC lines used in laboratory. These
cells can be maintained undifferentiated in culture, and they can be dif-
ferentiated with the appropriate stimuli into each lineage, or injected
into the blastocyst to generate a chimeric mouse [3–6]. More recent
studies have revealed that the understanding of the ESC's biology is
very important also for the comprehension of the cancer development
and progression [7–12].

Genomic, epigenetic, and transcriptomic profiles of E14 ESCs have
been largely addressed and deeply studied. In the last years, thousands
of papers and hundreds of next generation sequencing data on E14
embryonic stem cells have been published and deposited on public
databases such as GEO Datasets or ENCODE [2,13–22]. Mapping of these
data is usually performed on the mm9 genome assembly (MGSCv37 in
NCBI), even if this assembly derives from the C57BL/6J mouse strain.
We performed the genotyping of the E14mouse ESC line, and discovered
about 2.7 millions of single nucleotide variants (SNVs) with respect to
the MGSCv37 assembly. From this E14 genotype we assembled a new
E14 genome reference to provide a tool for all the scientific community
working with next generation data produced in this cell line. Indeed, by
using this new E14 reference assembly we observed an improvement
in the mapping efficiency of sequencing data. Moreover, when analyzing
bisulfite-sequencing datawe avoidedmany falsemethylation status calls.
Interestingly, many of the identified SNVs reside within exons or regula-
tory regions and 28 SNVs insert a new improper stop codon. SNVs in such
regions,may lead to alterations of the biology of this cell line, thusmaking
our SNV dataset useful also for all the scientists belonging to the ESC re-
search area that use E14 cell line or its derivatives.

2. Material and methods

2.1. Illumina sequencing

For SNV calling we pooled all genome sequencing datasets for E14
produced by our lab using Illumina HiScan SQ platform. Libraries were
prepared using the Illumina DNA Sample Prep Kit according to the
manufacturer's instructions. Prior tomapping, read qualitywas estimat-
ed using FastQC tool v0.10.1 (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/). Nucleotide positions with a quality score behind
30 (Phred33 scale) were trimmed using the fastq_quality_filter tool
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Fig. 1. A) Scheme of the pipeline used in this study to identify SNVs in E14 ESC genome.
B) Coverage distribution histogram. C) Histogram showing the percentage of genome
covered at the indicated coverage on X-axis.
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from the FASTX Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) using
the following parameters: −Q 33−q 30 −p 90.

After low-quality position trimming, reads in which sequencing
continued through the 3′ adapter sequence were subjected to adapter
clipping using the fastx_clipper tool from the FASTX Toolkit using the
following parameters: −a TGGAATTCTCGGGTGCCAAGG − l 35 −M
10−Q 33.

2.2. SNV calling pipeline and E14 genome reference assembly

Reads were mapped using Bowtie [23] to the mm9 genome assem-
bly (MGSCv37 in NCBI) (http://genome.ucsc.edu/cgi-bin/hgGateway?
clade=mammal&org=Mouse&db=mm9) allowing up to two mis-
matches and keeping only uniquely mapped reads using the following
parameters:−n 2−m1. SAMoutput file was converted to BAM format
using SAMtools v0.1.19 (http://samtools.sourceforge.net/), and file was
reference sorted [24]. To remove possible false positive calls due to PCR
over-amplification artifacts, prior to variants calling, reads with the
same mapping positions were collapsed into one using the rmdup tool
from SAMtools. Variant calling was performed using the mpileup tool
from SAMtools using the following command: samtools mpileup −uf
mm9.fa file.bam 2 N stderr.txt | bcftools view −vcg − N snp.vcf.

Next, we used a customized version of VCFtools v0.1.11 (http://
vcftools.sourceforge.net/, customized version available upon request)
to select only SNVs with coverage ≥10 and a frequency ≥0.5 using
the following parameters: varFilter−d 10−a 0.5. Moreover, using cus-
tom Perl scripts (available upon request) we discarded sites with more
than one variant call at the same place. Then, using the GATK v2.7-4
(http://www.broadinstitute.org/gatk/) FastaAlternateReferenceMaker
function with the default parameters, we produced a reference E14
assembly starting from the mm9 genome assembly.

2.3. Reduced Representation Bisulfite Sequencing (RRBS)

1 μg of mESC genomic DNA was digested for 4 h at 37 °C with 200 U
of MspI restriction endonuclease (NEB). Digested DNA was then end
repaired, dA-tailed, and ligated to methylated adapters, using the
Illumina TruSeq DNA Sample Prep Kit, following the manufacturer's in-
structions. Adapter-ligated DNA was loaded on an EGel Size select 2%
agarose pre-cast gel (Invitrogen), and a fraction corresponding to frag-
ments ranging from 180 bp to 350 bp was recovered. Purified DNA
was then subjected to bisulfite conversion using the EpiTect Bisulfite
Kit (Qiagen). Bisulfite-converted DNA was finally enriched by 15 cycles
of PCR using Pfu Turbo Cx HotStart Taq (Agilent). The bisulfite conver-
sion rate was N99.5% calculated on the number of converted cytosines
in CpT context.

2.4. Cell culture

The ES cell line E14 was derived from the inbred mouse strain
129/Ola in 1985 by Dr. Martin Hooper in Edinburgh, Scotland [4]. Cells
were further expanded in several different laboratories. Thus, the cells
used for this study were cultured for at least ten passages on feeder-
free gelatin-coated plates in DMEM high glucose medium (Invitrogen)
supplemented with 15% FBS (Millipore), 0.1 mM nonessential amino
acids (Invitrogen), 1 mM sodium pyruvate (Invitrogen), 0.1 mM 2-
mercaptoethanol, 1500 U/ml LIF (Millipore), 25 U of penicillin/ml, and
25 μg of streptomycin/ml.

2.5. Third-party datasets

Datasets used for comparison of E14 SNVs among different laborato-
ries were obtained from the Gene Expression Omnibus for Chen's
(GSE11431) and Helin's (GSE24843) laboratories. For the comparison
with the 129/Ola strain, we downloaded ~5 × 108 sequencing reads
from the Wellcome Trust Sanger Institute Mouse Genomes Project
(http://www.sanger.ac.uk/resources/mouse/genomes/). All data was
analyzed as stated in Section 2.2 of the Material and Methods section.

3. Results

3.1. SNV distribution

About 115 × 109 bases were used to cover almost 90% of the total
mouse genome with an average coverage of 51× (Fig. 1A). Coverage

http://hannonlab.cshl.edu/fastx_toolkit/
http://genome.ucsc.edu/cgi-bin/hgGateway?clade=mammal&amp;org=Mouse&amp;db=mm9
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http://samtools.sourceforge.net/
http://vcftools.sourceforge.net/
http://vcftools.sourceforge.net/
http://www.broadinstitute.org/gatk/
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distribution and total coverage graphs show that the majority of the
genome was covered at least 20× (Figs. 1B–C). SNVs were called
and filtered using SAMtools, VCF utils and custom scripts and finally
a list of 2,738,693 SNVs was obtained. Of the discovered variants,
431,379 (15.7%) represent novel SNVs (Fig. 2A). The variants are
equally distributed on the four nucleotides (A,T,C,G) with a higher
chance of observing purine-to-purine or pyrimidine-to-pyrimidine
0

0.1

0.2

0.3

A2T A2C A2G

ra
nd

om T2A T2C T2G

ra
nd

om

fr
eq

ue
nc

y 
S

N
V

 (
‰

) 

identified SNV

annotated
new

84.3%

15.7%

promoter -2kb

intragenic

intergenic

SNV localization

0

0.5

1

1.5

2

ac
tiv

e_
en

ha
nc

er
s

po
ise

d_
en

ha
nc

er
s

ra
nd

om

fr
eq

ue
nc

y 
S

N
V

 (
‰

) 

A

C

D

F

38.5%

59.8%

1.7%

Fig. 2.A) Venn diagram showing the percentage of known and novel SNVs identified. The know
bin/hgTables?command=start). B–C)Histograms showing the four bases of exchange frequenc
identified in E14 genome. E–F–G) Thebar graphs represent the SNV frequency (in‰) in the indi
equal size to the SNV datasets generated using randomBed (bedtools random Version: v2.17.0
variations (Figs. 2B–C). As expected, the called variants are enriched
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(Figs. 2D–E). No significant enrichment was observed on active
(H3K4me3−/H3K4me1+/H3K27ac+) or poised (H3K4me3−/
H3K4me1+/H3K27ac−) enhancers [25–27] (Fig. 2F). Moreover,
the intragenic variants are enriched in introns with respect to the
exons (Fig. 2G).
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3.2. Dataset validation

To validate our dataset, raw data for ChIP-Seq experiments gener-
ated by Helin's (1st dataset, GSE19365-GSE24843-GSE37930) and
Chen's (2nd dataset, GSE11431) laboratories in E14 mouse embryonic
stem cells were obtained from GEO Datasets database. We analyzed
these validation datasets independently, with the same parameters
of our pipeline, and we identified about 100,000 SNVs for the first
dataset and 11,500 SNVs for the second one (Figs. 3A–B). Despite
the highly different coverage between the validation datasets and
our dataset, we observed that the majority of called SNVs (95% for
the first validation dataset and 93% for the second) were in common
with the previously identified from our sequencing data (Fig. 3C).
This large overlap excludes technical issues and sequencing errors.
We also compared only the novel identified SNVs in our study with
the novel identified SNV by using the validation datasets. Despite
a slight reduction of the overlap percentage, indicating that the
novel SNVs have a higher occurrence during long term cultures with
respect to the known SNVs, the number of the common novel SNVs
still remains high (~86% and ~81% respectively for Helin and Chen
datasets) suggesting that the majority of the identified SNVs could
be due to a different genetic background (Fig. S1A). To test this
hypothesis, we also compared our identified SNVs with the SNVs ob-
tained from the 129/Ola genome (http://www.sanger.ac.uk/resources/
mouse/genomes/) analyzed with our pipeline. We found that more
than 75% of the identified SNVs in E14 are present also in the 129/Ola
strain mouse (Fig. 3D) demonstrating that most of the observed differ-
ences are due to a different genetic background between the mouse
strain used for mm9 assembly (C57BL/6J) and the mouse strain used
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Fig. 3. A–B–C) Venn diagrams showing the overlap between the SNV dataset identified in this
diagram showing the overlap between the SNV dataset identified in this study and the others
for derivation of E14 ESC (129/Ola) rather than differences acquired
during different culture methods and/or times.

3.3. SNV functional classification

To classify the about 2.7 × 106 SNVs and to understand their biolog-
ical relevance in the cellular homeostasis, we classified them using
Annovar software, which provides functional annotations of the genetic
variants [28]. We identified several thousands of potential functional
SNVs residing in exons, splicing sites and in untranslated regions
(UTR) of mRNA and in ncRNA.We found 8385 non-synonymous exonic
SNVs that lead to an alteration in the amino acid sequence of the related
protein.Moreover, we found 28 SNVs inserting an amiss stop codon and
18 SNVs leading the loss of the proper stop codon (Fig. 4A). Interestingly
30 of this loss or gain stop SNVs are present also in the 129/Ola strain.
We found only 3 novel SNVs in mESC E14 expressed genes (Fig. S1B).
The majority of the non-synonymous SNVs (about 70%) reside in no
or low expressed gene and gene ontology analysis showed an enrich-
ment in genes involved in biological processes as cell metabolism and
cell adhesion (Figs. 4B–C). Development and stemness pathways do
not seem to be affected suggesting the maintenance of the proper bio-
logical properties of this cell line.

We observed that the CpG dinucleotide shows higher variation
frequency than other dinucleotides, probably due to the presence of
methylation on 5′ of the cytosine in CpG context (Fig. 5A) [29,30]. For
this reasons we compared the variation frequency in CpGs not residing
in CpG islands that are more methylated in ESC (Fig. 5B) and we ob-
served higher variation frequency in these CpGs with respect to those
in CpG island context (Fig. 5C).
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3.4. New E14 genome reference improves next generation data mapping

Finally,we tried tomap other genome-wide experiments in E14 ESC,
in particular a WCE-Seq, ChIP-Seq and MeDIP-Seq produced by other
laboratories (SRA database: SRR867642, SRR867641 and SRR070936)
using our new assembled genome as reference and we observed a
higher mapping efficiency (compared to the mm9 assembly) with an
increase of about 3–5% of mapped reads (Fig. 5D).

3.5. NewE14 genome reference improves the accuracy of bisulfite sequencing
experiments

The presence of higher variation frequency on CpG dinucleotide
prompted us to focus our attention on methylation data derived from
Bisulfite or Reduced Representation Bisulfite Sequencing (BS-Seq and
RRBS-Seq). Bisulfite treatment converts unmethylated cytosine into
uracil that is then transformed into thymidine during PCR amplification.
Thus, the presence of C2T mutation alters the actual methylation status
of the relative cytosines. For this reason,we performed an RRBS analysis
[31] in E14 ESCs and performed the mapping and the analysis both on
the reference mm9 genome and on the E14 genome (Fig. 5E) using
BSMAP v2.74 software [32]. We observed an increase in the number
of perfect readsmapped.More than 1× 105 additional CpGswere called
when using E14 genomewith respect to themm9 genome (Figs. 5F–G).
Interestingly, beyond the increase of CpG calls, we were able to discard
about 22,000 false CpG calls (Fig. 5H).

Thus our genome fits best the parameters for assembly of next
generation data in E14 ESCs and can be useful for all scientists working
in this cell line.

3.6. Utility of this study

We analyzed the next generation sequencing data generated in our
laboratory to produce a database of SNVs in the genome of the widely
used ESC line E14. Since the large use of this cell to understand the
biology of the stemness and of the early development in vitro, we be-
lieve that our study will be very useful for all scientists related to this
field. We built a database of about 2.7 × 106 high confidence SNVs
that can be used to check eventual functional mutation or to create a
new reference genome for mapping of genome-wide data. We found
more than 8000 non-synonymous variants that lead to an alteration in
the protein sequence providing a useful tool for all people that perform
proteomic approach in this cell line. We detected several thousands
of SNVs in ncRNA and untranslated regions (UTR) of the mRNA that
could be responsible for the functional interaction between non-
coding RNA and other RNA/DNA/proteins such as the recently discov-
ered interactions between long intergenic non-coding RNA (LincRNA)
and protein or the mRNA targeting by miRNA. A large number of SNVs
were also found in regions outside the exons. These SNVs could be
very important because they could reside in possible regulatory regions
such as promoters, enhancers and splicing sites. Our database will
be also important for all the scientists working on transcriptional regu-
lation and mRNA processing in this line of embryonic stem cell. We
demonstrated that the analysis genome-wide data (such as ChIP-Seq
or MeDIP-Seq datasets) generated by both our or other laboratories
could be improved by using our genome as reference for readmapping,
since bioinformatical analysis optimization is a crucial step of these ap-
plications. A particular attention should be used in the case of genome-
wide analysis finalized to themethylation studies that used the bisulfite
treatment. Indeed bisulfite converts cytosine residues to uracil, but
leaves 5-methylcytosine residues unaffected thus allowing to follow
the sequencing step, the detection of the original methylation state.
This kind of analysis can lead to wrong interpretations in case of SNVs
residing in CpGs.

4. Discussion

A total of 30 Illumina runs were used to generate a sequence data to
perform a genotyping of the E14 genome by sequencing. We used only
data produced in our laboratory from the same cell line e from the same

http://www.pantherdb.org/
http://www.pantherdb.org/


0
2
4
6
8

10
12
14

fr
eq

ue
nc

y 
S

N
V

 (
‰

) 

A

CB

0

1

2

3

4

5

6

7

8

9

10

11

12

13

AA AC AG AT CA CC CG CT GA GC GG GT TA TC TG TT random

fr
eq

ue
nc

y 
S

N
V

 (
‰

) 

0

50

100

 %
 M

eD
IP

 

50

51

52

53

54

55

56

57

58

59

60

mm9 E14

%
 m

ap
pi

ng

mapping (perfect reads)F

E

G H

genomic DNA 
extraction

1000000

1 100000

1200000

1300000

1400000

1500000

1600000

1700000

1800000

1900000

2000000

mm9 E14

nu
m

be
r 

of
 C

pG

RRBS treatment
and sequencing

reads
mapping

mm9 genome

E14 genome

data analysis and
methylation calling

E14 mm9

1550070

22821
false CpG
identified

12
51

02

CG in 
CpG island

CG not in 
CpG island

CG in 
CpG island

CG not in 
CpG island

D

50

55

60

65

70

75

W
CE-S

eq

ChI
P-S

eq

M
eD

IP
-S

eq

%
 m

ap
pe

d 
re

ad
s

on mm9

on E14

Fig. 5. A) SNV frequency (in ‰) around the genome of each dinucleotide. B) The majority of MeDIP peaks (methylated CpGs) reside in not CpG island context. C) methylated CpGs
show higher variation frequency. D) Mapping with Bowtie on E14 genome assembly improves the number of reads correctly mapped. E) Overview of the RRBS experiment. F) Increased
mapping efficiency of RRBS raw data on E14 genomewith respect to themm9 assembly. G–H) Number of CpGs called in RRBS experiment using the two different genome assemblymm9
or E14.

126 D. Incarnato et al. / Genomics 104 (2014) 121–127
platform, to avoid to incorporate in the database mutations accumu-
lated by culturing the cells for a long time. Nevertheless, we used
next generation sequencing data from two other different laboratories
and applied our pipeline to these data to discover the SNVs in their
E14 cells. Because of the lower amount of sequence data available
(which implies a lower coverage of the genome), the dataset of the
identified SNV is smaller, but shows a large overlap with the datasets
of the SNVs identified in our E14 cells. This overlap suggests that the rel-
evant difference between the genotype of E14 and the mm9 genome
deposited on NCBI or UCSC is due to different genetic background of
the original mouse strains (129/Ola vs C57BL/6J), while theminimal dif-
ference (b5%) between the our and the other E14 cells could be due to
different culture methods, times or aging of the cells. We found that
the differences between different cultured E14 cells are enriched
for common novel SNVs with respect to the annotated mouse SNVs.
We built a single nucleotide variant database of E14 mouse embryonic
stem cell. This database can be used for the study of individual functional
mutations within genomic regulatory regions or within protein-coding
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gene sequences. We produced a new E14 genome assembly that im-
proves the mapping efficiency of next generation sequencing data that
are made in this cell line. Given the high and increasing interest in
mouse embryonic stem cell biology, and the increasing number of
genome-wide studies, the genome assembly here produced should be
a valuable tool for any researcher performing whole-genome analysis
in embryonic stem cells. The 115 Gb of submitted E14 sequence datasets
and the provided SNV database are a resource that can be used by
all the scientific community working in E14 embryonic stem cells,
both for genome-wide analysis and both for gene/transcript/protein
specific analysis since many of the identified SNVs reside in functional
(or potential) regions.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ygeno.2014.06.007.

Additional material

Supplementary Table S1: list of the functional SNVs in the E14
genome.

The table includes the list of SNVs residing in exons of the coding/
non-coding RNA, in splicing sites, in untranslated regions, upstream or
downstream genes, and the functional classification of the identified
SNV.

Database linking

The sequencing raw data are deposited as Fastq at GSE53149.
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