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Spring 2013 Genomics Exam #1 
Genomic Sequences 

 
     There is no time limit on this test, though I don’t want you to spend too much time on it. I have 
tried to design an exam that will take less time that exams in the past. You do not need to read any 
additional papers other than the ones I send to you.  There are 4 pages, including this cover sheet, for 
this test. There are no Discovery Questions on this exam. You are not allowed discuss the test with 
anyone until all exams are turned in at 10:30 am on Wednesday February 13.  ELECTRONIC 
COPIES OF YOUR EXAM ANSWERS ARE DUE AT 10:30 am ON WEDNESDAY 
FEBRUARY 13. You may use a calculator, a ruler, your notes, the book, and the internet. You may 
work on this exam in as many blocks of time as you want.  Submit your electronic version before 
10:30 am (eastern time zone).   
    The answers to the questions must be typed in a Word file and emailed to me as an 
attachment. Be sure to backup your test answers just in case (I suggest a thumb drive or other 
removable medium). You will need to capture screen images as a part of your answers which you may 
do without seeking permission since your test answers will not be in the public domain. Remember to 
explain your thoughts in your own words and use screen shots to support your answers. Screen shots 
without your words are worth very few points. Support your answers with data using screen shots 
liberally.  
 
DO NOT READ or DOWNLOAD ANY NEW PAPERS FOR THIS EXAM. You may search and read 
abstracts.  RELY ON YOUR EXPERIENCE, AND YOUR SKILLS. Spell out your logic for each 
answer.  
 
-3 pts if you do not follow this direction. 
Please do not write or type your name on any page other than this cover page.  
Staple all your pages (INCLUDING THE TEST PAGES) together when finished with the exam. 
 
Name (please type): 
 
 
Write out the full pledge and sign (electronic signature is ideal):  
 
 
 
 
How long did this exam take you to complete?  
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20 pts 
1) I want you to use a database you have never seen before called EuPathDB 
(http://eupathdb.org/eupathdb/). Use the Giardia portion of this integrated database. We will not use 
the full power of what this site can do, but you will get a sense of its potential as you work on this 
problem.  
     Your task is to identify a protein target for a drug to be developed by a company called Mayking 
Itup, LLC. You will have to figure out how to use EuPathDB to answer most of these questions. 
a) What is Giardia and what sort of disease does it cause? Support your answer by providing the URL 
of your information source(s). Limit your answer to 3 sentences or less.  
b) Identify a set of proteins whose features include a known epitope and it is an integral membrane 
protein. You also must be certain that the protein is expressed by using EST data. How many proteins 
are in this set of genes/proteins? Provide a screen shot to support your answer.  
c) Choose one gene/protein from your list above that you would like to inhibit based on its biological 
process. Name that gene by its common name and its DB accession number.  
d) How many transmembrane domains are predicted for your chosen protein? How many amino acids 
in this protein? Support your answer with data.  
e) Find another way to independently confirm via computer (prediction) whether the number of 
transmembrane domains you found for part (d) is correct or not. Support your answer with data.  
 
20 pts 
2) This time, I want you to use the JCVI CMR (http://cmr.jcvi.org/tigr-
scripts/CMR/CmrHomePage.cgi). Your task is to compare the predicted metabolic pathways for 
converting acetate into CO2, NADH, FADH2 and ATP in two strains of E. coli: 1) the first non-
pathogenic strain to have its genome sequenced and 2) the pathogenic strain EDL933.  
a) What was the original source of strain EDL933? Tell me where you found your answer.  
b) Find a fundamental KEGG biochemical pathway in CMR that shows a difference in metabolic 
capacity between these two strains. You should be looking for a pathway where each genome has at 
least one enzyme the other lacks. Support your answer with a screenshot showing the differences.  
c) Do you accept that the key metabolic pathway for both strains is accurately annotated in this 
database? Explain your reasoning. Limit your answer to 3 sentences or less. 
d) Choose one enzyme that is found in only one strain in your screen shot from JCVI CMR and 
determine if CMR is correct or not about it being absent from the other strain. You will have to tell me 
where you searched and how you conducted the search. If you can disprove the map, support your 
answer with data. If you cannot disprove the CMR map, explain why you were unable to find the 
answer.  
 
20 pts 
3) Horizontal gene transfer is sometimes called lateral gene transfer (LGT) in order to keep the typical 
undergraduate confused and to provide yet another TLA. However, you are now on the inside crowd, 
so I want to ask you some questions about LGT.  
a) Below is a figure from a paper that claims to have evidence of bacteria to eukaryote LGT. The 
method combined fluorescent labeling of a chromosome with FISH. Evaluate these data and tell me if 
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you think the evidence is either 1) inconsistent with LGT, 2) consistent with LGT, 3) compelling 
evidence of LGT or 4) inconclusive. Support your answer with data. Limit your answer to 3 
sentences maximum. 
consistent with, but controls are missing 
 
 
 
 
 
 
 
 
b) The accompanying PDF file called Figure2.pdf contains some data based on genome sequence 
analysis. The authors present Figure 2 as supporting evidence that LGT has occurred. Your task is to 
evaluate the data and tell me if you think the data are 1) inconsistent with LGT, 2) consistent with 
LGT, 3) compelling evidence of LGT or 4) inconclusive. Support your assessment by citing data 
appropriately. Assume zero sequencing or assembly errors happened in this research. Limit your 
answer to 5 sentences maximum. 
c) The accompanying PDF file called Figure3.pdf contains additional data. The table shows 9 
examples of LGT. Rank each of the nine examples from most compelling to least compelling and 
explain your reason for each ranking in one sentence maximum. If you feel a tie is required, then list 
multiple examples for a single number and reduce the final number accordingly.  
 
20 pts 
4) Here is a sequence of DNA. You need to answer the following questions using this sequence as your 
starting place. agtttttcacatatctccatcgcctcagttgctatcaaca 
a) From which gene and species did this sequence come? Support your answer with evidence and be as 
accurate as you can be with your answer.  
b) How many exons are in the human ortholog? What is this gene’s chromosomal position in humans? 
Support your answer with data.  
c) List (numbered list) as many biological processes as you can find for the human ortholog. Are all of 
the processes very similar, or do you see some pretty diverse categories? Explain your answer in 1 
sentence.  
d) Propose a reasonable model to show how mutant alleles of this gene could be passed down from 
fathers but not mothers. This answer is not intended to be a generic one that could apply to any gene, 
but you should combine what we have learned in class with the specific role(s) of this protein.   
e) Demonstrate the degree of sequence conservation between the human ortholog and other species. 
You must provide a screenshot and then write a summary of what you conclude from your screen shot. 
 Limit your summary to a maximum of 2 sentences.  
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20 pts 
5) This last question has to do with the ENCODE project. You are NOT allowed to look up any 
scientific ENCODE papers or ENCODE abstracts. Therefore, do not perform a PubMed search. If you 
do a Google search, be sure to screen any hits before clicking to be sure you are NOT reading a 
scientific paper or abstract.  
a) What was the purpose of the ENCODE project? Limit your answer to a maximum of 2 sentences.  
b) How many ENCODE papers were published in a coordinated way in late 2012? Limit your answer 
to a maximum of 1 sentence. 
c) What does DHS stand for in the ENCODE project? Describe the physical characteristic of DNA 
DHS is measuring. Limit your answer to a maximum of 1 sentence. 
d) In one sentence, define what TSS means. Support your definition using data from Figure_4.pdf.  
e) Summarize the two main lessons in panel B of Figure_4.pdf. Limit your answer to a maximum of 
3 sentences. 
f) This is the first time I have ever seen “violin plots”. Summarize panel C in Figure_4.pdf. Limit your 
answer to a maximum of 2 sentences. 
g) In panel A of Figure_5.pdf, they tested 19 different cell lines for DHS. Summarize the findings of 
panels A – C in six sentences or less (two per panel).  
Panel A:  
Panel B:   
Panel C:  
 
h) View bases 201,574,325 to 201,591,603 on chromosome 1. Show me a screen shot of this region 
with DHS data included in your display as well as the degree of conserved bases in 5 diverse 
vertebrates. Summarize what you see in your screen shot based on what you learned in Figure_4.pdf 
and Figure_5.pdf. Limit your summary to a maximum of 2 sentences. 
 
 
 
 
 
 
 
 
 



antibiotics (fig. S1) (11). In contrast, only
spurious, incorrectly sized, and weak amplifica-
tionwas detected from a cured control line lacking
these inserts (Townsville). The 45 genes assayed
(table S1) are spaced throughout the Wolbachia
genome. Thus, the high proportion of amplified
genes suggests gene transfer of nearly the entire
Wolbachia genome to the insect genome.

A 14-kb region containing four Wolbachia
genes with two retrotransposon insertions was
sequenced (11) from a single bacteria artificial
chromosome (BAC), constituting an indepen-
dent source of DNA as compared with the
largely plasmid-derived whole-genome sequence
of D. ananassae. The two retroelements each
contained 5–base pair (bp) target site duplica-
tions (9/10 bp identical), long terminal repeats,
and gag-pol genes (Fig. 2A) indicating that the
Wolbachia insert is accumulating retroelements.
Insertion of this region appears to be recent, as
shown by the nearly identical target site duplica-
tions and the >90% nucleotide identity between
corresponding endosymbiont genes and sequenced
homologs in the D. ananassae chromosome.

Crosses between Wolbachia-free Hawaii
males (with the insert) and Wolbachia-free
Mexico females (without the insert) revealed
that the insert is paternally inherited by offspring
of both sexes, confirming that Wolbachia genes
are inserted into an autosome. BecauseWolbachia
infections are maternally inherited, this also con-
firms that PCR amplification in the antibiotic-
treated line is not due to an undetectable infection.
Furthermore, the Hawaii and Mexico crosses
revealed Mendelian, autosomal inheritance of
Wolbachia inserts [paternal N = 57, proportion
of offspring with Wolbachia genes (k) = 0.49;
maternal N = 40, k = 0.58]. Six physically distant,
inserted Wolbachia genes perfectly cosegregated
in F2maternal inheritance crosses (11), suggesting
they also are closely linked.

PCR amplification and sequencing (11) of 45
Wolbachia loci in 14 D. ananassae lines from
widely dispersed geographic locations revealed
large Wolbachia inserts in lines from Hawaii,
Malaysia, Indonesia, and India (table S2).
Sequence comparisons of the amplicons from
these four lines revealed that all open reading
frames (ORFs) remained intact with >99.9%
identity between inserts. This is compared to an
average of 97.7% identity for the inserts
compared with wMel, the Wolbachia endo-
symbiont of D. melanogaster. These results
indicate the widespread prevalence of D.
ananassae strains with similar inserts of the
Wolbachia genome, probably because of a
single insertion from a common ancestor.

In addition, reverse transcription PCR (RT-
PCR) followed by sequencing (11) demonstra-
ted that ~2% of Wolbachia genes (28 of 1206
genes assayed; table S3) are transcribed in cured
adult males and females of D. ananassae
Hawaii. The complete 5′ sequence of one of
the transcripts, WD_0336, was obtained with
5′−rapid amplification of cDNA ends (RACE) on

uninfected flies (11), suggesting that this
transcript has a 5′ mRNA cap, a form of
eukaryotic posttranscriptional modification.
Analysis of the transcript quantities of inserted
Wolbachia genes with quantitative RT-PCR
(qRT-PCR) (11) revealed that they are 104 times
to 107 times less abundant than the fly’s highly
transcribed actin gene (act5C; table S3). There is
no cutoff that defines a biologically relevant
amount of transcription, and assessment of
transcription in whole insects can obscure
important tissue-specific transcription. Therefore,
it is unclear whether these transcripts are
biologically meaningful, and further work is
needed to determine their importance.

Screening of public shotgun sequencing data
sets has identified several additional cases of LGT
in different invertebrate species. In Wolbachia-
cured strains of the wasp Nasonia, six small
Wolbachia inserts (<500 bp) were verified by
PCR and sequencing (11) that have >96% nucle-
otide identity to native Wolbachia sequences, in
some cases with short insertion site duplications.
These include four in Nasonia vitripennis, one in
N. giraulti, and one in N. longicornis (table S4
and Fig. 2B). Amplification and sequencing of
14 to 18 geographically diverse strains of each
species indicated that the inserts are species-
specific. For example, threeWolbachia inserts in
N. vitripennis are not found in the closely related
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Fig. 2. Schematics of Wolbachia inserts in host chromosomes. (A) Contigs containing Wolbachia sequences
generated from the D. ananassae Hawaii shotgun sequencing project are segregated into sequences
coming from the endosymbiont (wAna) or from the D. ananassae chromosome (Dana) on the basis of
presence or absence of eukaryotic genes in the contigs. These are compared to those from the reference
D. melanogaster Wolbachia genome (wMel) and a D. ananassae BAC. NAD, nicotinamide adenine di-
nucleotide. (B) Fragments of the Wolbachia gene WD_0024 gene have inserted into different positions in
the N. giraulti (NG) and N. vitripennis (NV) genomes with unique insertions in each lineage, including
N. longicornis (NL). (C) A region in the D. immitis genome (Dg2) that is transcribed has introns similar to
sequences from the Wolbachia infecting B. malayi (wBm). All matches in (A) and (B) have >90% nucleotide
identity; those in (C) have >75% nucleotide identity. TPR, tetratrico peptide repeat; CDS, coding sequence.
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species N. giraulti or N. longicornis, which
diversified ~1 million years ago (12). These data
suggest that the Wolbachia gene inserts are of
relatively recent origin, similar to the inserts in
D. ananassae.

Nematode genomes also contain inserted
Wolbachia sequences. Because Wolbachia infec-
tion is required for fertility and development of the
worm Brugia malayi, the genomes of both
organisms were sequenced simultaneously, com-
plicating assemblies and leading to the removal of
Wolbachia reads during genome assembly [>98%
identity over 90% of the read length on the basis
of the independent BAC-based genome sequence
of wBm, the Wolbachia endosymbiont of B.
malayi (13)]. Despite this, the genome of B.
malayi contains 249 contigs with Wolbachia se-
quences (e value < 10−40), nine of which were con-
firmed by long-range PCR and end-sequencing

(11). These include eight large scaffolds con-
taining >1-kb Wolbachia fragments within 8 kb
of a B. malayi gene (table S5). Comparisons of
wBm homologs to these regions suggested that
all of theseWolbachia genes within the B. malayi
genome are degenerate. In addition, a single re-
gion <1 kb was examined that contains a de-
generate fragment of the Wolbachia aspartate
aminotransferase gene (Wbm0002). Its location
was confirmed by PCR and sequencing in B.
malayi as well as inB. timori andB. pahangi (11).

Of the remaining 21 arthropod and nematode
genomes in the trace repositories (11), we found
six containing Wolbachia sequences. Potential
Wolbachia-host LGT was detected in three: D.
sechellia,D. simulans, andCulex pipiens (Table 1),
as revealed by the presence of reads containing
homology to both endosymbiont and host ge-
nomes (11).

The sequencing of wBm also facilitated the
discovery of aWolbachia insertion inDirofilaria
immitis (dog heartworm). The D. immitis Dg2
chromosomal region encoding the D34 immu-
nodominant antigen (14, 15) containsWolbachia
DNAwithin its introns and in the 5′ untranslated
region (5′-UTR) (Fig. 2C). These Wolbachia
genomic fragments have maintained synteny
with the wBm genome (13), suggesting they
may have inserted as a single unit and regions
were replaced by exons of Dg2. A second gene
(DgK) has been identified in other D. immitis
lines that has 91% nucleotide identity in the exon
sequences but contains differing number, posi-
tion, size, and sequence of introns (16) and has
no homology to known Wolbachia sequences.

Whole eukaryote genome sequencing proj-
ects routinely exclude bacterial sequences on the
assumption that these represent contamination.
For example, the publicly available assembly of
D. ananassae does not include any of the
Wolbachia sequences described here. Therefore,
the argument that the lack of bacterial genes in
these assembled genomes indicates that bacterial
LGT does not occur is circular and invalid.
Recent bacterial LGT to eukaryotic genomes will
continue to be difficult to detect if bacterial se-
quences are routinely excluded from assemblies
without experimental verification. And these LGT
events will remain understudied despite their po-
tential to provide novel gene functions and af-
fect arthropod and nematode genome evolution.
BecauseW. pipientis is among the most abundant
intracellular bacteria (17, 18) and its hosts are
among the most abundant animal phyla, the view
that prokaryote-to-eukaryote transfers are un-
common and unimportant needs to be reevaluated.
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Table 1. Summary of Wolbachia sequences and evidence for LGT in public databases. Junctions were
validated by PCR amplification and sequencing (11), with the number of successful reactions compared
to the number attempted. Species marked with a plus sign are described in the literature as being
infected with Wolbachia. All whole-genome shotgun sequencing reads were downloaded for 26
arthropod and nematode genomes (11). Organisms identified as lacking Wolbachia sequences either
had nomatch ormatches only to the prokaryotic ribosomal RNA. Because theNasonia genomes are from
antibiotic-cured insects, they were identified as having a putative LGT event merely on identification of
Wolbachia sequences in a read. All other organisms were considered to have putative LGT events if the
trace repository contained ≥1 read with (i) >80% nucleotide identity over 10% of the read to a
characterized eukaryotic gene, (ii) >80% identity over 10% of the read to a Wolbachia gene, and (iii)
manual review of the BLAST results for 1 to 20 reads to ensure significance (11). NA, not applicable.

Organism Total traces
screened

Wolbachia
traces LGT Junctions

validated
Wolbachia
infection

Trace repository sequences
Acyrthosiphon pisum (aphid) 4,285,120 0 +
Aedes aegypti (mosquito) 16,238,263 0 –
Anopheles gambiae (mosquito) 5,456,630 0 –
Apis mellifera (honeybee) 3,941,137 0 –
Brugia malayi (filarial nematode) 1,260,214 22,524 + 10/12 +
Culex pipiens quinquefasciatus (mosquito) 7,380,430 21,304 + 0/0 +
Daphnia pulex (crustacean) 2,724,768 0 –
D. ananassae (fruit fly) 3,878,537 38,605 + 6/7 +
D. erecta (fruit fly) 2,916,936 0 –
D. grimshawi (fruit fly) 2,874,111 0 –
D. melanogaster (fruit fly) 1,001,855 0 +
D. mojavensis (fruit fly) 3,130,180 107* – –
D. persimilis (fruit fly) 1,375,313 0 –
D. pseudoobscura (fruit fly) 5,161,792 0 –
D. sechellia (fruit fly) 1,203,722 1 + 0/0 +
D. simulans (fruit fly) 2,321,958 7473 + 0/0 +
D. virilis (fruit fly) 3,632,492 0 –
D. willistoni (fruit fly) 2,332,565 2519 – +
D. yakuba (fruit fly) 2,269,952 0 +
Ixodes scapularis (tick) 13,088,763 44 – +
N. giraulti (wasp) 540,102 2 + 1/1 +
N. longicornis (wasp) 447,736 1 + 1/1 +
N. vitripennis (wasp) 3,360,694 30 + 4/4 +
Pediculus humanus (head louse) 1,480,551 0 +
Pristonchus pacificus (nematode) 2,292,543 0 –
Tribolium castaneum (beetle) 1,918,906 0 –

GenBank sequence
Dirofilaria immitis (filarial nematode) NA NA + +
*This isolate was previously shown to have Wolbachia reads in its trace repositories that are contaminating reads from the D.
ananassae genome sequencing project (10).
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regulatory regions, most studies using this method focus exclu-

sively on TFBS identified in proximal promoter sequences (Das

et al. 2006; Ramsey et al. 2008; Sinha et al. 2008; Suzuki et al. 2009).

Using these sequence features has revealed, for example, a crucial

CG content difference between cell-type–specific and constitu-

tively expressed genes in mammalian organisms (Yamashita et al.

2005; Carninci et al. 2006). However, these approaches have fre-

quently struggled to distinguish between more specific patterns,

such as predicting cell-type–specific expression across many cell

types. A comprehensive understanding of cell-type–specific ex-

pression will require identification of both proximal promoter and

distal regulatory elements. While comparative genomics has been

successfully used to pinpoint functionally relevant regions, recent

reports have stressed the complexity of evolution in functional

noncoding regions and the resulting frequent lack of sequence con-

servation (Ludwig et al. 2005; Odom et al. 2007; Blow et al. 2010).

For more than three decades, mapping DNase I hypersensitive

sites (DHSs) has been used to identify the location of many types of

active gene regulatory elements (Wu and Gilbert 1981). DNase I is

an enzyme that preferentially digests DNA in regions of low nu-

cleosome occupancy, i.e., regions of open or accessible chromatin.

DHSs have been found to be well correlated with genomic features

such as transcription start sites (TSSs), distal enhancers, insulators,

TFBSs, and active histone marks (Heintzman et al. 2007, 2009;

Boyle et al. 2008a). A recent study profiling open chromatin

in seven cell types in a genome-wide fashion using DNase-seq

highlighted that open chromatin regions are similar across func-

tionally related cell types and that cell-type–specific regions are

distal to TSSs, and identified groups of DHSs that show coordinated

nucleosome depletion (Song et al. 2011). Other studies have in-

dicated that DNase-seq data can be used to identify TFBSs at single-

nucleotide resolution (Hesselberth et al. 2009; Boyle et al. 2011;

Pique-Regi et al. 2011).

In this study, we use DNase-seq data across 19 diverse human

cell lines to define proximal and distal regulatory regions and to

quantify the contribution of sequence features in DHSs to specify

different patterns of cell-type–specific gene expression. Using ex-

pression data from the same 19 cell types,

we define classes of up-regulated, down-

regulated, and constitutively expressed

genes, which show distinct patterns of

chromatin accessibility. We then build

predictive models specifically for these

different expression classes, by using the

binding site matches that map within

DHSs. Crucially, these models dramati-

cally improve on baseline models of prox-

imal promoter regions and specifically

control for the impact of promoter CG

content on classifier performance.

Our results demonstrate the crucial

role for sequence features in open chro-

matin regions for determining expression

patterns and its usefulness for building

predictive regulatory models. We confirm

many known regulatory interactions and

identify novel putative positive and neg-

ative regulators of gene expression. We

also reveal the presence of DNase foot-

prints for specific TFs that are identified as

predictive in our model indicating direct

binding to DNA. Our work provides a

general and easily extensible framework to address questions re-

lated to gene regulation in vertebrates.

Results

DHSs have different properties depending on their
genomic location

As part of the ENCODE Project, DNase-seq has been performed in

several human cell lines representing a wide variety of tissue types.

Aligned reads were used to define DNase I hypersensitive sites

(DHSs) (for details, see Methods). Of these, we selected 19 cell lines

to represent a broad and largely unrelated variety of cell types.

These include DNase-seq data from a recent study across seven cell

lines (Song et al. 2011). In each of the 19 cell lines we used, DHS

regions cover ;2% of the genome (Supplemental Table 1). This

indicates that a large proportion of cis-elements likely to be in-

volved in establishing the expression patterns in each cell line only

comprise a small fraction of the genome. Such regions may encode

specific activation patterns of genes, but also include insulators

that can define target relationships. A hallmark of insulators is the

presence of binding sites for the CCCTC binding factor (CTCF).

Across the nine cell types for which CTCF ChIP-seq data are

available, ;28% of DHSs overlapped CTCF bound sites (Supple-

mental Table 5), in agreement with recent work (Song et al. 2011).

Based on their genomic location, DHSs were divided into

exclusive classes as follows. We first identified a set of TSS DHSs as

those that overlapped the transcription start sites (TSSs) of genes

based on RefSeq hg19 annotation (Fig. 1A). Other DHSs were des-

ignated as Gene Body DHSs if they overlapped exons or introns,

and as Intergenic DHSs if they did not overlap any genes. The

median size of all DHSs was ;300 bp, with the TSS DHS set as

outlier with a median size of ;1 kb (Fig. 1B). The larger size of TSS

DHSs may reflect the presence of larger and more stable complexes

such as the pre-initiation complex (PIC) near the TSS of genes.

The normalized CG dinucleotide content of Gene Body and

Intergenic DHSs showed a median of 0.28 and 0.26, respectively

Figure 1. Properties of DHS based on genomic location. (A) DHSs that are intergenic and those that
are overlapping the TSS and gene body were classified as Intergenic, TSS, and Gene Body DHSs, re-
spectively (Chr1: 201,566,484–201,683,121). (B) Sizes of different DHSs for the Chorion cell line. Data
from only one cell line were used to avoid multiple counting of ubiquitous DHSs. Other cell lines show
similar trends. Outliers are not plotted. (C ) Violin plot showing normalized CG content for different
DHSs in the Chorion cell line. The subset of DHSs with a normalized CG content of zero is comparatively
small (median of 128 bp).
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(Fig. 1C). For TSS DHSs, the normalized CG content showed a

unimodal distribution with its mode at ;0.8, with a heavy tail of

several DHSs with CG content below 0.6.

A large proportion of TSSs are found in regions
of accessible chromatin

To understand how regions of open chromatin vary between cell

types, we inspected the degree to which DHSs were shared in the

19 cell types. A DHS was classified as being specific to a cell line if it

was only present in a single cell type or overlapped <50% of its

length with a DHS from any of the other 18 cell types (Fig. 2A).

Across all DHSs, ;14% were specific to a single cell line (Fig. 2B).

Intergenic DHSs showed the highest percentage of being cell-type–

specific (;17%). Conversely, TSS DHSs were largely not cell-type–

specific with <1% being open specifically in a single cell type.

Despite the broad panel of cell lines that vary in expression, the

chromatin state at the TSS of these genes was open and largely

invariant across multiple cell lines. This is in agreement with a re-

cent study analyzing a subset of the cell types used here (Song et al.

2011).

We determined the normalized CG content in the proximal

promoter region of the gene, defining the proximal promoter as

�900 to +100 bp around the TSS. If a gene had multiple TSSs, the

average of the normalized CG content from each TSS was used.

There was a steady positive trend in the number of cell lines in

which a DHS overlapped a TSS and the CG content around the TSS

(Fig. 2C). Previous studies have reported that gene expression can

be predicted from the CG content in the proximal promoter region

(Yamashita et al. 2005; Carninci et al. 2006; Zhu et al. 2008). Our

result indicates that higher levels of CG dinucleotide content, and

thus more frequent presence of CpG islands, are positively corre-

lated with, and could be functioning to preserve, an open chro-

matin state surrounding the TSS. There were fewer genes with a TSS

open in only one cell type (976 genes) and many with an open TSS

across all 19 cell types (8393) (Supplemental Table 2).

Cell-type–specific expressed genes show differing patterns
of accessible chromatin at their TSS

Gene expression data for the 19 cell lines were generated using

Affymetrix exon arrays. Expression values for each gene were

transformed to Z-scores across all of the cell lines. Genes with large

positive or negative Z-score values thus showed a larger deviation

from the mean expression across cell types. The Z-score trans-

formed expression values were used to select subsets of genes with

specific expression patterns (Fig. 3A–C; Supplemental Table 3). Up-

regulated genes, exemplified by GCM1 (Fig. 3A), had a particularly

high expression in one cell line, but ex-

pression close to the mean in the other

cell lines. To identify genes exhibiting

this type of expression pattern, we sorted

the Z-score expression for the genes in

each cell line. The top 200 genes in this

sorted list were classified as being up-

regulated in that cell type (UR genes).

Down-regulated genes exhibit low expres-

sion levels in one cell type but are other-

wise constitutively expressed in other cell

lines (Fig. 3B; Thorrez et al. 2011). We

classified the last 200 genes in the sorted

Z-score expression list as being the cell-

type–specific down-regulated genes (DR

genes). Constitutively expressed genes

(Fig. 3C) were identified by filtering all

genes that were not in UR and DR gene

sets in any cell line and had absolute ex-

pression Z-score values < 1.7 in all cell

lines. Using this cutoff, 168 genes dis-

played a pattern of constant expression

levels across all cell lines.

To address how up-regulated genes

are expressed in one particular cell type,

we grouped UR genes from all other cell

types and denoted this group as UR-Other

genes (Fig. 3A). We imposed the addi-

tional constraint that such genes would

show an expression Z-score < 0 in the cell

type of consideration, i.e., had expression

below its mean expression. As an exam-

ple, GCM1 (Fig. 3A) was highly expressed

in the first cell type and in none of the

others shown. It was therefore grouped

into the UR class for the first cell type and

into the UR-Other class in each of the

other cell types. Similarly, genes denoted

Figure 2. Cell-type specificity of hypersensitive regions. (A) Example (Chr1: 201,890,462–201,
938,914) showing cell-type–specific DHSs across two cell lines (pink boxes). Note that we called
a DHS cell-type–specific if it did not overlap another DHS by more than half in any of the 18 other
cell lines. (B) Bar graph showing the proportions of cell-type–specific DHSs across different genomic
locations averaged across all cell lines. (C ) TSSs were divided by the number of cell lines that they
overlapped in a region of open chromatin. For each set of TSSs, normalized CG content in the promoter
regions (�900,100) of the TSSs are shown.
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