
“Regulatory genomics”



Regulation of gene transcription

Wasserman and Sandelin. Nature Review Genetics. 2004.
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If only it were even that simple...



Sequence specific binding yields constraint

Structure: Schultz et al. Science. 1991, Logo software: Crooks et al. Genome Research. 2004

0

1

2

bi
ts

-1
0

G
T
A

-9

G
T
A

-8

G

T
A

-7

G
C
T

-6

C

A

T
G

-5

A

C
T

-4

T
A
G

-3

G
C
A

-2
A

G

C
T

-1 0

A

C
T

1 2

G

3 4C
A
G
T

5T
A
C

6

T
G
A

7T
A
C

8C
T
G
A

9

A

T

10

A
T

11

C
A
T

CAP protein 
(homodimer)

Bound DNA

Motif from 59 
bound sites



The genomic era...
Comparative^



Evolution of functional elements

Primate/Rodent Ancestor

Human Mouse Rat

Rodent Ancestor

Speciation Events
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Evolution of functional elements

CTCCCAGCTGCCC

CTCCCAGCTGCCC CTCCCAGCTGCCC CTCCCAGCTGCCC



Evolution of functional elements

CTCCCAGCTGCCC

CTCCCAGCTGCCC CTCCCAGCTGCCC CTCCCAGCTGCCC



Evolution of functional elements

CTCCCAGCTGCCC

CTCCCGGCAGCCC CTCCCAGCTGCCC CTCCCAGCTGCCC

Substitutions



Evolution of functional elements

CTCCCAGCTGCCC

CTCCCGGCAGCCC CTCCCAGAGAGCTGCCC CTCCCAGAGAGCTGCCC

Insertion
Substitutions



Evolution of functional elements

CTCCCAGCTGCCC

CTAGAGAGCTGCCC

Deletion

CTCCCGGCAGCCC CTCCCAGAGAGCTGCCC

Insertion
Substitutions



Sequence alignment

CTCCCGGCAGCCC
CTCCCAGAGAGCTGCCC
CTAGAGAGCTGCCC

Review: Batzoglou Briefings in Bioinformatics 2005



Sequence alignment

CTCCCGG----CAGCCC
CTCCCAGAGAGCTGCCC
CT---AGAGAGCTGCCC

Review: Batzoglou Briefings in Bioinformatics 2005



Sequence alignment

CTCCCGG----CAGCCC
CTCCCAGAGAGCTGCCC
CT---AGAGAGCTGCCC

Substitutions

InsertionDeletion

Review: Batzoglou Briefings in Bioinformatics 2005



Evolutionary constraint

■ After speciation di!erent changes occur in each lineage

■ Events occur randomly, but selection determines if events 
are tolerated

■ Constraint due to function may prevent certain changes, 
resulting in a di!erent pattern of change in functional 
regions



ESPERR
Evolutionary and Sequence Pattern Extraction 

through Reduced Representation



ESPERR: Learning strong and weak signals in
genomic sequence alignments to identify
functional elements
James Taylor,1 Svitlana Tyekucheva, David C. King, Ross C. Hardison, Webb Miller,
and Francesca Chiaromonte1

Center for Comparative Genomics and Bioinformatics, The Pennsylvania State University,
University Park, Pennsylvania 16802, USA

Genomic sequence signals—such as base composition, presence of particular motifs, or evolutionary constraint—have
been used effectively to identify functional elements. However, approaches based only on specific signals known to
correlate with function can be quite limiting. When training data are available, application of computational learning
algorithms to multispecies alignments has the potential to capture broader and more informative sequence and
evolutionary patterns that better characterize a class of elements. However, effective exploitation of patterns in
multispecies alignments is impeded by the vast number of possible alignment columns and by a limited
understanding of which particular strings of columns may characterize a given class. We have developed a
computational method, called ESPERR (evolutionary and sequence pattern extraction through reduced
representations), which uses training examples to learn encodings of multispecies alignments into reduced forms
tailored for the prediction of chosen classes of functional elements. ESPERR produces a greatly improved Regulatory
Potential score, which can discriminate regulatory regions from neutral sites with excellent accuracy (∼94%). This
score captures strong signals (GC content and conservation), as well as subtler signals (with small contributions from
many different alignment patterns) that characterize the regulatory elements in our training set. ESPERR is also
effective for predicting other classes of functional elements, as we show for DNaseI hypersensitive sites and highly
conserved regions with developmental enhancer activity. Our software, training data, and genome-wide predictions
are available from our Web site (http://www.bx.psu.edu/projects/esperr).

[Supplemental material is available online at www.genome.org.]

Identification of functional elements within genome sequences
often relies on specific characteristic signals, typically based on
known biological examples. For instance, prediction of protein-
coding exons and genes relies on knowledge of the genetic code
and splicing signals. These predictions can be improved by in-
corporating evolutionary information from orthologous regions
of other species through sequence alignments. In particular, in-
sertions and deletions are rarely tolerated in coding regions,
whereas substitutions at synonymous sites are frequently toler-
ated, and algorithms that effectively model these signals generate
improved predictions (Korf et al. 2001; Siepel and Haussler
2004a). Knowledge of the rules for cis-regulatory modules is less
complete, and hence prediction of these in individual or aligned
sequences remains elusive. For functions where even less is known,
such as replication origins or movement to appropriate locations
within the nucleus, prediction is all the more challenging.

Signals currently used for identifying cis-regulatory modules
include (1) specific sequence patterns, such as motifs associated
with elements involved in protein–DNA interactions (e.g., tran-
scription factor binding sites), (2) general sequence composition
patterns, such as the high density of CpG dinucleotides found in

most ubiquitous promoters, and (3) evolutionary patterns, par-
ticularly a high level of interspecies conservation, which should
characterize functional regions under purifying selection.

While each of these signals is associated with some cis-
regulatory modules, all of them have limitations (Tompa et al.
2005). Motif-based approaches can have high specificity, particu-
larly when using a stringent consensus sequence, but when the
patterns are degenerate (often the case with transcription fac-
tors), they can have both poor sensitivity and a very high false-
positive rate. When the sites occupied by transcription factors in
mammalian cells are identified in a relatively unbiased manner,
such as by chromatin immunoprecipitation assayed on arrays of
all nonrepetitive DNA (ChIP–chip), only a minority of the sites
have a clear match to the binding site motif (Cawley et al. 2004;
Bieda et al. 2006). These results suggest that, for a comprehensive
set of binding sites, motif-based approaches have weak power.

Similarly, a complex relationship exists between function
and evolutionary constraint. Many classes of functional elements
do show significant association with constrained elements as a
whole (Waterston et al. 2002). However a large number of func-
tional genomic elements do not overlap constrained regions, and
many constrained regions do not coincide with known func-
tional elements (Bejerano et al. 2004; Siepel et al. 2005). These
results suggest that interspecies sequence constraint also provides
only weak power for comprehensive identification of functional
elements.

Thus, it seems that while noncoding functional elements

1Corresponding authors.
E-mail james@bx.psu.edu; fax (814) 863-6699.
E-mail chiaro@stat.psu.edu; fax (814) 863-6699.
Article published online before print. Article and publication date are at http://
www.genome.org/cgi/doi/10.1101/gr.4537706. Freely available online
through the Genome Research Open Access option.

Methods

16:000–000 ©2006 by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/06; www.genome.org Genome Research 1
www.genome.org

 on November 17, 2006 www.genome.orgDownloaded from 



A different approach

■ Don’t assume a database of known binding motifs

■ Don’t assume strict conservation of the important sequence 
signals

■ Instead, use alignments of validated examples to learn 
sequence and evolutionary patterns that characterize a class 
of elements



Objective

Find a mapping from alignment columns into a 
smaller alphabet that maintains the “right” 
information for some classi"cation problem

CTCCCAGCTGCCCAGTGCCGCCTCTTTTT
CTCCTAGCTG-CCAGCATCTCCCGTTTTT
CTCCCAGCTGCCCTGCGCCTCCTCTTTTT

↓
13111021321110232112113133333



Ancestral probability distribution

Map each possible column of 
a multiple alignment to a 
probability distribution of the 
nucleotide in that position in 
the common ancestor.
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Clustering spatially and distributionally

Consider the observed column 
frequencies as a discrete 
distribution over the probability 
simplex, and "nd a distribution on 
a smaller number of points that 
preserves:
■ spatial structure: merge only 

neighboring points 
■ distributional structure: select 

mergers that maximize mutual 
information
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Searching for encodings

■ Random / heuristic search 
through space of possible 
encodings

62%

58%

65%



Some validation



- 1 0 1 2

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

Score

C
u
m

u
la

ti
v
e
 D

is
tr

ib
u
ti
o
n

Reg. training set

Exons

Bulk

AR training set

0.0 0.2 0.4 0.6 0.8 1.0

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1 -  Specificity

S
e
n
s
it
iv

it
y

MCS

PhastCons

Human/Rodent RP

Seven Species RP

A. B.



chr11: 5255000 5260000 5265000 5270000

Compilation of Landmarks from Locus Experts

HBE1_PRA
HBE1_NRA

HS1 HS2_pos
HS2_neg

HS3
HS3.1

HS3.2

HS4 HS5

phastCons

chimp
rhesus
mouse

rat
dog
cow

Vertebrate Multiz Alignment & Conservation

RepeatMasker

Repeating Elements by RepeatMasker

Human/Mouse/Rat RP Scores, Kolbe et al model
0.05 _

0 _

ESPERR Regulatory Potential (7 species)
0.05 _

0 _



chr11: 5255000 5260000 5265000 5270000

Compilation of Landmarks from Locus Experts

HBE1_PRA
HBE1_NRA

HS1 HS2_pos
HS2_neg

HS3
HS3.1

HS3.2

HS4 HS5

phastCons

chimp
rhesus
mouse

rat
dog
cow

Vertebrate Multiz Alignment & Conservation

RepeatMasker

Repeating Elements by RepeatMasker

Human/Mouse/Rat RP Scores, Kolbe et al model
0.05 _

0 _

ESPERR Regulatory Potential (7 species)
0.05 _

0 _



chr11: 5255000 5260000 5265000 5270000

Compilation of Landmarks from Locus Experts

HBE1_PRA
HBE1_NRA

HS1 HS2_pos
HS2_neg

HS3
HS3.1

HS3.2

HS4 HS5

phastCons

chimp
rhesus
mouse

rat
dog
cow

Vertebrate Multiz Alignment & Conservation

RepeatMasker

Repeating Elements by RepeatMasker

Human/Mouse/Rat RP Scores, Kolbe et al model
0.05 _

0 _

ESPERR Regulatory Potential (7 species)
0.05 _

0 _



chr11: 5255000 5260000 5265000 5270000

Compilation of Landmarks from Locus Experts

HBE1_PRA
HBE1_NRA

HS1 HS2_pos
HS2_neg

HS3
HS3.1

HS3.2

HS4 HS5

phastCons

chimp
rhesus
mouse

rat
dog
cow

Vertebrate Multiz Alignment & Conservation

RepeatMasker

Repeating Elements by RepeatMasker

Human/Mouse/Rat RP Scores, Kolbe et al model
0.05 _

0 _

ESPERR Regulatory Potential (7 species)
0.05 _

0 _



Enhancer activity correlates with RP score



Enhancer activity correlates with RP score



Higher RP scores yield better validation rates

RP distribution across 
loci of interest

Validation rate of test 
loci falling in the RP 

score bin





Galaxy

(http://g2.bx.psu.edu)

http://g2.bx.psu.edu
http://g2.bx.psu.edu


Biological data explosion

• Genome sequences and alignments

• Large scale genotyping and resequencing

• Gene expression and other high throughput 
functional assays

• “Meta genomics”



Genomic data management successes

• Data warehouses and query interfaces

• NCBI

• UCSC Table Browser

• Biomart

• Data visualization

• UCSC Genome browser

• Ensembl

• GBrowse



Many computational methods

• An enormous number of methods / application 
note papers are being published

• Usually with some kind of working 
implementation!

• But what about interfaces? Are these methods 
accessible to data producers? 



Developing interfaces: Scenario 1

• Developer simply provides scripts or programs 
with a (usually non-standard) command line 
interface

• Experimentalist hires a grad student who hacks 
it together with Excel / some perl script / 
manual labor

• ...or just re-implements the method from 
scratch with all new bugs



Developing interfaces: Scenario 2

• Developer builds an interface to their tool that is 
usable without computational expertise

• Requires more maintenance, more work to 
move to new platforms

• Most of the e!ort in building interfaces is 
highly repetitive, substantial waste of 
developers time

• Even with a good interface, the tool is not 
integrated with other tools and datasources, 
still wasting e!ort moving data around 
manually, converting, et cetera.



Integration

• The primary problem is how do we integrate 
tools and datasources

• Give tools a usable and common interface

• Facilitate building complex analysis that use 
multiple data sources and tools

• Make it easy to work with large datasets and 
long running analysis



Galaxy



What is Galaxy?

• An open-source framework for integrating 
various computational tools and databases into a 
cohesive workspace

• A web-based service we (Penn State) provide, 
integrating many popular tools and resources for 
comparative genomics

• A completely self-contained Python application 
for building your own Galaxy style sites



Galaxy’s web user interface





























Integrating tools into Galaxy









How Galaxy integrates existing 
web-based tools



Proxy based tools

User makes request to Galaxy



Proxy based tools

Galaxy delegates request to external site



Proxy based tools

External site generates response

• If data, Galaxy determines type, processes, 
and adds to ‘history’

• Otherwise, return response to user



External tools

User makes request to Galaxy



External tools

Galaxy sends user directly to external site 
with extra URL data



External tools

User interacts directly with external site



External tools

When data is generated the user is sent back 
to Galaxy. Data can be fetched immediately, 
or wait for notification from the external site

















How Galaxy integrates existing 
command line tools







HTML inputs generated from abstract parameter description



HTML inputs generated from abstract parameter description



HTML inputs generated from abstract parameter description



HTML inputs generated from abstract parameter description



Tool help generated from a simple text format



Automatic input validation based on type, or more...





}
Template for generating 
command line from 
parameter values



} Output datasets 
generated by the tool



} Special actions to be run 
before / after execution



Functional tests to be run 
with the “full stack” in 
place



Running functional tests for a speci"c tool on the command line



Test results, on command line and as HTML report



Dealing with more complex 
interface needs







Repeating sets of parameters



Template language for building complex command lines









Conditional groups, grouping constructs can be nested



Command line tool expects a con"guration "le



Con"guration "le is generated based on user input



Job execution in Galaxy



Flexible execution environment

• Dependencies between jobs handled by 
“JobManager” within Galaxy. 

• Either in-process with the web application, or a 
separate process managing a queue to which 
multiple front-ends submit



Flexible execution environment

• Once jobs are ready, submitted to a “JobRunner”

• Runners are pluggable

• Can have multiple runners, and jobs to 
di!erent runners depending on capabilities

• Current implementations:

• Local runner executing a limited number of 
local processes

• PBS runner dispatches to a cluster of worker 
nodes

• Pluggable queueing policies



Core tools



Genomic interval analysis

• Set-like operations on intervals, base-level and 
interval level

• Merge, intersect, subtract...

• Interval clustering

• Relational-like operations

• Join, group

• Data structures and high-level Python interfaces 
to all operations available as part of “bx-python”



Genomic alignment analysis

• Extracting features of interest from pairwise and 
multiple genome wide alignments

• Dealing with gene / transcript structure

• Filtering alignments in many ways

• Tools for indexing alignments, fast random 
access, and all operations available in “bx-python”



Phylogenomic tools

• Built on top of HyPhy (http://hyphy.org)

• Phylogenetic tree reconstruction

• Selection detection

• Hypothesis testing

• Relative rate tests

• Detecting recombination

http://hyphy.org
http://hyphy.org


Statistical genetics

• Built with RGenetics (http://rgenetics.org)

• Experiment design (including power and 
sample size calculations)

• Quality control and "ltering

• Exploration of and adjustment for population 
substructure

• Linkage disequlibrium visualization, data 
reduction based on LD (tag SNP identi"cation)

• Inference for pedigree and unrelated subject 
data

http://rgenetics.org
http://rgenetics.org


Metagenomics

• Mapping “reads” onto protein databases

• Need to "gure out how to do this a lot faster!

• Visualizing

• On the global phylogeny (MEGAN style)

• ...?



Deeper customization of Galaxy



 

Galaxy web interface is easily customized / branded



Datatypes

• Datatypes supported by a Galaxy instance can be 
con"gured at runtime

• Declarative de"nition of “metadata” 

• Easy way to de"ne custom metadata

• Automatically generated editing interfaces 
(similar to tool interfaces)

• Actions on datatypes (displaying at external sites, 
format conversion) all pluggable

• Nothing “genomics” speci"c hardcoded! 



Reuse and reproducibility



Sharing histories

• A history in Galaxy is a complete record of a 
complex analysis

• Histories in Galaxy can be easily be shared

• A shared history is always a copy (the original 
analysis is always retained)

• All of the details of any analysis can thus be 
inspected, rerun, ...



Work#ows

• A series on analysis steps involving the invocation 
of multiple tools can be stored and reused

• Parameters within the work#ow can be set in the 
work#ow, or when the work#ow is invoked (like 
any other tool)

• Support for repetitive invocation of tools and 
work#ows, and aggregation of results

• Saving and sharing of work#ows, reproducible!



Work#ow construction

• Explicit work#ow construction and editing

• Work#ow construction by example

• Users will continue to build analysis as they do 
now, and will be able to extraction portions of 
their histories as reusable work#ows

• Will work for most existing histories! (we’ve 
been saving the right data all along)



Some Technical Details



Under the hood

• Python 2.4, though some dependencies use 
CPython speci"c extensions (database access, 
tools)

• WSGI Web framework: PythonPaste, Routes, 
WebHelpers, Beaker, Cheetah, ...

• SQLAlchemy for database abstraction

• ♡ jQuery



Out of the box con"guration

• Just checkout from subversion and run!

• All dependencies packaged as eggs

• Pure python HTTP server included
(paste.httpserver)

• Embedded database (sqlite)

• Datasets stored on local "lesystem

• Jobs run locally



PSU production con"guration

• Deployed behind Apache using mod_proxy

• Python threads do not scale across CPUs, we 
use both forking and threading similar to 
Apache’s worker MPM

• PostgreSQL

• Jobs dispatched to a PBS cluster using “pbs-
python”
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