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ABSTRACT

Protein phosphorylation plays a central roll in cellular signaling. Kinases are

enzyme that participates in protein phosphorylation events, by catalyzing the trans-

fer of phosphate group to a specific substrate. This phosphorylation typically affects

substrate function, typically by either activating or inhibiting the substrates activity.

Consequently, identifying kinase and substrate pairs in large-scale gene expression data

will help the researcher in understanding the underlying biology of their experiments.

With the continuous growth of scientific literature, it becomes more and more diffi-

cult for biologists to search for all of the information regarding kinases and substrates

manually. To assist in this effort, we developed a web-based tool iGep (Integrating

Gene Expression and Phosphorylation) to identify potential kinase and substrate pairs

in gene expression data. Other functions including highlighting up and down regu-

lated genes, linking users to PubMed literature describing particular phosphorylation

events. In addition, users can visualize corresponding RLIMS-P, (a rule-based text-

mining program for extracting protein phosphorylation information from literature)

text evidence, sentences in the literature containing co-occurring kinase and substrates

pairs and download all results.
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Chapter 1

INTRODUCTION

As biology increases its use of high-throughput experimental techniques, it is

essential to identify functional activities within large lists of genes and proteins. Often

this involves mapping individual genes in these lists to ontology terms (REF DAVID

and others), pathways (REFerence KEGG, Reactome, pathRings) and informative

terms (REF eGIFT). These mappings provide a way to organize data and to gen-

erate new, testable hypotheses. One means to improve hypothesis generation would

be to provide groupings at a level that implies direct consequences of changes in gene

or protein levels. Identifying kinases and substrates in large-scale experimental data

could directly assist the researcher in developing hypotheses to explain the biologi-

cal processes under investigation. Protein phosphorylation is protein posttranslational

modification event in which kinases transfer one or more phosphate group onto a protein

substrate. This modification plays important roles in regulating many biological pro-

cesses including metabolic and signaling pathways along with transcription. Identifying

kinases and substrates in large gene lists could yield immediately testable hypotheses

regarding the biology under investigation.

As literature continuously grow at a ultrafast speed, as well as other kinds of

resources, biologists are overwhelmed by information. For example, 16,000 to 20,000

genes in average will be found expressed one chicken library, which our group usually

works on. Although there are a lot of published databases, or even integrated source,

once got such large list of genes, it’s impossible for biologists to search for information

or identify kinases-substrate pairs manually one by one. At the same time, it’s hard

to further intepret the gene list from the expression profile, to tell which one plays
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important role in their experiment systems, potentially regulating the gene expression

profile, responsible for the experiment conditions.

There is abundant knowledge of phosphorylation events and their consequences

in the literature. This information is being captured in databases such as Phospho-

SitePlus [7] which is the most comprehensive one. Many of these databases are manu-

ally curatedand and provide information for multiple species. RLIMS-P is a rule-based

text-mining system for protein phosphorylation information that automatically ex-

tracts phosphorylation instances from literature, displays results with text evidence

including abstract, color-coded entity mentions, and links to UniProtKB for normal-

ized entities[19]. iPTMnet is an integrated resource for protein post-translational

modifications. iPTMnet integrates information from multiple resources including:

the text-mining tools eGIFT[21], RLIMS-P[19][25], and eFIP[20]); Protein Ontology

(PRO)[15] along with other relevant PTM Resources including (PhosphoSitePlus[7],

Phospho.ELM[4], PhosphoGRID[17], UniProt KnowledgeBase (UniProtKB)[22], etc.).

By exploiting these resources life scientists can rapidly determine the relationships

between kinases, substrates and the impact of phosphorylation events on protein ac-

tivities.

To facilitate identification of kinases and their substrates in large data lists, we

developed a web-based tool iGep (Integrating Gene Expression and Phosphorylation)

to identify kinase and substrate pairs from gene expression data and retrieve relevant

information about these entities from existing resources. Given iPTMnets comprehen-

siveness, we decided to use it as the knowledge base for our phosphorylation information

retrieval. The system accepts tab-delimited expression data, using Entrez Gene IDs in

the first column and log(2) of the ratios of gene expression levels determined for two

distinct states (e.g. tumor vs. control) in the second column. The knowledge retrieval

approach includes: (1) take the input Entrez ID, map it to all known orthologs; (2) re-

trieve all the phosphorylation events for these gene products from iPTMnet database;

(3) identify extract kinase and substrate pairs in the input list; (4) retrieve literature

evidence of the phosphorylation event from iPTMnet and provide links to the abstracts

2



in PubMed; (5) if there is RLIMS-P results stored in add links to RLIMS-P result page;

(6) retrieve sentences from eGIFT[21].

The kinase and substrate pairs identified by the system iGep will be non-species

specific. This tool is designed to provide the maximum amount of information about

protein kinases and their substrates. By expanding the data retrieval to report in-

formation obtained from orthologous proteins orthologous proteins it allows the user

to infer that such kinase-substrate pairs exist in the species being investigated. It is

up to the user to determine if such relationships actually exist. For the rest of this

paper, we will first describe other kinase and substrate network and phosphorylation

databases. Then well demonstrate our approach for identifying kinase and substrate

pairs, providing further literature evidence. A case study using gene expression data

of chicken LMH cells under heat stress will be loaded to the system, showing sample

results and describing the functions of the web interface.

3



Chapter 2

RELATED WORK

2.1 Protein Phosphorylation Information Databases

With development of phosphoproteomic techniques protein phosphorylation data

from multiple species is being generated by high-throughput mass spectrometry. Such

data is being captured and organized into and each of these databases have their own

aspects.

2.1.1 PhosphoSite Plus

PhosphoSite Plus[7] predicts phosphorylation sites in human and mouse pro-

teins and is manually curated database covering different kinds of protein modifi-

cations including phosphorylation, acetylation, methylation, ubiquitination and O-

glycosylation. Besides protein phosphorylation information, it also provides informa-

tion about phospho-specific antibodies from Cell Signaling Tech- nology that could be

used for biological experiment verifications. Figure 2.1 shows protein page overview

for YAP1. Sequence logo from PhosphoSitePlus is generated according to morphology

pattern of modification site, which is a spatial combination of specific amino acids. A

modification site is defined as the modified residue at 0 position, along with seven flank-

ing amino acids N-terminal (from position -7 to -1) and C-terminal (from position +1

to +7). Figure 2.2 shows substrate sequence logo generated by application from Phos-

phoSitePlus (in this case substrate of kinase AKT1). The motif of [ST] at position 0

with R (Arg) at position -3 together shows the substrate preference of AKT1 protein.

Figure 2.3 shows phosphorylation modification sites and domains for human AKT1

protein from PhosphoSitePlus multiple sequence alignment view. Ortholog residues
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are from mouse, fruit fly, cow and rat. Reference evidence for the phosphorylation

events are provided for further site information.

2.1.2 Phospho.ELM

The Phospho.ELM[4] resource (http://phospho.elm.eu.org) provides manually-

curated, experimentally verified protein phosphorylation sites. There are currently

42,574 serine, threonine and tyrosine non-redundant phosphorylation sites from animal

in the database. New features like structural disorder/order, accessibility information

and conservation score has been implemented recently. Visualizing the conservation

of particular phosphosites among species by a multiple sequence alignment useful for

comparing phosphosites and generating hy- pothesis between species species. Figure

2.4 shows the result table from Phospho.ELM for Cyclin dependent kinase inhibitor

1B (UniProt P46527), containing phosphorylation residue, position, surrounding se-

quence, kinase responsible for the phosphorylation, literature evidence (PMID), type

of source (HTP/LTP), conservation score, link to ELM database, binding domain for

the phosphorylation residue, SMART/Pfam protein domains, IUPRED disorder score,

link to PDB, and P3D accessibility score. Multiple sequence alignments shows the

conservation of phosphorylation site, which is viewed by JALVIEW plugin. Phos-

pho.ELM BLAST search allows users to submit a protein query (either UniProt Iden-

tifier/accession number or the actual sequence of the protein) to blast against the

curated dataset for phosphorylated peptides with maximum of 11 amino acids.

2.1.3 P3DB

P3DB[24] (Figure 2.5) has the largest collection of protein phosphorylation data

from plants. The most updated version, P3DB 3.0, included altogether 47,923 phos-

phosites in 16,477 phosphoproteins curated across nine plant organisms from 32 studies.

2.1.4 Protein Ontology (PRO)

The Protein Ontology (PRO) represents proteins, protein isoforms, protein vari-

ants, protein modified forms and protein complexes[15].It uses PRO terms to distinct

5
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Figure 2.1: PhosphoSitePlus Protein Page overview. Figure obtained from Hornbeck
et. al. 2012[7].This figure shows protein page overview for YAP1. Hippo
Pathway from CST, shown lower left can be opened and downloaded.
Lower right shows 3KYS PDF file which can be opened in a new Viewer
window.
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Figure 2.2: Substrate sequence logo generated by application from PhosphoSitePlus
(in this case substrate of kinase AKT1). http://www.phosphosite.org/
siteSearchMotifViewAction.do?x=30&y=13&background=automatic
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Figure 2.3: Protein phosphorylation modification sites and domains for hu-
man AKT1 protein from PhosphoSitePlus multiple sequence align-
ment view. http://www.phosphosite.org/proteinAction.do?id=

570&showAllSites=true

proteins from family level, gene level, sequence level and modification level to present

information to biologists. At family level, PRO terms describe proteins of a distinct

gene family from the common ancestor. At gene level, PRO terms describe protein

products of distinct genes. At sequence level, PRO terms describe protein products

from distinct sequences according to their initial translation, e.g. sequences differred

from alleles of a gene, RNA splice variants, alternative splicing, cleavage or ribosomal

frameshifting. At modification level, PRO terms describe pro- tein products from single

mRNAs due to any kind of change occured after initiation of translation and/or post-

translational modifications, e.g. long isoform of smad2 can either be unmodified or be

phosphorylated and contain phosphorylated residues. Thanks to these PRO terms at

different levels, which was originally extended from the classifi- cation of proteins, it is

possible to distinct different protein complexes or sub-complexes from different species

within PRO through GO terms. Its also possible to differentiate active and inactive

forms of a protein by assigning different terms to them, no matter theyre derived from

post-translational modification or addition/substraction of one or more components.

8
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Figure 2.4: Figure took from Dinkel et. al. 2011[4]. Output example of Phos-
pho.ELM for Cyclin dependent kinase inhibitor 1B (UniProt P46527).
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Figure 2.5: P3DB result page of Arabidopsis thaliana ACG kinases including ho-
mologs to PKA, PKG and PKC http://www.p3db.org/protein.php?

id=11616&ref=
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Figure 2.6: Protein Ontology report for entry phosphorylated RAC-alpha
serine/threonine-protein kinase isoform 1 phosphorylated 1 and
GO annotation of hAKT1/iso:1/Phos:1 http://pir.georgetown.edu/

cgi-bin/pro/entry_pro?id=PR:000028994

In this way, PRO can represent protein and protein complexes from their evolution-

ary relationships and precisely define the objects in pathways or disease modeling.

Figure 2.6 shows entity report from Protein Ontology for entry phosphorylated RAC-

alpha serine/threonine-protein kinase isoform 1 phosphorylated 1 and GO annotation

of hAKT1/iso:1/Phos:1.

2.2 Text-mining Approach for Protein Phosphorylation Information

With the development of phosphoproteomic technologies, protein phosphoryla-

tion data is growing rapidly and being reported by biologists and captured by bioinfor-

matics databases. There have been various published databases or integrated sources

as we mentioned above, however, literature continuously grow at a ultrafast speed, as

11
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well as other kinds of resources There is still abundant protein phosphorylation infor-

mation scatterred and remain buried in the literatures. Text-mining tools fufill the gap,

connect these information in existing databases with knowledge available in scientific

literature.

2.2.1 eGIFT

eGIFT is a web-based text-mining tool, associating concept terms (iTerms)

from sentences containing them with genes[21] http://biotm.cis.udel.edu/eGIFT/

index.php. eGIFT helps out for searching PubMed for information about genes of in-

terest by providing gene information in a form called iTerm. The iTerms are computed

based on the frequency of co-occurrence of words in the literature about the a gene.

Through iTerms, users can rapidly get an overall understanding of the gene without

reading large amount of literature. eGIFT also can provide sentences containing the

iTerms related to the specific genes of interest, which can potentially biologists gain

better knowledge about unfamiliar genes. The result of eGIFT analysis is stored in a

database allowing fast retrieving through database query. Figure 2.7 shows the sum-

mary report of eGIFT search of gene AKT1. Figure 2.8 shows higher ranked iTerms

under category of functions and processes for gene AKT1.

2.2.2 RLIMS-P

RLIMS-P is a rule-based system designed for extracting protein phosphory- la-

tion information from literature[19]. http://research.bioinformatics.udel.edu/

rlimsp/. It relies on three components: a database storing phosphorylation informa-

tion extracted from full-lenth articles along with gene normalized to UniProtKB iden-

tifiers; web-interface. Additionally, RLIMS-P accepts Boolean operators (AND, OR,

NOT) via keyword searches. The results are displayed in a sortable table, containing

information about kinase, substrate, phosphorylation sites and PMIDs as evidence for

the particular phosphorylation event. Figure 2.8 shows the RLIMS-P search result for

gene AKT1 in a sortable table. FIgure 2.9 shows the RLIMS-P result page for article
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Figure 2.7: eGIFT summary page of gene AKT1

Figure 2.8: Higher ranked iTerms under category of functions and processes for gene
AKT1
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Figure 2.9: RLIMS-P result page for search of gene AKT1 http://research.

bioinformatics.udel.edu/rlimsp/view.php?s=1764&abs=0

with PMID 16780593, about protein phosphorylation information where the kinase is

AKT1 protein. The participating kinases are marked in green, substrates are marked

in blue and the phosphorylation sites are marked in red.

2.3 iPTMnet

iPTMnet is an integrated database resource, combining information from three

different types of resources: text-mining tools (eGIFT[21], RLIMS-P[19][25], and eFIP[20]);

Protein Ontology (PRO)[15] and other relevant PTM Resources (PhosphoSitePlus[7],

Phospho.ELM[4], PhosphoGRID[17], UniProt KnowledgeBase (UniProtKB)[22], etc.).

The PTM relations in iPTMnet is PRO curated, giving the most accurate annotation

for protein forms. We’re using iPTMnet database as the knowledge base for extracting

phosphorylation information in this study.
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Figure 2.10: RLIMS-P result page for article with PMID 16780593, about protein
phosphorylation information where the kianse is AKT1 protein
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2.4 WebGIVI

WebGIVI is a web-based application for visualizing data which can be accessed

at (http://raven.anr.udel.edu/~sunliang/webgivi/index.php). It provides two

of views for visualizing data: a force-directed layout from CytosCape.js and aconcept

map view from D3.js. It can be used to explore gene-iTerm pairs or a customized two

column tab delimited data. It was built with a database contains iTerms for each gene

from eFIPs, allowing users to explore shared iTerms among genes from an input gene

list.
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Chapter 3

METHOD

3.1 Overview of the study

This text-mining and visualization approach for understanding experimental

data is conducted with bioinformatics techniques including text-mining, data-mining

and visualization. Figure 3.1 shows the overview of the idea for this approach. With

the iPTMnet integrating text-mining tools results and databases, we were able to use

it as protein phosphorylation knowledge base. Figure 3.2 shows the pipeline of the

study. The online tool is named as iGep (Integrating Gene Expression and Phosphory-

lation). It contains three parts: (i) the analyzing pipeline constructed with PHP scripts

extracts phosphorylation information, kinase substrate relations, up/down-regulation

computing, evidence extraction, and generating the result table; (ii) the database,

which stores all protein phosphorylation information including kinases and substrates

genes Entrez ID, UniProtAC, gene name, phosphory- lation site, text evidence, source

of the evidence, gene long name, synonyms, orthologs Entrez IDs, orthologs UniProtAC

numbers preprocessed from iPTMnet database and UniProt ID translation table; (iii)

a web interface, which allows users to submit their own two-column tab delimited list,

where the first column is the Entrez ID of the gene, the second column is the log(2) of

the ratios of gene expression determined for two distinct states (e.g. case vs. control).

Since protein kinases and substrates detected in a experiment system may have

a many to many relationship the result table has three types of view formats: view by

substrate; view by kinase and view by Entrez IDs. The table is also downloadable in

CSV format for further analysis.
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Figure 3.1: Overview of the study design

Figure 3.2: Pipeline overview
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3.2 Pipeline

As phosphorylation events can be conserve between species, we retrieve protein

phosphorylation information from gene orthologs of the input gene list. The iGep sys-

tem consists of several customized modules to implement the goal of kinase-substrate

pair relationship extraction, including (i) retrieve orthologs for the given gene from a

preprocessed table in the database including information mapping from one Entrez ID

to orthologs UniProt AC numbers (because iPTMnet database store protein phospho-

rylation information using UniProt AC number as protein identifiers); (ii) phospho-

rylation information, retrieve protein phosphorylation information for all the genes in

the input list, and determine if their corresponding kinase or substrate was also in the

input list, if so, add the kinase and substrate pair to cache and store the information;

(iii) literature evidence, including the source of the evidence (RLIMS-P, PhosphoSite

Plus,UniPRot, etc.) from iPTMnet database, can be retrieved by kinase and substrate

UniProt Accession Numbers together; (iv) sentence co-occurrence extraction, from pre-

computed literature sentence results of eFIP system, using kinase and substrate gene

names iTerms from eFIP, retrieve sentences containing iTerms for both kinase and

substrate gene names.

3.3 Database

To support fast online computing and retrieval, we store protein phosphorylation

information from iPTMnet (kinase gene name, kinase Uniprot AC number, substrate

gene name, substrate UniProt AC number, source of the phosphorylation information,

phosphorylation site), ortholog information (gene Entrez ID, Orthologs Entrez ID,

Orthologs UniProt AC number, gene short name) computed regarding to the source

translation table downloaded from UniProt website, and other related information in a

SQLite database. Its also been reported by developers that SQLite often works faster

than client/server RDBMS SQL databases, without having issues on concurrency. Since

the database to store pre-computed information and performing searches requested

from webpage, instead of intensively write on the database through webpages, we
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Figure 3.3: Web interface of iGep

decided to use SQLite as the database engine, which is easier to install and use and

further updates. Literature evidence for the phosphorylation information are stored

as the PubMed ID (PMID) numbers. Data can be imported to SQLite databases in

several formats, including tab delimited text files. Building indexes on the columns

used as key for the table will increase performance of database dramatically.

3.4 Web Interface

The web interface of the tool is held on an Apache HTTP server. Figure 3.3

shows how the web interface we developed for the application look, a webpage will

take users input data. The input format for data will be a two-column tab delimited

list, where the first column is the Entrez ID of the gene, the second column is the

log(2) of the ratios of gene expression determined for two distinct states (e.g. case vs.

control) . After users submit their data, the iGep program, which was mostly written

in PHP and JavaScript, from the back end of the application will search the iPTMnet
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database for protein phosphorylation information and produce a result table in a new

HTML page. Users can define the up-regulated ratio and down-regulated ratio of the

expression data themselves, where as the default value for up-regulation is greater or

equal to 1.5, and down-regulation is smaller or equal to -1.5. In the database, the

source of protein phosphorylation is also stored with the particular phosphorylation

event. A single phosphorylation event from specific kinase to specific target substrate

on its specific phosphorylation site may have been reported from various sources. If the

phosphorylation event is reported by RLIMS-P, we mark that in our results to provide

links to RLIMS-P webpage for the analysis result page of the particular full-length.

Since the kinase and substrate relationship is a many-to-many relationship, the result

page provides options of view the table by kinase or substrate, as well as view the

Entrez IDs that dont have corresponding kinase or substrate from the input list.

PHP library SQLite3 was used to execute SQL commands and retrieve informa-

tion from database. JavaScript were used to draw the ratio bar representing how many

genes from the input gene list had phosphorylation information after iGep analysis.

To enable selection of different view format of the table result, either kinase centric

or substrate centric, tables for the particular format were all produced, but only the

kinase centric one was shown by default. Substrate centric table, no-result table were

hidden by adding ”display: none” in the CSS script. After selecting the needed view

format of result table, the script written in JavaScript will modify the result page

without refreshing it. Function for downloading the table was implemented by link-

ing the Download button to a separate PHP script, writing the CSV file and enable

downloading using fputcsv function in PHP language.

When hovering over gene names in the result table, a tooltip will popup and

provide links to NCBI and UniProt pages for the particular gene. This function was

implemented by using a jQuery plugin called tooltipster. Its a flexible jQuery plugin

enhanced with CSS, that enables users to interact with the tooltip as well as other

powerful functions. There are two ways for bounding data to the tooltip, first is define

the content of tooltip in JavaScript using HTML tags, which means developer can
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Figure 3.4: Sample code at http://iamceege.github.io/tooltipster/ demon-
strating how to encode HTML markup directly by setting the title at-
tribute.

insert things even like images and tags with text format. The other way is directly

encode the HTML markup in the title attribute and set the ”contentAsHTML” option

to ”true”.

Every cell from kinase-substrate evidence column in the result table is set to

show 4 PMIDs in maximum; if there is more PMID evidence for the particular phos-

phorylation event, they are not shown by default. Users may click on the more + link

to show the hidden PMIDs and less - to toggle them and hide them again. Up-regulated

gene will be marked by adding an HTML element a red triangle pointing upwards by

its side and down- regulated gene will be marked by adding a green triangle pointing

downwards. Genes neither up or down regulated will not have any colored triangle

mark by its side. In this way, users will distinguish up/down/neutral regulated genes

at a glance.

3.5 Visualization

After successfully extracting kinase-substrate pairs from the experiment data,

results must be visualized for the user. For kinase and substrate pairs, it is possible to
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draw networks from their relationship. To present the kinase-substrate pairs as well as

other information in a more comprehensive way, we used WebGIVI, ( http://raven.

anr.udel.edu/~sunliang/webgivi/index.php) as the visualization tool to visualize

the result. WebGIVI provides two kinds of view, Cytoscape view from Cytoscape.js

and concept map view from D3.js. Cytoscape.js and D3.js are JavaScript libraries for

data visualization and analysis, Cytoscape is very good at visualizing smaller dataset

such as molecular interaction networks and biological pathways, whereas concept map

view from D3.js is better at visualizing larger dataset. More advanced functions from

WebGIVI includes: (i) pre- filter function, after extracting the iTerms for the given

gene,users are able to filter out irrelative iTerms prior to visualizing the gene-iTerm

relationship. Hovering over the genes (ii) sort function, which will sort all iTerms based

on the frequency of shared genes or their alphabetical order. (iii) cut-off function,

by defining the cut-off of specific frequency, iTerms meets the requirement will get

highlighted. (iv) clear function, will clear up all previous selections. (v) download

function, to download gene-iTerms pairs from result of WebGIVI.

3.5.1 Visualizing the kianse-substrate pairs

To visualize the kinase-substrate pair data, first copy the columns of the kinase

gene name and substrate gene name from the downloaded CSV file, then paste it

to the WebGIVI tool, use the custom data function. Under force-directed layout,

networks of interactions from the kinase and substrate pairs identified by iGep can

be easily visualized and connected together, helping users gain insights to the protein

interactions beyond the one-to-many relationship shown in the table result.

3.5.2 Visualizing genes with concept terms

Since WebGIVI links genes with iTerms, submitting a list of kinase/substrate

will help users make better understand of their result. To visualize genes with its

concept terms iTerms computed from eGIFT, WebGIVI accepts single columned Entrez

Gene ID list for analysis.
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3.6 Evaluation iGep, Case Study

To evaluate the system, we conducted a case study using a gene list from LMH

cell, looking for the response of heat shock from protein phosphorylation information.

LMH cells were purchased from ATCC (Manassas, Virginia). Six T-75 (falcon) flasks

of cells were cultured in Waymouths MB medium, along with 10% heat inactivated

fetal bovine serum, coated with 0.1% gelatin. Cells were cultured at 37 Celsius degree,

in 5% CO2 and passaged every 2-3 days. Before applying heat stress to cells, they were

grown to 80% confluence. These six flasks of cells were then separated to two groups,

one group for experiment control and the other for heat shock. Control group were

maintained at 37 Celsius degree, whereas the heat shock group were heated up to 43

Celsius degree for 2.5 hours.
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Chapter 4

RESULT

4.1 iGep

iGep now is available at: http://annotation.dbi.udel.edu/text_mining/

doc/pan/path/index.html.

We started with sample data could be found at http://annotation.dbi.udel.

edu/text_mining/doc/pan/path/sampleInput.txt. Its a two-column tab-delimited

txt file, first column is Entrez gene ID and second column is the log(2) of the ratios of

gene expression determined for two distinct states (e.g. case vs. control). Users can

play with the tool with this sample data, or upload their own data. On the top part of

the webpage, there is legend of the result table, Figure 4.1 shows an example of the re-

sult legend. The blue ratio bar show how many of genes from the input experiment gene

list has corresponding substrate or kinase expressed together and identified by iGep.

Each kinase might have multiple substrates expressed in the experiment data, and vise

Figure 4.1: Legend of results
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Table 4.1: Kinase VRK1 and its substrates identified from input data

Kinase Substrate Kianse-Substrate Evidence

VRK1
VRK1 11883897 RLIMS-P
JUN 15378002 RLIMS-P
ATF2 15105425 RLIMS-P

versa. So the actual kinase-substrate pairs identified by iGep may be greater than the

number of genes found from the input having corresponding kinase or substrate.

The lower part of the webpage shows protein phosphorylation information re-

trieved by iGEP pipeline in a table format. Figure 4.2 shows a sample result table

from iGEP. The default table layout will be kinase centric, with kinase genes listed

in the first column, their corresponding substrate genes listed in the second column,

literature evidence for the particular kinase-substrate pair listed in the third column,

and link redirecting users to sentences extracted from eGIFT based on mentioning of

the kinase- substrate pairs gene names in the fourth column.

When hovering over VRK1, an interactive tooltip will popup (Shown in Figure

4.3), containing links to the NCBI homepage of database search for VRK1 http:

//www.ncbi.nlm.nih.gov/gquery/?term=VRK1 and UniProt search result for VRK1

and UniProt search result for VRK1 as gene name or protein name. This will allow

users to obtain more knowledge about VRK1 by request.

Selection and download function (Figure 4.4), where users can select the layout

format of the result table, either kinase centric, substrate centric, or view the genes with

no information for their corresponding substrate or kinases by Entrez gene IDs. Kinases

and substrates from the experiment data usually are in many-to-many relationship, but

in the CSV file, we split them from one to many or many to one into one-to-one for

better display of results.

From the sample result table shown in Figure 4.2, the first row looks like Ta-

ble 4.1. In this particular row, means VRK1 was expressed in the experimental data.

26

http://www.ncbi.nlm.nih.gov/gquery/?term=VRK1
http://www.ncbi.nlm.nih.gov/gquery/?term=VRK1


Figure 4.2: Sample result table

Figure 4.3: An interactive tooltip pops up when user hover over link of VRK1
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Figure 4.4: Using excel to view the CSV file downloaded

Figure 4.5: Left: Users can select layout of table from kinase centric, substrate cen-
tric, or genes couldn’t identify any phosphorylation information for their
corresponding subastrate or kinase; Right: Download button to down-
load the result to CSV format file
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Figure 4.6: RLIMS-P result for article PMID: 15105425

VRK1 can act as kinase, phosphorylating itself (autophosphorylate), JUN and ATF2.

11883897 is the PMID number, which is the literature evidence for VRK1s autophos-

phorylation. 15105425 is the PMID number, as well as the identifier for the article

talk- ing about phosphorylation event between VRK1 and ATF2. RLIMS-P link next

to 15105425 links to which is the RLIMS-P result page for analysis of this article, shown

in Figure 4.5. In this figure, the left panel represents information of the PubMed, PTM

enzyme and substrate in this article, and gene normalization result with links redirect-

ing users to UniProtKB knowledgebase; the right panel highlights kinase gene names

in green, substrate gene name in blue, and phosphorylation site in red.

To visualize the connection between these kinase and substrate pairs in a net-

work, we copied the kinase name column and substrate name column from the down-

loaded CSV file, and upload it to WebGIVI. Figure 4.7 and Figure 4.8 shows how

kinases and substrates are connected. In figure 4.8, Yellow nodes are protein kinases

and red nodes are protein substrates.
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Figure 4.7: Concept Map view from WebGIVI visualizing kinase and substrate rela-
tionships in sample data
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Figure 4.8: Cytoscape view from WebGIVI visualizing kinase and substrate relation-
ships in sample data

4.2 Analysis of LMH Cell Heat Shock Response — A Case Study Using

iGep

To evaluate the system, we conducted a comparative case study using iGEP. In

this study, we submitted the entire expressed gene list from LMH cell, extracting the

impact of heat stress on kinases and their substrates.

There are 13643 genes expressed from the LMH cell. After running iGEP, we

identified 876 genes as potential kinases and kinase substrates. This yielded a total

of 1679 kinase and substrate pairs. From iGEP result, there are 122 kinase-substrate

pairs with either kinase or substrate, or both of them differentially expressed.

In Figure 4.9, we can see several groups of genes that might identify some key

genes regulating cellular response to heat stress. In the Cytoscape network (Figure 4.9),

we can see CAMK2A, PRKCB, PRKD1 and their substrates form three big groups.

Calcium/calmodulin-dependent protein kinase II alpha (CAMK2A) belongs to the ser-

ine/threonine protein kinases family, is a calcium calmodulin-dependent protein kinase.
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Figure 4.9: Cytoscape view from WebGIVI visualizing kinase and substrate relation-
ships in LMH cell

Figure 4.10: Concept map view from WebGIVI visualizing kinase and substrate re-
lationships in LMH cell
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Figure 4.11: Fragment from the cytoscape view: CHAR connects several big groups
in the phosphorylation network

Protein Kinase C, beta (PRKCB), Protein kinase D1 (PRKD1) all participate in cal-

cium signaling. For example, PRKD1 phosphorylates REM1 resulting in an increase

of calcium channel activity[2][10]. Possibly, under heat stress, calcium is necessary for

intracellular signalling.

CAMK2A , CAMK2G and PRKCD. CHAT (choline acetyl-transferase) syn-

thesizes the neurotransmitter acetylcholine in cholinergic neurons[6][5]. However, the

physiological role of acetylcholine in non-neuron cells is unknown.

MUC1 is transmembrane glycoprotein that can be aberrantly overexpressed in

carcinoma cells. Its been reported by Li Y et. al 2001[13] that, EGF-R mediates

phosphorylation of MUC1, and this will induces MUC1 bind to c-SRC in cells. This

relation was captured by iGEP in the visualization approach shown in Figure 4.12.

PKCdelta interacts with MUC1, and phosphorylating MUC1 increases the binding of

beta-catenin to E-cadherin. Hence, PKCdelta regulates interactions between MUC1

and the beta-catenin signaling pathway[16]. Since LMH cell are hepatocellular carci-

noma cells, its either possible that MUC1 participates in regulating cell division and

other biological processes in response to heat stress.
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Figure 4.12: Fragment from the cytoscape view: MUC1 connects several big groups
in the phosphorylation network

Figure 4.13: Fragment from the cytoscape view: JDP2 can be phosphorylated by
MAPK1, MAPK8, MAPK9, MAPK14 expressed
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Figure 4.14: Fragment from the cytoscape view: JUN could be phosphorylated by
PRKD1 and VRK1

Figure 4.15: Fragment from the cytoscape view: PRKD1 with lots of its substrate
proteins

Four kinases that could phosphorylate the transcription factor, Jun dimeriza-

tion protein 2 (JDP2) were expressed in response to heat stress: MAPK1, MAPK8,

MAPK9, and MAPK14 (FIgure 4.13). Transcription factor JDP2 functions in con-

trolling senescence and differentiation via direct interactions with histones and DNA.

Conceivably, phosphorylation by these kinases could play a role in modulating JDP2

activity.

Protein kinase D could phosphorylate c-Jun protein alternative sites at N-

Terminal, where c-jun protein can regulate cell cycle and apoptosis[9]. Figure 4.14

shows JUN, PRKD1, VRK1 were detected by iGep.
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Figure 4.15 shows Protein kinase D1, along with numerous substrates were dif-

ferentially expressed in the response to heat stress. Previous study shows that Protein

kinase D1 is a stress-activated kinase, regulating various biological processes[18]. PKD1

is activated during oxidative stress, protecting cells at an early stage exposure to oxy-

gen radicals[1]. Here in this experiment, cells are likely exposed oxidative stress as a

result by heat stress.
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Chapter 5

DISCUSSION AND FUTURE WORK

5.1 Discussion

Phosphorylation plays a central role in regulating many biological processes.

There is no available tool for identifying kinase-substrate pairs in expression data. Al-

though there are abundant protein phosphorylation captured and reported by databases,

and updated regularly, its still difficult for biologists to scan the whole expressed gene

list may have more than ten thousands of genes to retrieve kinase and substrate pairs.

In this article, we described our approach, combining text mining and visualization

approaches to help interpret experimental data. Biologists gain insights of biological

process through getting know more about the kinase and substrates functions, as well

as reading the literature evidence retrieved during analysis.

As its been reported that protein phosphorylation sites conserves not only within

gene families, but also across species. Specific phosphorylation events on a particular

protein, phosphosite is not always well studied because of the technical and laborious

demand. The specific model biologist is using for their experiment may not been

studied very well when compared to other popular species like human, mouse, E.coli,

fruit fly, etc. We successfully built a web-based tool for extracting kinase- substrate

pairs from the knowledgebase we built among species.

In the case study of LMH cells response to heat stress, we analyzed the whole

expression gene list using iGEP. We submitted the experimental data containing a gene

list expressed in the experiment (13643 genes). By going over the literature evidence

for kinase-substrate pairs identified by iGEP from the input gene list, and sentences

extracted based on the kinase-substrate gene name co-occurrence, we gained insights
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into how heat stress may regulate phosphorylation reactions by controlling the levels

of kinases and their substrates. In the result table, we were able to identify 876 genes

from the input list are either kinases or kinase substrates. These can form 1679 kinase

and substrate pairs due to their many-to-many relationship. Using the visualization

approach, we were able to construct a protein phosphorylation network.

We also hypothesized several genes played important role in response to heat

stress by regulating calcium channel activity. Pretreatment of maize seeds with calcium

chloride (CaCl2) solution, raising calcium content of maize seedlings enhances ABA-

induced thermotolerance[14]; ; pretreatment Agrostis stolonifera (a cool-season grass,

creeping bent grass) with calcium chloride (CaCl2) will induce tolerance to subsequent

heat stress[12]. This suggests that calcium levels may play a role in heat stress response.

The results also showed the close connection between oxidative stress and heat

stress. Several genes were detected that might participate in regulating gene expression

in response to heat stress including MUC1, JDP2, JUN, PRKD1 as well as MAPK

signaling pathway. Previously, these genes were reported to be responsive for heat

stress. iGEP successfully helped us propose a hypothesis that these genes might also

be heat stress responsive.

However, there are still limitations to this work. The literature articles some-

times are not providing more functional information of the phosphorylation event.

However, when analyzing data, after successfully identified kinase and substrate pairs

from the experiment data, biologists usually tend to get more knowledge about the

functional impact of the phosphorylation event. Some duplicate articles appear many-

times because of a lot of mentions of protein phosphorylation information, without

further explanation of any functional impact. Also as the network gets bigger it will

take greater time for the data to be processed.

5.2 Future Work

PathRings is a visualization approach for pathway analysis at http://raven.

anr.udel.edu/%7Esunliang/PathRings/. Its a web application to assist biologists
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explore and analyze experimental data interactively. It implemented visualizing path-

ways hierarchically, and allows search pathways from Reactome. Pathway informa-

tion and sub-cellular localization information of the protein will benefit biologists for

both understanding data and experimental design. Since phosphorylation often reg-

ulates gene expression profile, so integrating protein phosphorylation information to

PathRings will assist biologists gain better knowledge of the experiment system from

pathway level. Protein phosphorylation can be treated as a kind of protein interaction,

which could be easily visualized by adding arrows and define different types of protein

by shape, color size, etc.

Building word cloud based on iTerm of the differentially expressed genes will

provide significant functional or other information for a group of genes. Refining iTerms

to particular categories, filtering out iTerms that are not informative or related can

increase accuracy of word cloud.

Finally, this work mainly focuses on protein phosphorylation information and

kinase-substrate pair relation extraction, however, there are other kinds of PTMs in-

volved in biological processes as well. Expanding the tool to include other kinds of PTM

will potentially help biologists gain further insights and have a deeper understanding.
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Chapter 6

CONCLUSION

In conclusion, we developed a web-based tool, iGEP, with interactive web inter-

face, combining text-mining, data-mining and visualization approach helping biologists

interpret experiment data. Result of the pipeline can be presented in a kinase-centric

or substrate-centric table, with marks on whether up/down regulated, and visualized

in WebGIVI. It supports a download function, where data can be downloaded in a

CSV format file, for further analysis. We conducted the case study for LMH cells in

response to heat shock, gained interesting insights from cross-species phosphorylation

information.
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