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Summary of Project – Hierarchical arrangements (networks) of transcription factors (TFs)
provide the information necessary to deploy genes with particular spatial and temporal patterns.
The information for this is hardwired in the promoter regions formed by cis-regulatory elements
that bind specific TFs. Direct target genes for a group of 31 selected TFs involved in regulatory
networks associated with flower development and epidermal functions will be identified using
chromatin immunoprecipitation followed by analysis of microarrays of promoter sequences
(ChIP-CHIP).  Identified direct target genes will be validated by in vitro DNA-binding
experiments, and the TF binding sites will be determined using in vitro footprinting.  The
information obtained will be integrated into the established AGRIS databases, resulting in public
resources that integrate TFs, their binding sites and the corresponding regulatory motifs.
Results derived from this project will be made available at http://arabidopsis.med.ohio-
state.edu/NSF2010Project. Materials developed in this research will be made readily available
through the ABRC. The combination of experimental data and powerful computational tools will
provide the first steps towards establishing the regulatory networks responsible for the
expression of all Arabidopsis genes, one of the central objectives of the 2010 project.

Broader Impact – Establishing the regulatory networks that control the expression of all plant
genes provides a natural follow-up to the elucidation of the Arabidopsis genome and will
significantly impact the research in Arabidopsis and other plants.  This project integrates
experimental biology, bioinformatics, statistics and mathematics, offering unique opportunities
for interdisciplinary research training.  The development of several databases available through
the Web will continue to ensure that findings derived from this work will have the broadest
possible dissemination. Tools and resources obtained from these studies will be applied for
educational purposes in courses at CSUSM and OSU.

PROJECT DESCRIPTION
SPECIFIC AIMS

Our long-term goal is to establish the architecture of the regulatory networks that govern the
expression of all plant genes.  Over 1,500 transcription factors (TF) are encoded by
Arabidopsis, but today we only know the cellular processes controlled by a small subset of
them.  Even in cases of well-studied TFs, the regulatory circuits in which they participate and
the target genes that they control remain unknown.  Identifying direct target genes for
Arabidopsis TFs is of central importance in establishing TF function, and provides a first step to
start developing maps of regulatory networks that explain the expression patterns of all
Arabidopsis genes. This proposal benefits from the insightful comments of the reviewers of a
prior submission that, although unsuccessful in getting funded, was recommended as “High
Priority” by the Panel. Here, we propose to:

Aim 1: Identify direct target genes for Arabidopsis TFs - We selected a group of 40 TFs
for which we will identify their direct target genes by generating translational fusions with the
glucocorticoid receptor hormone-binding domain (GR). These TF-GR fusion proteins will be
expressed in mutant plants for the corresponding TF, and used to examine the direct target
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genes for each of these TFs using genome-wide microarrays. The identified direct target genes
will be validated using several complementary approaches. The resulting information will be
used to establish the network motifs in which these TFs participate.

Aim 2: Develop AtcisDB into a genome-wide map of Arabidopsis cis-regulatory
elements - We have initiated the development of AtcisDB as part of AGRIS (Arabidopsis Gene
Regulatory Information Server), a web resource that integrates information of Arabidopsis TFs
and their binding sites. We will integrate available experimental data with unique computational
tools to build AtcisDB into a user-friendly and effective resource to predict cis-regulatory
elements in all Arabidopsis genes.

Aim 3: Developing a knowledgebase of regulatory networks - We will model the
regulatory networks that govern the expression of all Arabidopsis genes, using epidermal cell
differentiation and flower development as foundations, by applying a variety of computational
tools that include Bayesian networks, combinatorial approaches and linear models on
experimental data. We will make these networks available as a knowledgebase, which will be
an integral part of AGRIS.

SIGNIFICANCE AND RELEVANCE FOR 2010 PROJECT MISSION
Control of gene expression is central to all cellular processes. TFs function in networks, in

which a regulatory protein controls the expression of another, which in turn may modulate the
expression of other regulatory proteins, or control genes encoding structural proteins or
enzymes. These hierarchical arrangements allow specific signals to be amplified, providing the
information necessary for given sets of genes to be deployed with particular space and temporal
patterns. Loss of function mutants of regulatory genes may result in phenotypic alterations that
represent the integration of all the circuits in which a regulator participates. Because TFs often
activate other regulatory genes, mutants alone are not sufficient to identify the direct targets of
the corresponding regulators.

Gene function is intimately linked to when and where genes are expressed. This information
is hardwired in the promoter regions formed by cis-regulatory elements recognized by specific
TFs. Thus, establishing the architecture of plant promoters is not just fundamental to understand
gene expression, but is directly relevant to gene function. The determination of the regulatory
circuits in which TFs participate and the identification of the cis-regulatory sequences for all
genes have been identified as two of the goals by the Multinational Arabidopsis Steering
Committee (June 2002). In addition, the 2010 program for this year focuses on understanding
gene circuitry.  These program objectives will be uniquely met in this proposal by identifying the
direct targets for 40 TFs. Most of the selected TFs participate in cellular processes that have
been dissected at the genetic level. The identification of direct target genes for these TFs will
permit us to determine the network motifs in which these TFs participate. Network motifs [37]
can be considered the simplest units of the architecture of the complete Arabidopsis regulatory
network. Establishing these network motifs will also allow us to validate aspects of the
Arabidopsis cis-regulatory element map (AtcisDB) to be developed in parallel.  This is both a
tool development and a gene function discovery proposal. From a tool development
perspective, it will provide databases and novel computational tools to identify and evaluate the
relevance of cis-regulatory sequences.  From a functional genomics perspective, it will
investigate the direct target genes for a selected group of TFs for which limited or no functional
data is available.  The tools generated and the data produced will be integrated into AGRIS, a
web resource that will allow researchers to easily determine networks participating in the
regulation of their gene of interest.  This proposal also brings together, in a unique way,
investigators from very different disciplines, providing a great opportunity for a more
comprehensive integration of plant biology, bioinformatics and mathematics.  This synergy will
continue to enhance the training of students and postdocs in our laboratories in the interface
between mathematics and biology.
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BACKGROUND
An emerging theme in regulation of gene expression is to identify the regulatory networks in

which TFs participate. TFs are classified according to the presence of conserved DNA-binding
domains [42]. Members of the same family bind very similar DNA sequences in vitro, opening
fundamental questions regarding how TFs activate specific sets of target genes in vivo, and
limiting the value of available cis-regulatory element-finding programs. The establishment of
regulatory networks in which TFs participate, through the identification of “direct targets” genes,
remains a fundamental challenge in biology today.

Regulation of gene expression in eukaryotes – Gene expression can be controlled at
multiple levels, including RNA processing, mRNA transport, stability, and translation, and
protein modification and stability. However, the process of transcription itself is highly regulated
by a group of proteins collectively known as TFs that function in a combinatorial fashion to
specify when and how an eukaryotic gene will be expressed. For the purpose of this work, we
define TFs as proteins that bind to DNA in a sequence-specific fashion. TFs are recruited to
specific cis-regulatory elements organized in modules in the promoters of all genes. Each
module is responsible for one specific expression output (e.g., temporal or spatial), with the
overall expression provided by the combined presence of all the modules, and the
corresponding TFs. Indeed, gene regulation may operate through defined logical steps, much in
the way in which a computer functions [11; 65]. TFs are often modular in structure, combining
the DNA-binding domain with a transcription activation domain that interacts with components of
the basal transcriptional machinery to modulate the activity of RNA pol II. Protein-protein
interactions and other modifications play a key role in the in vivo interaction of TFs with DNA,
resulting in the exquisite regulatory specificity that they display in vivo. TFs can function as
activators or repressors of gene expression, and TF can be an activator of one gene and a
repressor of another. Repression can involve one or a combination of several possible
mechanisms [5]. TFs frequently function as part of regulatory networks and are hierarchically
organized, such that the target for one TF is often the gene encoding another.

Transcription factors in Arabidopsis – The Arabidopsis genome encodes for at least
1,500 TFs, which can be classified into 40-50 families based on sequence similarity [46]. Less
than 200 Arabidopsis TFs have been genetically characterized, i.e. mutants resulted in
detectable phenotypes. When mutants are available, genetics has been a powerful tool to
predict possible networks in which these factors may participate, as shown by the floral
development ABC model [22, 24; 25] and for the control of root and leaf hair development [3;
27; 52].  Notably, however, the genes that are directly controlled by the regulators of these
processes remain largely unknown.  Thus, most genetically characterized TFs continue to be
isolated pieces in a complex puzzle, not anchored to any upstream or downstream regulatory
process.  Expression profile analyses have started to identify many TFs induced or repressed
by particular biotic or abiotic conditions [8; 9; 19; 28; 53].  The clustering of gene expression
profiles combined with the presence of cis-regulatory elements in the promoters of induced or
repressed genes provides interesting leads regarding which genes might be directly regulated
by particular TFs.  Although the confirmation of these TF/target gene associations involves
significant additional research, cluster analysis provides a powerful tool to start building
regulatory networks, particularly in the absence of mutants for many TF genes.  Mutant
analyses has taken a giant leap over the past few years, and it is likely that T-DNA insertions in
most TF genes will be readily available through the 2010 NSF-funded project (NSF-0115103;
PI: Ecker).   Indeed, T-DNA insertions or other mutants are available already for almost all the
TFs to be investigated in this proposal.  However, the availability of a mutant allele often helps
little in determining the function of the gene, whether because of genetic redundancy, or
because the specific conditions that activate the TF are not met.  The limitations associated with
reverse genetic approaches to establish the function of TFs are evidenced by the absence of
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visible phenotypes in more than 35 R2R3 Myb genes carrying transposon or T-DNA insertions
[35].

The participation of a TF in a given regulatory motif can be inferred from mutant analyses or
from gene expression profile clusters. However, determining the ultimate function of a TF
depends on identifying which genes it can directly activate. Two main approaches are currently
available to identify direct targets of TFs: a) By expressing a fusion of the TF to GR and
identifying the mRNAs induced/repressed in the presence of the GR ligand (dexamethasone,
DEX), in the presence of an inhibitor of translation (e.g., cycloheximide, CHX); or b) by
identifying the DNA sequences that a TF binds in vivo, using chromatin immunoprecipitation
(ChIP) assays.  Both approaches have been successfully used to identify direct targets of a few
plant TFs. The power of the analysis of GR fusions to identify direct targets of TFs is exemplified
by the identification of NAP as a direct target of the AP3/PI floral homeotic genes (analysis of
35S::AP3-GR plants) [49]; by the identification of PAL as a direct target of AtMYB21 (analysis of
35S::AtMyb21-GR plants) [55]; and by the identification of DFR and the HLH factor JAF13 as
direct targets of the Petunia AN1 HLH regulator (35S::AN1-GR) [58]. ChIP has been widely
used in animals and yeast to study chromatin-bound factors (e.g., [1; 12]). Indeed, ChIP-CHIP
(or genome-wide location analysis) provided a first map of the transcription regulatory networks
that govern budding yeast gene expression [30]. ChIP analyses, however, have only recently
started to be applied to plant TFs (e.g., [26]). Both of these methods have strengths and
limitations, and it is probably a combination of both, linked with cluster analysis of RNA profiling
experiments, that will provide the most accurate image of the direct targets of a particular TF.

Identification of cis-regulatory elements – Regulatory elements are often identified by
generating deletions and mutations in the promoter of interest. Sometimes, cis-regulatory
elements have been confirmed by in vivo footprint experiments [32; 43; 44] or by the availability
of in vivo mutations [45]. More often, if the TF(s) that regulate the gene are known, then cis-
regulatory elements are predicted based on the in vitro DNA-binding properties of the TFs. TFs
from the same family often recognize similar DNA sequences. For example, G-boxes
(CACGTG) are bound by the GBF subfamily of bZIP proteins, E-boxes conform to the typical
binding site of bHLH factors [39], and WRKY factors bind the W-box consensus (T/N

T/NTGACC/T)
[14]. Several computational tools and public databases are available that help predict cis-
regulatory elements, starting from a query DNA sequence. TRANSFAC (http://transfac.gbf.de) is
one of the most widely used databases of TF binding sites and TFs, yet contains few plant
accessions. EPD (http://www.epd.isb-sib.ch) holds information on previously characterized
promoter sequences, yet contains only 18 Arabidopsis accessions (Dec.’03). This database is
confined to sequences that are found immediately upstream of the transcription start site (TSS)
and does not contain any annotation about regulatory elements. PlantCARE
(http://oberon.rug.ac.be:8080/PlantCARE/index.html) contains information on about 435
different plant TF binding sites in 159 promoters. From these, 281 correspond to dicots, just a
fraction of the total cis-regulatory regions present. A serious limitation of PlantCARE and similar
resources, such as the recently developed AthaMap [40], is the very similar DNA-binding
specificity of factors that belong to the same TF family. The output of PlantCARE with a query
sequence will result in the prediction of possible sites recognized by any of the 100+ bHLH or
AP2/EREBP present in Arabidopsis . While PlantCARE has recently made available
computational programs to identify new regulatory elements from the analysis of transcriptome
data [31; 62], their output has not been integrated with the cis-element prediction.

EXPERIMENTAL DESIGN AND METHODS
Specific Aim 1: Identify direct target genes for Arabidopsis TFs

Rationale and overview – To determine the functions of the selected TF, and as a first step
in establishing the regulatory networks in which these Arabidopsis TF participate, we will identify
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direct targets for (at least) the 40 selected TFs using GR fusion constructs (TF-GR) in
transgenic Arabidopsis plants and genome-wide microarrays.  For most of the TFs selected,
mutants are available that results in a visual phenotype (See Justification of the TF Genes
Selected).  In those cases, the TF-GR proteins will be expressed in the corresponding mutant
backgrounds to ensure that the TF-GR fusion protein is functional, complementing the mutant
phenotype in the presence of DEX.  In a few other cases, phenotypes associated with the
available mutants have not yet been reported.  In those cases, the TF-GR fusion will be
expressed in wild type (Columbia) plants.

a) Generation of transgenic plants expressing TF-GR fusions – TF-GR translational
fusions will be obtained by PCR amplification of the TF coding regions with primers that permit
their cloning into a Gateway™ pENTR TOPO® plasmid. The TFs will then be transferred into
modified binary Gateway™ destination plasmids containing the GR region either 5’ of the attR1
or 3’ of the attR2 to obtain N- or C-terminal (in frame) GR fusions (TF-GR or GR-TF)
respectively. Initially, we will test the TF-GR fusions, but if they fail to complement the mutant
phenotype, we will test the GR-TF construct. By using the Gateway™ system, we minimize the
time involved in cloning. The technology allows us to easily mobilize the initial TF genes into
multiple vectors (e.g., binary, for E. coli expression, for GFP fusion, etc.). The 35S::TF-GR
constructs will be introduced into Arabidopsis plants mutant for each TF (when mutants are
available) by Agrobacterium-mediated transformation. Single T-DNA insertion T1 lines will be
identified to increase transgene stability, and checked for mutant complementation after DEX
treatment.  Expression of the transgene will be verified by RT-PCR.  Plants will be carefully
monitored for the appearance of new phenotypes or for complementation of the mutant
phenotype that may suggest activity of the TF-GR in the absence of DEX.  Five independently
transformed single T-DNA lines expressing each transgene will be maintained. In those cases in
which the mutant (homozygous) prevents propagation  (e.g., no flowers), the mutants will be
propagated as heterozygotes and the transgenes will be introduced by crossing. The treatments
of the plants with DEX will be carried out at one of two stages of development, depending on
whether the specific TF participates in an epidermal process or in flower development.  For the
analysis of genes with a function in the epidermis, we will carry out the analyses in two-week old
seedlings. For the analysis of TFs involved in flower development, we will treat inflorescences
with flowers at various stages of development after bolting.  TFs with unknown function will be
investigated in both conditions, unless the expression pattern of the TF is known.

Two-week old seedlings - Seedlings corresponding to five independent transformed lines
carrying each 35S::TF-GR transgene will be grown in MS+1% sucrose agar plates for 15 days
at 22°C in continuous light. Hormone induction experiments will be carried out by flooding the
plants for 2 hours with MS media containing 10 µM DEX (+DEX), 100 µM CHX (+CHX), 100 µM
CHX and 10 µM DEX (+CHX +DEX), or MS alone (Mock). Plants transformed with an empty
vector will be grown as control in each set of experiments and treated in identical conditions.
After the 2 hours treatment, seedlings will be collected and RNA will be extracted. These
conditions have been previously successfully used, for example, to identify direct target for
AtMyb21 [55].

Flowers – The hormone induction experiments in the flowers will be conducted as previously
described for AP3/PI [49]. Flowers and siliques at different developmental stages will be soaked
in a solution containing 10 µM DEX (+DEX), 100 µM CHX (+CHX), 100 µM CHX and 10 µM
DEX (+CHX +DEX), or water alone (Mock). Control plants transformed with an empty vector will
be treated in identical conditions.  After the 2 hours treatment, flowers and siliques will be
collected and RNA will be extracted. The generation, analysis and treatment of Arabidopsis
transgenic plants will be carried out in the Grotewold and Lamb labs. Undergraduate students
will carry out the generation and analysis of the transformed Arabidopsis plants, and the
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isolation of tissues and RNA extraction experiments. Senior personnel more familiar with
Arabidopsis will perform the visual analyses.

b) Identification of direct target candidate genes by genome wide expression analysis
– The direct targets of our select TFs will be identified by using high-density oligonucleotide
probe microarrays (ATH1 GeneChips) containing 24,000 Arabidopsis gene sequences [21].
Total RNA will be extracted from seedlings or floral tissues expressing the TF-GR fusions
following hormone induction experiments under four different conditions: 1) +DEX, 2) +CHX, 3)
+CHX +DEX, and 4) Mock.  The preparation of cRNA from total RNA and subsequent steps
leading to the hyrbridization and scanning of the ATH1 Array will be performed following
standard Affymetrix procedures. cRNAs will be purified and randomly fragmented prior to
hybridization.  Arrays will be hybridized, washed and stained with streptavidin-phycoerythrin.
Chips will be scanned with the GeneArray Scanner. The GeneChip Suite 3.2 software will assist
with background subtraction and normalization of the data that will then be used for scaling,
statistical analysis, and data mining. The average intensity of each array will be scaled to 100,
to compare the hybridization intensity across arrays.  To control for biological variation, RNA
samples will be pooled from at least five individual plants receiving the same treatment.  The
detected gene expression will be the average response of the biological replicates. To further
ensure data quality and comparability, for each TF-GR fusion, tested biological replicates will be
performed across treatments.  Reproducibility of the independent replicates under each of the
defined conditions will be assessed using an ANOVA and individual correlation coefficients for
each pair.  Stringent criteria will be used to select differentially expressed genes.  A putative
direct target of a TF will be identified as a gene whose expression is greater than or equal to the
threshold expression level, and whose expression is:
[1] Increased or decreased 2 fold or more in +DEX +CHX versus +CHX
[2] Increased or decreased 2 fold or more in +DEX versus Mock.
[3] Not significantly different in +DEX versus +DEX +CHX

Although direct target candidates will derived from the comparison of +DEX +CHX/+CHX
treatments (keeping in mind that gene expression can be affected by the CHX treatment, hence
the +CHX control), downstream or secondary targets will be identified by comparing the
expression of genes under the +DEX and Mock treatment conditions. Similar experiments will
be performed using RNA extracted from transgenic plants harboring empty vectors to rule out
alterations in gene expression induced by DEX alone. The GeneSpring (or comparable)
microarray software will compile the various data sets according to MIAME standards and
MAGE data exchange formats. The microarray analysis will be carried out at CSUSM in the
Read lab. A minority graduate RISE (Research Initiative for Scientific Enhancement) or MARC
(Minority Access to Research Careers) scholar, working under the direction of the co-PI, will be
responsible for the cRNA synthesis and microarray hybridizations. The actual hybridizations,
staining, and scanning will be performed by the co-PI and students at the Scripps Research
Institute. Data analysis will be performed by the graduate student and the co-PI, each working
together with a undergraduate RISE or MARC scholar.   The data generated from these
experiments will be centrally located and made available to all participants immediately (see
Management Plan Appendix A-2).

Expected outcomes and solutions to possible pitfalls - The experiments described here are
devised to narrow down the space of genes that may correspond to direct targets for each of
the selected TFs. The complementation of the mutant phenotypes (or recapitulation of reported
over-expression phenotypes) by the 35S::TF-GR constructs (after DEX treatment) ensures that
the TF-GR fusion is controlling the corresponding target genes.  If complementation of the
mutant phenotype is not observed using the 35S promoter with either TF-GR or GR-TF, then we
will utilize the native promoter to express the corresponding TF-GR fusion. We expect that the
35S::TF-GR construct will activate or repress genes, in addition to the direct targets, that are not
normal targets for the corresponding TF (false positives), either because of the higher level of
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expression of the TF obtained from the 35S promoter or because the 35S promoter is
expressed in cell types in which the TF is normally not expressed.  For the TFs involved in
flower development, obtaining RNA from floral tissues will minimize the problem.  Obtaining
epidermal tissue is not that easy.  However, if in our initial studies we find out that this is a
serious problem, we will investigate whether enriching for epidermal cells by FACS analysis of
young leaf protoplasts obtained from AtML1::GFP plants (AtML1 is an available L1-layer specific
promoter [54]) before RNA extraction decreases the number of false positives and negatives.
As part of a synergistic collaboration with Dr. Alan Lloyd (see letter), his lab will contribute to
generate TF-GR transgenic plants for several factors involved in epidermal cell differentiation.
The studies to be conducted in Dr. Lloyd’s lab will further serve to validate the microarray
experiments carried out as part of this proposal.  We expect to be able to carry out preliminary
experiments with already available 35S::EGL3-GR plants even before a funding decision for this
proposal is reached.

Microarray analyses are vulnerable to methodological problems associated with variables
such as differences in the absolute amount of labeled test and experimental cRNA hybridized to
the slides and the lack of linearity between the quantified signal and the expression level of the
corresponding genes. All these problems can also result in false positives. Many of these false
positives will be filtered in the validation process described below. It is also possible that the 2-
fold difference in expression used as criteria for the analysis of the microarray data could make
us miss genes, which are indeed direct targets for the TF (false negatives).  A priori, we have no
idea of how many direct target candidate genes we will identify for each TF.  Previous studies in
plants [50] and yeast [17] found few (<10), but obviously this remains an open question for the
specific set of TFs to be investigated here.  It would be a mistake to expect that the analyses
described here will provide a dynamic image of all the target genes that a TF can control.
Rather, our approach is intended to provide one snapshot of the possible genes that a TF can
directly regulate.  Co-PI Read is well experienced with microarray work.  In 1999, as a Visiting
Scientist at the Novartis Agricultural Institute, Read helped establish their microarray facility.  Dr.
Read has also taught four different intensive one-week microarray technology workshops,
a t t e n d e d  b y  s c i e n t i s t s  f r o m  a r o u n d  t h e  w o r l d
(http://www.csusm.edu/bread/Microarraymain.htm). Currently, Dr. Read and Dr. Grotewold labs
are collaborating in genome-wide microarray expression experiments aimed at identifying
Arabidopsis genes induced by flavonoids.

c) Validation of the identified direct target genes – Several complementary criteria will be
employed to validate the identified direct target genes:

1. Significantly different expression in +DEX +CHX vs. +CHX and Mock controls TF-GR
plants

2. Significantly different expression in wild type compared to mutant plants (when mutants
available)

3. Binding of the TF to the direct target gene in vitro and in vivo
Real Time RT-PCR will be used to establish whether a candidate direct target gene meets

the first two criteria.  A combination of electromobility shift assays (EMSA) and ChIP will be
used to determine whether a putative direct target genes meets the third criteria and to find out
the specific DNA elements recognized by the corresponding TF.

Expression analysis of putative direct target genes – Real time RT-PCR will be performed
using cDNA obtained from RNA extracted from all five independent transformed lines for altered
accumulation in +CHX +DEX, vs. +CHX and Mock controls.  Only genes that display a
significant difference (increase or decrease depending on whether the TF is acting as an
activator or repressor) after DEX treatment in all five lines (compared to actin and GAPDH
controls) will be considered putative candidate direct target genes for each TF.  Similarly, the
expression of each of the putative target genes will be tested in wild type or mutant plants for
the corresponding TF gene.  It is expected that in general, if a gene is a direct target for a given
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TF, its expression will be different in mutant versus wild type tissues. Briefly, SYBR Green RT-
PCR amplifications of genes identified as direct targets for one particular TF will be performed.
cDNA synthesis, primer design, and SYBR green RT-PCR will be performed as described [48].
All assays will be performed in triplicate and include: a standard curve of four serial dilution
points for the actin and GAPDH controls (50 ng to 50 pg), a no-template control, and the test
cDNA.  At the end of each real-time RT-PCR run, data analysis will be performed using the
iCycler iQ analysis software. The cycle threshold values will be exported into a Microsoft Excel
sheet and/or MiniTab for subsequent data analyses. A one-way ANOVA will be used to
compare the gene expression across treatment conditions with fold increase in mRNA relative
to actin and GAPDH, as the dependent variable. The real time PCR experiments will be carried
out by the Read lab (CSUSM).  A graduate RISE or MARC scholar and the co-PI each working
with a minority undergraduate student (see Broader Impacts Section) will validate the direct
targets of ~5-10 TFs each year.

Analysis of protein-DNA interactions – Once the number of putative direct target genes has
been narrowed down by the expression analyses described above, we will assess whether the
promoters of the target genes have binding sites for the respective TFs.  This will be achieved
by ChIP [41; 56], using the protocol recently adapted for Arabidopsis [26].  This method will
permit us to confirm the binding of the TF to the promoter of the putative direct target in plant
cells.  In parallel, we will investigate the binding of the TF in vitro to the putative target genes
using EMSA.  The binding site in the direct target gene will be further identified using
footprinting methods.  In order to carry out these experiments, recombinant TFs will need to be
obtained first (for EMSA & in vitro footprint analyses), as well as to produce antibodies (for ChIP
analyses) in those cases when antibodies or epitope-tagged proteins are not available.

Expression of recombinant TFs and generation of antibodies – To express the TFs in E. coli,
we will move the entire ORF of the TFs from the constructs in the Entry vectors into vectors that
allow expression in E. coli as N-terminal poly-histidine fusions (N6His-TF; pDEST™ vectors).
Expression and purification from E. coli extracts will be carried out using affinity chromatography
on Ni-NTA columns, as done before [18; 51; 63]. Pure N6His-TF will be used as antigens into
rabbits using available commercial providers.  We have successfully used before Cocalico
Biologicals Inc., who have agreed on a special low rate if we provide them with 30-40 antigens
over a two years time period. The specificity of the Abs for the TF of interest will be verified by
Western analysis of wild type and mutant plant protein extracts.  If the Abs need to be further
purified to increase their specificity, then fragments of the proteins that are most divergent
between members of a gene family and between recently duplicated genes will be expressed as
GST fusions. Clones for the recombinant proteins as well as Abs will be made available to the
entire scientific community through the ABRC (see letter). The expression of proteins in E. coli,
their purification and the analysis of Abs will be carried out in the Grotewold lab.  Undergraduate
students will help, particularly with the expression and purification of recombinant TFs in E. coli,
techniques that are well established in the lab and that are routinely carried out by students.

 ChIP analyses – ChIP will be carried out essentially as described [26], by comparing results
using tissues obtained from wild type and mutant plants.  In those TF cases for which mutant
plants are not available, the ChIP experiments will be carried out in 35S::TF-GR tissues, with
and without DEX.  Briefly, Arabidopsis tissues (flowers or leaves, depending on the TF to be
tested) will be isolated and incubated with 1% formaldehyde at 30°C for 15 minutes. The cross-
linking reaction will be terminated by the addition of glycine. After nuclei have been isolated from
N2(l)-ground tissue, chromatin will be extracted as described [26]. After IP of the protein-DNA
complexes in RIPA buffer, RNA and proteins are eliminated by RNase/protease treatment
followed by reversal of the cross-links by incubation at 65°C and DNA isolation.  Primers
specific to the promoters and other parts of the genes (first introns often serve as binding sites
for TFs) identified as putative direct targets will be used to determine by PCR whether they have
been recovered in the IP. As negative controls, we will include DNA obtained from plant tissues
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without the formaldehyde treatment, PCR from a gene not regulated by the TF, and controls in
which an unrelated antibody has been added instead of the TF-specific antibodies. The ChIP
experiments will be carried out in the Grotewold lab, where the technique is currently being
standardized.

In vitro DNA-binding experiments – We will also determine whether the putative direct
targets can be bound by the corresponding TF in vitro.  Briefly, 300–500 bp regions
corresponding to the promoters of the putative direct targets will be amplified by PCR using one
of the primers radioactively labeled with 32P, as done before [18].  The PAGE-purified labeled
PCR fragment will be used as probe in EMSA with the recombinant pure TFs described above.
If no binding is observed, we will test additional regions in the promoter and first intron, aided by
the computer prediction of where the possible binding sites might be.  When a specific fragment
was identified in the ChIP experiments as containing a candidate-binding site, then that
fragment will be used for the in vitro binding experiments.  If a shifted complex is observed in
EMSA, experiments with specific and non-specific DNA competitors should further establish the
specificity of the observed DNA-binding activity.  The binding site for the TF will ultimately be
determined using DNAase I footprinting experiments, as done previously [18]. This information
will be used to further advance AtcisDB (Objective 2). In addition, knowledge on the cis-
regulatory elements recognized by TFs will be used to determine the contribution of these cis-
regulatory elements to the overall expression of the direct target gene. This will be
accomplished by expressing promoter-GFP fusions in transgenic Arabidopsis plants and
comparing the GFP expression patterns driven by wild type and mutant promoters.  Briefly,
promoters for the direct target genes will be amplified by PCR from genomic DNA or available
BAC and cloned in Entry vectors.  After site directed mutagenesis, mutant and wild type
promoters are transferred to the Gateway pK7WGF2 plasmid containing an in-frame GFP,
which is used for transformation into Agrobacterium and subsequent transformation of
Arabidopsis plants, wild type and mutant for the corresponding TF. Promoter-GFP fusions will
be made available to the community through the ABRC. While we recognize the importance of
this in vivo analysis of the promoters of the identified direct target genes, it is unlikely that during
the time period of the proposal we will be able to analyze in this way every direct target gene
identified.

Absence of a shifted protein-DNA complex in the EMSA experiments could be indicative of i)
not having met the appropriate conditions for binding, ii) need for a partner or post-translational
modification for binding, or iii) the fragment being used as a probe not containing the binding
site.  Distinguishing between these different possibilities should be greatly facilitated by the
results obtained from the ChIP experiments and by the knowledge available on the specific TF
(e.g., bHLH factors tend to bind DNA as homo- or heterodimers, thus absence of DNA-binding
could indicate that we are missing the partner).

Expected outcomes and solutions to possible pitfalls – Although the ChIP experiments are
fairly straight forward, Dr. Jonathan Arias (University of Maryland) offered assistance, if such
was needed.  We considered carrying out ChIP-CHIP analysis, instead of using TF-GR fusions,
to identify the direct targets for the TFs selected here.  However, the ChIP-CHIP technique is far
more challenging and microarrays representing the entire Arabidopsis genome for these
experiments are not yet available. Because this is likely to change within the next 1-2 years, we
may then consider comparing the results obtained with the TF-GR fusion with those of ChIP-
CHIP experiments for a few TFs to determine which of the two methods better describes the
direct targets of TFs.  The Grotewold lab is well experienced in all the other approaches
described in this objective, thus unsolvable technical problems are not expected.

Modified1 Specific Aim 1: Identify direct target genes for Arabidopsis TFs

                                                  
1 This original aim 1 was modified to this version based on the comments of the panel
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To determine the functions of the selected TF, and as a first step in establishing the
regulatory networks in which these Arabidopsis TF participate, we will identify direct targets for
31 selected TFs (see revised list of TFs at the end of this document) using the ChIP-CHIP
technology. Originally, we intended to identify direct targets by making TF-GR fusions. The
ChIP-CHIP technology will now be used instead, but we thought that it would be of great interest
for the community to have a careful comparison of the results obtained by these two
approaches. Thus, we will take advantage of our collaboration with Dr. Alan Lloyd (U. Texas,
collaboration letter attached in original proposal) to compare by ChIP-CHIP and TF-GR fusion
(already generated in his lab) the direct targets for GL3, EGL3, TT8, GL1 and PAP1. Only for
these five genes, microarrays will be made as described below in Aim 1b. The validation of all
the putative direct targets will be carried out as outlined in the original proposal, by using EMSA
and in vitro footprinting analyses. In contrast to the original proposal, in this revised objective we
will already have the pure recombinant proteins available to carry out these validation analyses.

a) ChIP-CHIP analyses – As a first step for the ChIP-CHIP analysis, antibodies will be
obtained for all 31 TFs. Briefly, to express the TFs in E. coli, we will move the entire ORF of the
TFs from the constructs into vectors that allow expression in E. coli as N-terminal poly-histidine
fusions (N6His-TF; pDEST™ vectors).  Expression and purification from E. coli extracts will be
carried out using affinity chromatography on Ni-NTA columns, as we have extensively done in
the past. Pure N6His-TF will be used as antigens into rabbits using available commercial
providers. The specificity of the Abs for the TF of interest will be verified by Western analysis of
wild type and mutant plant protein extracts.  If the Abs need to be further purified to increase
their specificity, then fragments of the proteins that are most divergent between members of a
gene family and between recently duplicated genes will be expressed as GST fusions. Clones
for the recombinant proteins as well as Abs will be made available to the entire scientific
community through the ABRC (see letter in original proposal). The expression of proteins in E.
coli, their purification and the analysis of Abs will be carried out between the Read, Lamb and
Grotewold labs.  Undergraduate students will help, particularly with the expression and
purification of recombinant TFs in E. coli.

 ChIP analyses – ChIP will be carried out essentially as described previously [30]. We have
enlisted the help of Dr. Chris Town (TIGR). Briefly, Arabidopsis tissues (flowers or leaves,
depending on the TF to be tested) will be isolated and incubated with 1% formaldehyde at 30°C
for 15 minutes. The cross-linking reaction will be terminated by the addition of glycine. After
nuclei have been isolated from N2(l)-ground tissue, chromatin will be extracted. After IP of the
protein-DNA complexes in RIPA buffer, RNA and proteins are eliminated by RNase/protease
treatment, the cross-links reversed by incubation at 65°C, followed by DNA isolation.  The DNA
is broken down into ~700 bp fragments, and after labeling, used to hybridize microarrays
(CHIP). For each TF, two DNA samples are generated, one corresponding to enriched
chromatin (i.e., precipitated with the TF specific Ab) and another corresponding to control (i.e.,
using a pre-immune, non specific sera). For each TF, all the experiments will be carried out in
duplicate, thus for each TF four hybridizations will be necessary. The CHIPs to be used are in
the process of being developed by NimleGen (http://www.nimblegen.com/). Currently,
NimbelGen has one array that contains 195,000 features corresponding to 7 oligos (55-65 nt
long) per promoter represented in a single CHIP.  They are working on another that will have
oligos spanning the entire genome, 100 bp apart from each other (3 arrays total).  We expect
the first set of array to become available for these studies by late summer. The use of those
arrays essentially represents our original objective to identify regulatory elements in promoters.
It is clear however that in many cases regulatory elements might also be present in the introns
or 3’ sequences. It would therefore be convenient to compare with at least a small subset of
genes whether the results with the promoter CHIP and the genome wide CHIP give similar or
very different results. NimbleGen is a service providing company, thus they will carry out the
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hybridizations and will provide us with the raw data to analyze. Co-PI Davuluri is already
working with NimbleGen in a project aimed at identifying target genes for animal E2F factors.
Thus. expertise to analyze the results from these ChIP-CHIP experiments is already in house.
The bulk of the analysis of the data will be carried out at CSUSM, using the expertise developed
by co-PI Read for the analysis of microarray data.

b) Identification of direct target candidate genes by genome wide expression analysis
– This will be done only with the five genes listed before, and the results of the TF-GR and
ChIP-CHIP will be compared. Seedlings corresponding to five independent transformed lines
carrying each 35S::TF-GR transgene will be grown in MS+1% sucrose agar plates for 15 days
at 22°C in continuous light. Hormone induction experiments will be carried out by flooding the
plants for 2 hours with MS media containing 10 µM DEX (+DEX), 100 µM CHX (+CHX), 100 µM
CHX and 10 µM DEX (+CHX +DEX), or MS alone (Mock). Plants transformed with an empty
vector will be grown as control in each set of experiments and treated in identical conditions.
After the 2 hours treatment, seedlings will be collected and RNA will be extracted. These
conditions have been previously successfully used, for example, to identify direct target for
AtMyb21 [55].  The direct targets of our select TFs will be identified by using high-density
oligonucleotide probe microarrays (ATH1 GeneChips) containing 24,000 Arabidopsis gene
sequence. Total RNA will be extracted from seedlings expressing the TF-GR fusions following
hormone induction experiments under four different conditions: 1) +DEX, 2) +CHX, 3) +CHX
+DEX, and 4) Mock.  The preparation of cRNA from total RNA and subsequent steps leading to
the hyrbridization and scanning of the ATH1 Array will be performed following standard
Affymetrix procedures. cRNAs will be purified and randomly fragmented prior to hybridization.
Arrays will be hybridized, washed and stained with streptavidin-phycoerythrin.  Chips will be
scanned with the GeneArray Scanner. The GeneChip Suite 3.2 software will assist with
background subtraction and normalization of the data that will then be used for scaling,
statistical analysis, and data mining. The average intensity of each array will be scaled to 100,
to compare the hybridization intensity across arrays.  To control for biological variation, RNA
samples will be pooled from at least five individual plants receiving the same treatment.  The
detected gene expression will be the average response of the biological replicates. To further
ensure data quality and comparability, for each TF-GR fusion, tested biological replicates will be
performed across treatments.  Reproducibility of the independent replicates under each of the
defined conditions will be assessed using an ANOVA and individual correlation coefficients for
each pair.  Stringent criteria will be used to select differentially expressed genes.  A putative
direct target of a TF will be identified as a gene whose expression is greater than or equal to the
threshold expression level, and whose expression is:
[4] Increased or decreased 2 fold or more in +DEX +CHX versus +CHX
[5] Increased or decreased 2 fold or more in +DEX versus Mock.
[6] Not significantly different in +DEX versus +DEX +CHX

Although direct target candidates will derived from the comparison of +DEX +CHX/+CHX
treatments (keeping in mind that gene expression can be affected by the CHX treatment, hence
the +CHX control), downstream or secondary targets will be identified by comparing the
expression of genes under the +DEX and Mock treatment conditions. Similar experiments will
be performed using RNA extracted from transgenic plants harboring empty vectors to rule out
alterations in gene expression induced by DEX alone. The GeneSpring (or comparable)
microarray software will compile the various data sets according to MIAME standards and
MAGE data exchange formats. The microarray analysis will be carried out at CSUSM in the
Read lab. A minority graduate RISE (Research Initiative for Scientific Enhancement) or MARC
(Minority Access to Research Careers) scholar, working under the direction of the co-PI, will be
responsible for the cRNA synthesis and microarray hybridizations. The actual hybridizations,
staining, and scanning will be performed by the co-PI and students at the Scripps Research
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Institute. Data analysis will be performed by the graduate student and the co-PI working
together with a undergraduate RISE or MARC scholar.   The data generated from these
experiments will be centrally located and made available to all participants immediately (see
Management Plan).
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Specific Aim 2: Develop AtcisDB into a genome-wide map of Arabidopsis cis-
regulatory elements.

Rationale and overview – The dissection of promoters and the identification of the cis-
regulatory elements responsible for the temporal and spatial expression of a gene is a central
focus of many research programs today.  We will continue to evolve AtcisDB into a map of
computationally predicted cis-regulatory motifs in all Arabidopsis genes.  We will combine
mathematical algorithms in novel ways, for example to identify motifs over-represented in genes
belonging to a metabolic pathway (likely to be coordinately regulated) or co-regulated in
expression genome-wide profiling experiments.  This map will be further complemented by links
that will indicate which of these sites are confirmed from experimental data, such as in vitro
DNA-binding studies or mutational analysis.

Experimental design - The generation of the AtcisDB consists of the following steps:
Step 1: We already developed a database of upstream sequences for all annotated

Arabidopsis genes (see Preliminary Results section). As described, we are in the process of
improving this database by integrating data from full-length cDNAs that allow us to determine
the TSS and the first intron.  Similarly, analyses of core promoters for genes with well-defined
TSS will be incorporated.

Step 2.  AGRIS already contains a draft annotation of AtcisDB 1.1.  We will continue to
improve the annotation of putative cis-regulatory elements based on the following criteria and
approaches:

1. Experimentally proven TF binding sites: About 49 binding sites for specific TFs have
been experimentally demonstrated.  AGRIS provides links of the TFs to their respective binding
sites in the corresponding target genes.  In AtcisDB, these experimentally validated binding
sites are clearly distinguished from other computationally predicted motifs. Position Weight
Matrix Methods (PWMs, [60]) are currently being applied to those Arabidopsis TFs for which at
least 5-10 experimentally known binding sites exist.  PWMs have been used to estimate the
likelihood that a given sequence binds to a specific TF [15]. Using PWMs, we will scan the
promoters of AtcisDB for putative binding sites.

b) TF consensus binding sites: AtTFDB contains the TFs and their consensus binding sites,
whenever they have been determined. We have developed Perl scripts to scan the promoters
for consensus binding site occurrence, and this information is already available in AGRIS.
Currently, we have consensus binding sites for 24 families/sub-families of TFs.

c) Conserved motifs: A number of DNA motifs present in genes that respond to specific
biotic or abiotic stress conditions have been identified (e.g., ABRE, DRE, CArG; a
comprehensive table can be obtained from AGRIS).  In addition, new conserved motifs have
been uncovered by analyzing co-regulated genes from genome-wide gene expression analyses
(e.g., [8; 28]).  In most cases, the specific TFs that recognize these motifs have not yet been
identified. Today, AGRIS lists a total of 32 such motifs.

We are making available a link at AGRIS where users can report back any of the validated
annotations of AtcisDB 1.1 from their experiments.  As part of this proposal, we will continue to
improve the annotation of plant promoters for the presence of binding sites or conserved motifs.
Although we have received substantial feedback from the community regarding novel motifs,
much of the work involved in this step will continue to require a careful and systematic analysis
of the literature.

Step 3.  We are currently developing and will continue to develop new mathematical
algorithms and tools for the identification of new conserved motifs.  Two of these approaches
are described below:

a) Common motifs in co-regulated genes: We are taking advantage of the increasing
amount of microarray expression data to identify motifs in co-expressed genes.  Co-expression
may reflect co-regulation, which may be deduced by an integrated analysis of genomic
sequence and genome-wide expression profile data. This strategy has been used extensively
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for organisms with smaller genomes, such as yeast [23; 57; 61]. Our analyses will be
complemented by extensive searches of publicly available microarray expression data to
include all such information about TFs and their regulatory motifs present in their target gene
promoters. In addition, we will make available a link in AGRIS that will allow investigators to
search for conserved motifs or TF binding sites in specific clusters of co-regulated genes.
Briefly, the Id of the co-regulated genes will be submitted in batch through AGRIS.  We will
automate the analysis of the corresponding promoters using a local version of MEME (version
3.0.4; available from ftp://ftp.sdsc.edu/pub/sdsc/biology/meme), which will provide the model
motifs as a PWM, using an Expectation Maximization algorithm to fit a two-component finite
mixture model to the sequence data. The output will be parsed to filter only the most significant
motifs and within these motifs a search for cis-acting elements will be carried against our motif
and TF binding site database. A statistical analysis of the resulting motifs will be carried based
on its log likelihood ratio, its width and number of occurrences, a higher order Markov model of
the background letter distribution (given as an input file in the command line summary), and the
size of the training set to rapidly determine whether the identified motifs are over-represented in
the query data set, compared to the entire genome.  The statistical analyses described here and
in other parts of this proposal will be greatly enhanced by the collaboration with Dr. Ralf
Bundschuh (Dept. of Physics, OSU, see letter).  As a test data set, we are working together with
Dr. JC Jang (OSU, Dept. of Hort. & Crop Sciences) to analyze motifs present in genes whose
expression is affected by glucose (see letter). We will also test the recently developed Network
Component Analysis method [33] to data generated from microarray experiments. The results
will be formatted and sent by e-mail to the scientist.  An agreement will be reached with
investigators submitting data for these analysis that the motifs that we identify could be made
available (within 6 months of submission) through AGRIS.

b) Common motifs in metabolic pathway genes: Genes encoding enzymes that participate in
a common metabolic pathway are often co-regulated by a few TFs (e.g., [6; 36] and references
therein).  AraCyc [38] has recently been made available through TAIR as a resource that
integrates Arabidopsis genes with metabolic pathways.  Using AraCyc, we will search for DNA
motifs over-represented in genes corresponding to a given metabolic pathway.  The analysis of
the promoters of these genes will be carried out similarly as described above, yet the smaller
number of genes that participate in a pathway (3-15) makes it possible to develop new
algorithms to also identify combinations of motifs.

Step 4. Each of the annotated binding sites will be updated with information derived from
experimental data available in the literature and from our own experiments (Aim 1). The
database with annotations from experimental support will be integrated into AtcisDB 2.0, a
dynamic database that will continue to be updated as additional experimental data accumulates.
In addition, we will include:

Comparative analyses of regulatory sequences from related plants – The comparison of
genomic sequences as a tool to identify important regulatory sequences is gaining momentum
[59].  Indeed, co-PI Davuluri is taking advantage of the available genomic sequences of human
and mouse to identify cis-regulatory elements (MPromDB: http://bioinformatics.med.ohio-
state.edu) recognized by TF with relevance in disease [64]. Recently, a pilot study was carried
out to find conserved non-coding sequences (CNS) between the regulatory regions of
Arabidopsis and cauliflower [10]. Genome sequence of Arabidopsis relatives is expected to
expand as part of a new 2010 proposal submitted concurrently to this one (The Genomics of
Natural Variation: The Arabidopsis Relatives Sequencing Project; PI/co-PIs: Benfey, Dangl,
Mitchell-Olds & Wessler). As DNA sequence information from Arabidopsis relatives
accumulates, derived from this and similar projects, we will perform comparative sequence
analysis of orthologous gene promoters using VISTA [13; 34] and other algorithms developed in
the Davuluri lab for the comparison of mice and human promoters [64]. We expect that this
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comparative analysis will also underscore other conserved elements that might be recognized
by as yet unidentified factors.

Motif Discovery for potential new binding sites - Promoter regions of potential target genes
of each TF will be analyzed by identifying over-represented sequence motifs using MEME [2].
We will also use other motif finding programs in DNA-sequences such as AlignACE [47], Motif
Sampler [62], and cis/TF [4].  A confidence value will be assigned to each motif based on an E-
value calculated by MEME and a specificity score. AlignACE identifies motifs that are over-
represented in the promoter regions of co-regulated genes. Motif Sampler is a retrained
GibbsSampler [29], with a reliable background model based on a set of carefully selected
intergenic sequences of Arabidopsis.  In contrast to other methods to search for binding sites by
clustering genes that have similar expression patterns, cis/TF considers that B is a likely binding
site for TF T if the expression of T correlates with the composite expression patterns of all
genes containing B, not just those that are expressed similarly as B [4].   Cis/TF has been
shown to predict the correct sites in experimentally supported TF-binding interactions in S.
cerevisiae [4].  The identification of putative binding sites by TFs not yet identified may provide a
powerful complement to other approaches to establish gene function, as some of the genes with
no homology may encode TFs with novel DNA-binding domains.   The identified conserved
sequences with no obvious similarity to the binding of known TFs could be used as probes in
protein-DNA binding experiments to identify factors that bind to them.  While such an analysis
highlights the tremendous power of the computational studies described here, they are outside
the scope of this proposal. The availability of AtcisDB will also permit us to carry out a statistical
analysis to determine how often binding sites for two or more TFs appear together.  The
combinatorial nature of transcriptional regulation will be further explored by making use of
different statistical models such as CART [7], MART [16] and logistic regression [30][16]
methods. AtcisDB 2.0 will also contain binding sites, identified as described above, in the introns
of the genes.

Expected outcomes and solutions to possible pitfalls – A publicly available promoter
database with annotation of cis-regulatory elements (AtcisDB) is a major outcome of this aim. It
will contain the annotation of both experimentally known and computationally annotated
potential TF binding sites.  At present, we have not identified any potential software problems
regarding the development of AtcisDB. The databases of AGRIS are optimized to handle large
data sets for easy and faster access. When necessary, these databases will be moved to a
more powerful server, preferably a larger Linux cluster of multiple nodes. GDVTK is optimized
for large datasets, and successfully implemented in many other similar promoter annotation
projects. Nevertheless, Davuluri’s lab will continue to expand GDVTK by incorporating more
Java classes to handle new data structures.  Similarly as we continue to update AtcisD B
periodically, we will also integrate other cis element databases as they become available.
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Aim 3: Developing a knowledge base of regulatory networks
Rationale and overview – Regulatory networks direct the patterns of gene expression. The

number of TFs and the target genes that participate in a cellular process would generate
enormous number of potential regulatory network structures. The availability of genome
sequences and high-throughput technologies are helping the development of computational
approaches to systematically dissect transcriptional networks.  We will apply statistically
rigorous computational tools, including Bayesian networks and linear models, to search for the
network structure that is most consistent with the experimental data. In parallel, we will do
extensive literature searches to construct the known components of regulatory networks that
participate in epidermal cell differentiation and flower development. We will make these
networks available as a knowledgebase and part of AGRIS. We will make use of GDVTK tools
to present the data in user-friendly graphical form.

Experimental design - AtcisDB 2.0 will contain information about Arabidopsis TFs and their
target genes. Using that information, we will prepare a data matrix (M) consisting of binary
entries Mij, where Mij,=1 indicates gene i is a target gene of TF j and Mij,=0 indicates gene i is
not a target gene of TF j. For each TF j we’ll construct its target matrix (T), which is a sub-matrix
of M, containing only the rows corresponding to target genes of j and all the columns. Using
matrix T, we will build various networks of transcriptional regulation similar to the ones
described [30; 37]. These networks could be:
a) autoregulatory loop - TFi acting on its own promoter, or i is its own target gene
b) feedforward loop - TFi1 regulates another TFi2 and TFi1 and TFi2 together regulate a target

gene
c) multi-component loop - a closed regulatory network, in which TFi1 regulates TFi2 and

viceversa
d) single-input modules - a single TF uniquely binds to two or more target gene promoters
e) multi-input modules - a set of TFs bind together to a set of target gene promoters
f) regulator chain - a chain of three or more TFs, in which the first one binds to the promoter of

second TF, the second one binds to the third, etc., until the last target gene in the chain is
not a TF.
We will also explore statistical tools (Bayesian networks [20] and graph theory [20]) to model

the networks described above. The networks hence constructed will be part of AGRIS, and will
be available in graphical form as a searchable database. All the TFs and their target genes
involved in each network will be inter-linked with the corresponding entries in AtcisDB and
AtTFDB. GDVTK will be used for building and web-presentation of the network database.  All
the computational studies described in this aim will be carried out in the Davuluri and Grotewold
labs, using the facilities available (see Management Plan Appendix A-2).

Expected outcomes and solutions to possible pitfalls – A publicly available knowledge base
of regulatory networks linking flower development and epidermal cell differentiation with other
cellular processes through TF/target gene connections is a major outcome of this Aim. The
establishment of these networks will involve the integration of already available data with the
experimental and computational analyses described here.  We expect that the deduced
networks will serve as powerful hypothesis generating engines to drive the design of the next
generation of experiments in Arabidopsis and other plants.  While the matrix will initially be
binary, we expect that, as we start accumulating information, we will be able to integrate “time”
as an additional dimension.  This will permit us to incorporate cases like a TF activating different
sets of genes in different tissues, or TFs expressed over narrow time windows.  Data on
physical interactions between TFs (primarily obtained from the literature) will also be integrated
into these analyses.

Summary – The studies proposed here are aimed at starting to establish the regulatory
networks that govern the expression of Arabidopsis genes.  By combining powerful
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computational approaches with the experimental identification of direct target genes for a subset
of TFs involved in well characterized genetic processes and representing major TF families
present in Arabidopsis, we will establish an interactive and user-friendly database of
Arabidopsis cis-regulatory elements (AtcisDB). Combining this with the growing knowledge on
co-regulated genes will allow us to start building a map of regulatory networks, using two well
described cellular processes as centers. We expect the network to expand as direct targets for
additional TFs are identified.
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