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Abstract

Spt5 (also known as DSIF-P160, Tat-CT, and Foggy) is an evolutionarily
conserved essential protein that represses as well as stimulates transcription elongation in
vitro. Although less than a handful of genes are shown to be under direct regulation by
Spt5, the prevalence and identity of its target genes is poorly defined in vivo.

Through expression profiling studies on ~10,000 protein-coding genes, a
surprisingly small fraction (less than 5%) was differentially expressed between fog™®
mutants and their wild-type (WT) siblings while less than 1.5% was differentially

expressed between foggy ™%

and their WT siblings. Further classification analyses
revealed that these differentially expressed genes are involved in diverse biological
pathways ranging from pattern specification to stress response. Many previously
uncharacterized, novel genes were also differentially expressed in these mutants.

A permutation based analysis revealed that genes upregulated in fog™® and

8% embryos have significantly shorter gene length compared to the average gene

foggy
length in zebrafish, suggesting an additional repressive level of regulation of shorter
genes by Foggy/Spt5. In vivo chromatin immunoprecipitation further uncovered genes
that are directly bound and regulated by Foggy/Spt5 at the level of transcription
elongation. Furthermore, Foggy and RNAPII occupancies suggest the poised
transcriptional status of many upregulated genes, and active transcription of many
downregulated genes in WT embryos.

Our comparison of RNAPII occupancy between WT and sk8 embryos identified

Growth Arrest and DNA-damage inducible gene (gadd45b) to be a novel target for



repression by Foggy. Transcription elongation control of such inducible genes might be
crucial to integrate signals from multiple pathways to coordinate regulation of important
signaling pathways that ultimately determine cell fate and survival. In conclusion, our
results identify a small but functionally diverse set of genes that are regulated by
Foggy/Spt5 and provides interesting insights into the identities and characteristics of

target genes of Foggy/Spt5 in vertebrate development.
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I. Introduction

Model for Gene Requlation

The traditional view of gene expression considered the process of transcriptional
activation as distinct, consecutive and linear steps encompassing chromatin remodeling,
synthesis (initiation, elongation, termination) of mRNA, post-transcriptional processing
of the primary transcript (5’capping, 3’ polyadenylation and splicing), export of mRNAs
to the cytoplasm for translation (Orphanides and Reinberg 2002). Most of our knowledge
of each of the steps in this pathway from gene to protein was generated by reductionist
approaches (e.g., classical biochemistry). Although this approach has illuminated the
identities and functions of individual proteins (e.g., chromatin-remodeling factors, DNA-
binding transcription factors) by providing a mechanistic view of each individual step in
the process, the continuity between the steps and the potential dynamics and non-linearity
among the processes in living cells cannot be revealed by this approach alone.

In recent years, genetic studies in diverse model organisms from yeast to
zebrafish, large-scale mapping of protein interaction networks, genome-wide molecular
studies (differential transcript expression, protein occupancy on chromatin) have
suggested that the steps involved in regulating gene expression are physically and
functionally connected and represent subdivisions of a continuous process with
significant interdependency between steps (Fig.1). Many of the factors essential for gene
regulation have multiple roles and function in large complexes, merging the previously
known individual steps as a continuous process. This contemporary view of gene

expression (Orphanides and Reinberg 2002) provides us with a unified theory of gene



regulation in vivo and highlights the complexities involved in gene regulation. Many of
the interdependent steps occur during transcription elongation stage, which is the focus of

this work.

Transcription

Transcription of mRNA is divided into three stages (initiation, elongation,
termination). Transcription initiation involves binding of transcription factors to their
binding sites on the DNA, recruitment of RNA Polymerase II (RNAPII) and associated
factors to bind to promoter sites and RNA synthesis commences. Transcription of
mRNA at the initiation step is extensively studied and viewed as an important mode of
regulating gene expression. The next step, transcription elongation, was considered as a
trivial addition of ribonucleoside triphosphates to the growing mRNA chain for many
years. It is now apparent in the contemporary view of gene regulation that transcription
elongation is a critical stage that couples mRNA synthesis to processing of the transcript
(5’ capping, splicing, 3’ polyadenylation) on the chromatin, ensuring efficiency and
accuracy of transcription (Saunders et al. 2006; Sims et al. 2004). Capping of the 5’ end
of the RNA is the first of these modifications and occurs as soon as the 5* end of the
nascent transcript becomes accessible, usually after transcription of 20-40 nt of RNA. It
was known that RNAPII complex entered a pausing state shortly after clearing the
promoter (Saunders et al. 2006). It is possible that this pausing occurs to allow time for
5’ capping, and that RNAPII will not continue until this protective modification has been

added to the nascent mRNA. This is analogous to the “checkpoints” that operate during



the cell cycle to ensure that each phase of the cycle is complete before the next begins.

Alternatively, it is possible that the pausing allows time for the necessary transition of

Orphanides and Reinberg, Cell, 2002

Figure 1: The unified theory of gene regulation suggests that steps involved in
regulating gene expression are physically and functionally connected (by multiple
functions of proteins) and represent subdivisions of a continuous process with
significant interdependency between steps to ensure accuracy and efficiency of
transcription. Many of the interdependent steps occur during transcription
elongation where mRNA synthesis is coupled to processing, highlighting the
importance of regulating transcription elongation.

different proteins (e.g., specific elongation factors, polyadenylation factors, and splicing
factors) onto the RNAPII complex. It is evident that transcription elongation factors

influence splicing and that splicing factors increase transcriptional elongation (Fong and



Zhou 2001). For example, introns are necessary for efficient RNAPII transcription
(Furger et al. 2002), mutations in elongation factors cause splicing defects (accumulation
of unspliced RNA) or nuclear degradation of unspliced pre-mRNAs in yeast (Kornblihtt
et al. 2004).

In addition to these general processing functions required for most mRNAs,
transcription elongation has also been studied as a specific and regulated step of gene
expression for a handful of genes such as heat shock genes (hsp70), proto-oncogenes (c-
fos), and viral genes (Chiang et al.) (Saunders et al. 2006). In the case of hsp70 gene
transcription in Drosophila, RNAPII, elongation factors and general transcription
machinery is paused at the 5° end of the gene, under non-inducing conditions. Within
few minutes after heat shock stimuli, RNAPII complex is relieved from its paused state
and transcribes mRNA immediately, allowing for the fast production of the hsp70-
encoding chaperone protein to cope with the stress (Andrulis et al. 2000; Giardina and
Lis 1993; Li et al. 1996; O'Brien and Lis 1991; Rasmussen and Lis 1993; Rougvie and
Lis 1988; Wu et al. 2005; Wu et al. 2003). Transcription elongation factors play
repressive (maintaining RNAPII pause) and stimulatory (increasing RNAPII
processivity) roles along hsp70 gene.

In the case of c-fos (Fivaz et al. 2000; Pinaud and Mirkovitch 1998; Plet et al.
1995; Ryser et al. 2007; van Haasteren et al. 2000; Yamada et al. 2006) and hiv
(Bourgeois et al. 2002; Lanchy et al. 1996; Wu-Baer et al. 1998), transcription elongation
factors play a stimulatory role in proper transcription of these genes. Rapid gene
transcription in response to stimuli is a recurring theme during many biological processes

like development and hence, it is plausible that regulation of transcription elongation



might be more prevalent than once considered. Indeed, recent genome-wide analyses
also find significant RNAPII occupancy at the 5’ end of many genes, whether or not their

transcripts can be detected (Guenther et al. 2007; Kim et al. 2005; Mikkelsen et al. 2007).

Status of RNAPII complex during transcription cycle

RNAPII complex, the engine that drives mRNA transcription, consists of 12
subunits that are highly conserved throughout eukaryotes. The largest subunit Rpb1
contains C-terminal domain (CTD), which undergoes modifications throughout the
transcription cycle (Fig. 2A). The RNAPII CTD consists of multiple repeats of the
heptapeptide sequence YSPTSPS. Though the reason is unclear, it is interesting to note
that the number of these repeats increases with genomic complexity: 26 in yeast, 32 in
C.elegans, 45 in Drosophila, and 52 in mammals (Sims et al. 2004). The CTD is a
‘loading dock’ for multiple proteins that bind RNAPII. The identities and functions of
the factors that bind to the CTD vary depending on the position of RNAPII on the
chromatin. General transcription factors bind CTD at the promoter, while
polyadenylation factors and splicing factors bind CTD away from the promoter (Kim et
al. 2004). How do different factors bind to the same CTD? The answer lies in the
multiple modifications such as phosphorylation of specific residues and cis-trans
conformation changes of repeats, which allow the CTD to undergo three-dimensional
structural changes.

Studies using different antibodies to RNAPII have shown that phosphorylation
modifications to the CTD can be correlated to the status of the RNAPII on the chromatin

and to the occupancy of different factors on the CTD; the so-called ‘CTD code’. When



RNAPII is present on the promoter, its CTD is largely unphosphorylated, and when it is
involved in productive elongation, the CTD is hyperphosphorylated (Fig. 2B). Initial
studies with specific antibodies distinguished that CTD phosphorylation of Serine 5
residue correlated with transcription initiation and early elongation, while

phosphorylation of Serine 2 correlated with RNAPII that has traveled farther from

A. Modifications to RNAPII CTD
¥ A\

Cis/trans ~ Cis/trans

+ +10t0 +40
Initiation == Promoter e Pausing
escape l

Productive elongation

RNA

Saunders and Lis, Nature reviews molecular cell biology, 2006

Figure 2: (A). Modifications to CTD repeats (YSPTSPS) by different kinases, phosphatases and
isomerases allow many different factors to bind and function during transcription. (B). Status of
RNAPII on chromatin with respect to the stages of transcription. (a). RNAPII complex is held in
paused status after promoter clearance by NELF and DSIF. (b). P-TEFb, a kinase,
phosphorylates CTD and DSIF to remove pausing and continue elongation of nascent mRNA.
Multiple other elongation factors associate with RNAPII during productive elongation.




the promoter. It was found later that the antibody recognizing phosphorylated -Ser 2 also
recognized phosphorylated-Ser 5 (Jones et al. 2004). Nevertheless, the general trend
remains true; the status of RNAPII complex and its associated factors can be determined
by using different antibodies against the CTD and the location of the RNAPII complex
along the length of the gene. RNAPII CTD goes through cycles of phosphorylation and
de-phosphorylation by multiple highly conserved kinases and phosphatases (Saunders et
al. 2006). It is unclear how and when different kinases are recruited to the RNAPII CTD
located at specific gene loci.

Several amino acids of the RNAPII CTD also undergo Cis-trans conformation
changes by virtue of their association with ESS1, a protein that functions as a peptidyl-
prolyl-isomerase (Morris et al. 1999; Myers et al. 2001; Shaw 2007; Wilcox et al. 2004;
Wu et al. 2003; Wu et al. 2000) (Fig. 2A). This modification adds another level of
structural change to the CTD, allowing multiple different factors to dock and un-dock
from the CTD. RNAPII complex can also be ubiquitylated on the chromatin during
transcriptional arrest or as a natural process of removing stalled RNAPII complex from
the chromatin (Somesh et al. 2005). Ser-5 phosphorylated CTD is averse to
ubiquitylation compared to Ser-2 phosphorylated CTD, suggesting that elongating
RNAPII complex might be subjected to degradation. It is also possible that the
ubiquitylation provides another function besides degradation, similar to ubiquitylation of

histones (Somesh et al. 2005).



Transcription elongation factors

A transcription elongation factor was defined as any molecule that affects the
activities of or is associated with the RNAPII transcription elongation complex (TEC)
(Sims et al. 2004). Transcription elongation factors are highly conserved across species
and were initially identified through genetic studies in yeast. So far, 21 elongation
factors, several with multiple subunits, have been identified (Sims et al.). Transcription
elongation factors are ubiquitously expressed in many organisms. Many of the
elongation factors do not affect the rate at which the elongating RNAPII complex
traverses the gene (elongation rate) or the ability of the elongating RNAPII to travel the
entire length of the gene (processivity) (Mason and Struhl 2005). Instead, many of these
factors might affect chromatin status or modulate mRNA processing events during the
elongation stage of transcription. Thus, in in vitro biochemical context (where chromatin
status is not measured), there is a high degree of redundancy among elongation factors,
and the physiological relevance of these factors in an in vivo context is largely unknown.
The focus of this study is to elucidate the role of Suppressor of Ty 5 (SPT5) using

zebrafish as a model organism.

Discovery of SPT5

In S. cerevisiae, the SPT genes (Suppressor of Ty) were identified by selection for
extragenic suppressors of transcriptional defects caused by Ty insertions (Hartzog et al.
1998; Swanson et al. 1991; Swanson and Winston 1992). Seventeen SPT genes were
identified by this process and based on genetic and molecular analysis categorized into

three groups. SPTS, the subject of this study, along with SPT4 and SPT6 were grouped



together with histone proteins H2A and H2B. The categorization of SPT5 with histone
proteins led to the initial hypotheses that these proteins might be important for
establishment or maintenance of chromatin structure. Further genetic analysis revealed
that mutations in SPT4, SPT5 and SPT6 suppress the defect in Ty transcription caused by
mutations in Snf genes (Happel et al. 1991), suggesting that the SPT4-SPT5-SPT6
complex would be required for repression of gene expression. SPT5 and SPT6, not

SPT4, are essential for mitotic growth.

Biochemical characterization of SPT5

The search for factors that inhibit transcription elongation in the presence of the
nucleotide analog 5,6-dichloro-1-B-D-ribofuranosylbenzimidazole (DRB) (Chodosh et al.
1989) in crude HeLa cell extracts led to the purification of Spt4 and Spt5 as a tight
complex named DSIF (DRB-sensitivity-inducing factor) (Wada et al. 1998). When
purified, recombinant DSIF was added to partially reconstituted transcription system
containing general transcription factors and highly purified RNAPII, the synthesis of a
100-nucleotide (nt) transcript from an artificial G-free cassette was inhibited by
increasing amounts of DSIF, suggesting a negative role in elongation (Fig. 2B). DSIF
was also able to stimulate elongation of ~400 nt artificial transcripts under conditions of
limiting concentrations of ribonucleoside triphosphates. Without DSIF, the rate of RNA
chain elongation was very slow and short-length RNA transcripts of ~30 nt accumulated
in the reaction, suggesting that DSIF stimulated the rate of accumulation of full length

transcripts.



It is now clear that the partially purified factors used in the DRB sensitivity assay
to identify DSIF contained another complex, Negative Elongation Factor (NELF), which
acts in concert with DSIF to inhibit elongation. In the absence of DSIF, the NELF
complex is unable to bind and repress RNAPII, showing that DSIF is required to inhibit
transcription elongation in vitro (Yamaguchi et al. 2002). Productive elongation is
resumed when P-TEFb (Positive Transcription Elongation Factor) phosphorylates
RNAPII and Spt5, thereby dissociating NELF from the RNAPII TEC.

DSIF physically associates with multiple components of the transcriptional
machinery (TFIIF, TFIIS, CSB, Spt6, FACT, Chdl, Paf complex, Capping enzyme,
capping methyltransferase and nuclear exosome) (Sims et al. 2004), suggesting roles in
general mRNA processing events related to its stimulatory activity. One example
between SPTS5 and the capping enzyme (CE) highlights the function of SPT5 in mRNA
processing events. CE is recruited to the transcription complex by its interaction with
DSIF and Ser-5 phosphorylated CTD. This recruitment of CE to the transcription
complex disables NELF-mediated repression of transcription (Mandal et al. 2004) and the
purpose of the SPTS5/CE interaction is to ensure timely capping of the nascent pre-mRNA
before committing RNAPII to processive elongation (Pei and Shuman 2002). In yeast,
mutations in Spt4 and spt5 cause splicing defects (accumulation of unspliced RNA) or
nuclear degradation of unspliced pre-mRNAs (Xiao et al. 2005). This suggests the Spt5
is important for proper splicing of mRNA and disposing of improper mRNAs, thereby
playing roles in mRNA stability and surveillance.

Furthermore, DSIF has been shown to affect RNAPII processivity (the ability of

the elongating RNAPII to travel the entire length of the gene), suggesting the importance

10



of DSIF to maintain the stability of the RNAPII TEC on the chromatin template in yeast

(Mason and Struhl 2005).

Protein Domains of SPT5

SPTS5 is a highly conserved, nuclear protein that is present in a variety of species from
yeast to humans (Fig. 3). Interestingly, evolutionary analysis of the SPTS5 protein
sequence and domains have led to the conclusion that SPTS was present in the last
common ancestor of the three kingdoms of cellular life, archaea, eubacteria and eukarya
(Ponting 2002), suggesting that this might be one of the earliest transcription elongation
factors. NusG, an anti-terminator protein in bacteria is highly homologous to SPT5. In
zebrafish, Spt5/Foggy is a 1084 amino acid (aa) with many distinctive structural features.
The N-terminal region is highly acidic, contains putative nuclear localization signal and
might function in modulating chromatin structure. The central region contains KOW
motifs, which function as RNA-binding motifs (Kyrpides et al. 1996). There seems to be
a disagreement in the number of KOW motifs in Spt5 protein (Hartzog et al. 1998;
Yamaguchi et al. 1999). Bioinformatic analysis determined that there are 5 KOW motifs
in yeast and 6 in mammals (Ponting 2002). Interestingly, the sixth KOW motif in
mammals is found in the C-terminus region.

The C-terminus region contains two repeat regions (CTR1, CTR2) and a non-
repeat region, which is unique to SPTS5 protein in multi-cellular organisms. CTRI1
contains several heptad repeats that are phosphorylated by P-TEFb, and is critical for
DRB-mediated repression (Ivanov et al. 2000). The CTR2 region contains multiple

serine and threonine repeats and may serve as potential sites for phosphorylation.
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Sequence comparison and domain architecture of Foggy/Spt5

acidic conserved
region !

repeats G terminus
L 1

Foggy

(zebrafish) amine

3 1056 168 313 354 649 698 753 998 1,084 acids

Spts
(S. cerevisiae)

Spts homologue
(C. elegans)

hSpts
{human)

1,087
Guo and Rosenthal, Nature, 2000

Figure 3. The domain structure analysis of Foggy/Spt5: The KOW
domains are present in the central conserved domain. The repeats are
sub-divided into CTR1 and CTR2. The C-terminus region is found in
multi-cellular organisms and not found in yeast. The evolutionary
sequence comparison of Spt5/Foggy shows regions of high similarity
between zebrafish Foggy and Spt5 in other species.

Deletion analysis of Spt5 was used to identify structural features required to bind
Spt4 (minimal domain of 176-270 aa) and RNAPII (313-420 aa). The N-terminal region,
the Spt4-binding domain, the KOW domains and CTR1 are important for DSIF activity,
highlighting the modular properties of this protein. It has been shown that in the absence
of the CTR1 domain, SPTS5 can bind to RNAPII but is not able to modulate its
processivity (Ivanov et al. 2000). SPTS5 is also methylated by protein arginine
methyltransferases (PRMTs) in a region between KOW domains 3 and 4, which regulates
its interaction with RNAPII. In addition to phosphorylation by P-TEFb, methylation of

SPTS5 by PRMTs results in stimulating elongation (Kwak et al. 2003).
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Function of SPT5 during development

In vivo studies in worms, flies and zebrafish have provided considerable evidence
for the physiological importance of Spt5 in multi-cellular organisms. Spt5 transcripts and
protein is maternally deposited and Spt5’s function is essential for normal development.
Inactivation of Spt5 through RNAI in C. elegans arrested embryonic development prior
to gastrulation, but many differentiated cell types were formed (Shim et al. 2002),
suggesting that not all transcription was blocked. The expression of hsp70, a known
target of transcription elongation, was induced in spt-5(RNAI) embryos under heat-shock
conditions suggesting that heat shock genes can be transcribed without Spt5 in worms.

In Drosophila, a missense mutation (W049) altered the C-terminal domain of
Spt5, and displayed locus-specific effects on the expression of segmental patterning
genes (Jennings et al. 2004). Specifically, the expression patterns of gap genes were
similar to wild-type patterns, but striped patterning of the primary pair-rule genes, even-
skipped and runt was disrupted. The striped expression pattern of even-skipped was
broadened in the mutant embryos, indicating that Spt5 is likely to be a direct, negative
regulator of this target gene. By contrast, heat shock gene expression upon heat shock
condition was reduced in the mutants, suggesting that Spt5 acts both positively and
negatively on transcription in vivo depending on context.

A zebrafish mutation, fogmg06 allele, altered one amino acid (V1012D) in the C-
terminus of Spt5 protein, resulting in distinct defects in neuronal specification. These
mutants display decreased dopamine neurons and a corresponding increase in serotonin

neurons in the developing forebrain (Guo et al. 2000). In vitro assays measuring

13



repressive activity (DRB-sensitivity assay) and stimulatory activity (elongation under
limiting nucleotide concentrations) suggests that the mutant protein had lost its repressive
activity, while maintaining its stimulatory activity. Together, these results suggest that
the repressive activity of Spt5/Foggy is required for proper specification of neurons in the
developing zebrafish.

Another hypomorphic allele, fog 20 displayed defects in posterior migration of
facial branchiomotor neurons from rhombomere 4 (r4) into r6 and r7 of the hindbrain
(Cooper et al. 2005). When cells from the mutant embryos were transplanted into a wild-
type host, the mutant facial branchiomotor neurons survive to at least 5 days post
fertilization, while failing to migrate posteriorly. These results suggested that SPTS5 is
important for transcribing genes related to migration cell-autonomously.

Severe truncation (the fog™®

allele) or deletion (the fog™ allele) of the SptS
product resulted in broad deficits in embryonic development (Keegan et al. 2002). The
sk8 and s30 mutants displayed developmental retardation by 20 hours post fertilization
(hpf) followed by further deterioration and death by 48 hpf. The fog™® embryos showed
several gross abnormalities including pigmentation, tail, ear and cardiac defects. Further
analysis of these mutant embryos showed that Foggy/Spt5 is required for normal
differentiation of the precardiac mesoderm into myocardial tissue. The expression of
hsp70 was reduced in mutant embryos under heat shock stimulus, suggesting that Spt5 is
required for hsp70 induction in zebrafish.

These in vivo mutational studies in multiple organisms suggest the existence of

specific target genes of Spt5 which function in many diverse biological processes.
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Goal of this study

In spite of the initial characterization of the in vivo physiological roles of
Foggy/Spt5 in different model organisms, many questions remain. A).What genes are
regulated by Foggy/Spt5 at the level of transcription elongation? B).What type of
elements (Cis regulatory sequences, gene structure characteristics, function of the genes)
defines Foggy/Spt5’s target genes?

We have approached these questions by using multi-faceted approaches with

m806

fogSk8 and in foggy mutant embryos. Chapter two elaborates on our interesting

findings from fogSk8 mutants and chapter three summarizes our findings from foggy maos

mutant analysis. Chapter 4 provides conclusions and future directions based on these

studies.
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I1. Identification of in vivo targets of Foggy/Spt5, a dual regulator of

transcription elongation, during zebrafish development
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Francisco, California, 94143-2811
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Introduction:

The traditional view of gene expression contained distinct, consecutive, linear
steps encompassing chromatin de-condensation, transcription initiation by DNA-binding
factors, recruitments of the general transcription machinery, elongation of the nascent
mRNA, post-transcriptional processing, and splicing of the mature transcript (Orphanides
and Reinberg 2002). In recent years, genetic studies in diverse model organisms,
conventional biochemical approaches, large-scale mapping of protein interaction
networks, genome-wide differential transcript expression and protein occupancy studies
have suggested that the steps involved in regulating gene expression are physically and
functionally connected and represent subdivisions of a continuous process with
significant interdependency between steps (Orphanides and Reinberg 2002). From these
studies, transcription elongation has emerged as a critical stage that couples mRNA
synthesis to processing of the transcript (5 capping, splicing, 3’ polyadenylation) on the
chromatin, ensuring efficiency and accuracy of transcription (Saunders et al. 2006; Sims
et al. 2004). In addition to these general processing functions required for most mRNA,
transcript elongation has also been studied as a specific and regulated step of gene
expression for a handful of genes such as heat shock genes (hsp70), proto-oncogenes (C-
fos), and viral genes (Chiang et al.) (Saunders et al. 2006). The prevailing notion for this
type of regulation is that it allows rapid inducibility in response to stimuli. The quest to
identify the underlying commonalities among the genes repressed at the elongation level
at the cis regulatory level has not yet yielded promising results, possibly due to a small

number of target genes identified thus far.
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A transcription elongation factor has been defined as any molecule that affects the
activities of or is associated with the RNA Polymerase II (RNAPII) transcription
elongation complex (TEC) (Sims et al. 2004). Transcription elongation factors identified
to date are highly conserved across species and were initially identified through genetic
studies in yeast followed by biochemical characterization in in vitro systems. One such
elongation factor, Suppressor of Ty 5 (Spt5) was the focus of this study. Spt5, together
with Spt4 and Spt6, was initially discovered by genetic studies in Saccharomyces
cerevisiae (Winston et al. 1984), and later found to be essential for transcription via
modulation of the chromatin structure (Bortvin and Winston 1996; Swanson and Winston
1992). The search for factors that inhibit transcription elongation in the presence of the
nucleotide analog DRB in crude mammalian extracts led to the purification of Spt4 and
Spt5 as a tight complex named DSIF (DRB-sensitivity-inducing factor) (Wada et al.
1998).

Over the years, Spt5 has been reported to have dual properties of repressing and
stimulating transcription elongation in different contexts (Bourgeois et al. 2002; Wu-Baer
et al. 1998; Yamaguchi et al. 1999). It is now clear that the partially purified factors used
in the DRB sensitivity assay to identify DSIF contained another complex, Negative
Elongation Factor (NELF), which acts in concert with DSIF to inhibit elongation. In the
absence of DSIF, the NELF complex is unable to bind and repress RNAPII, showing that
DSIF is required to inhibit transcription elongation in vitro (Yamaguchi et al. 2002).
Productive elongation is resumed when P-TEFb (Positive Transcription Elongation

Factor) phosphorylates RNAPII and SptS5, thereby dissociating NELF from the TEC.
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In addition to inhibiting elongation, DSIF physically associates with multiple
components of the transcriptional machinery (TFIIF, TFIIS, CSB, Spt6, FACT, Chdl,
Paf complex, Capping enzyme, nuclear exosome) (Sims et al. 2004), suggesting roles in
general mRNA processing events related to its stimulatory activity. Furthermore, DSIF
has been shown to affect RNAPII processivity (the ability of the elongating RNAPII to
travel the entire length of the gene), suggesting the importance of DSIF to the stability of
the RNAPII TEC on the chromatin template in yeast (Mason and Struhl 2005). The
mechanism of action of Spt5 has been elucidated at the mechanistic level from teasing
apart these protein and genetic interaction networks.

In vivo studies in worms, flies and zebrafish have provided considerable evidence
for the physiological importance of Spt5 in multi-cellular organisms. Inactivation of Spt5
through RNAi in C. elegans arrests embryonic development prior to gastrulation, but
many differentiated cell types are able to form (Shim et al. 2002). In Drosophila, a
hypomorphic mutation in spt5 results in defects in the expression of segmental patterning
genes (Jennings et al. 2004); protein localization on polytene chromosomes and
chromatin immunoprecipitation studies reveal broad distribution of Spt5 on the chromatin

(Andrulis et al. 2000; Kaplan et al. 2000; Saunders et al. 2003). In zebrafish,

m806 th20

hypomorphic mutations in spt5 (the fog ™™ allele, the fog " allele) display distinct

defects in neuronal specification (Guo et al. 2000), and migration (Cooper et al. 2005)

8 allele) or deletion (the fog®° allele) of the

respectively, while severe truncation (the fog
gene product results in broad deficits in embryonic development (Keegan et al. 2002).

These loss-of-function mutants provide the first opportunity to identify target genes of

Foggy/Spt5 in vivo and in a vertebrate developmental context.
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The sk8 mutants display developmental retardation by 20 hours post fertilization
(hpf) followed by further deterioration and death by 48 hpf. The fog™® embryos show
several gross abnormalities including pigmentation, tail, ear and cardiac defects. Further
analysis of these mutant embryos showed that Foggy/Spt5 is required for normal
differentiation of the precardiac mesoderm into myocardial tissue (Keegan et al. 2002).
Regardless of these defects, the mutant embryos exhibit normal lens induction, early
touch reflex and general body patterning by the late segmentation stage of development.
In spite of the initial characterization of the in vivo physiological roles of Foggy/Spt5 in
different model organisms, many questions remain. A).What genes are regulated by
Foggy/Spt5 at the level of transcription elongation? B).What type of elements (Cis
regulatory sequences, gene structure characteristics, function of the genes) may predict
Foggy/Spt5’s target genes?

Here we report that, through expression profiling studies on ~10,000 protein-
coding genes using 24 hours post fertilization (hpf) zebrafish embryos, a surprisingly
small fraction (less than 5%) was differentially expressed between fog™® mutants and
their wild-type (WT) siblings. Further classification analyses revealed that these
differentially expressed genes are involved in diverse biological pathways ranging from
pattern specification to stress response. A permutation based analysis revealed that genes
upregulated in Sk8 embryos have significantly shorter gene length compared to the
average gene length in zebrafish. Chromatin immunoprecipitation (ChIP) on selected set
of genes in WT embryos identified that a large fraction of these genes were occupied by
Foggy/Spt5 in a pattern similar to RNAPII occupancy. Furthermore, Foggy and RNAPII

occupancies suggest the poised transcriptional status of many upregulated genes, while
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many downregulated genes are actively transcribed. Our comparison of RNAPII
occupancy between WT and sk8 embryos identified Growth Arrest and DNA-damage
inducible gene (gadd45b) to be a novel target for repression by Foggy. Taken together,
our results identify a small but functionally diverse set of genes that are regulated by
Foggy/Spt5 in vertebrate development and further introduce a novel candidate for

regulation by elongation repression.
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Materials and Methods:

Zebrafish

Wild-type AB strain and fog k8 heterozygotes were obtained through natural
spawning and were maintained and staged according to established procedures
(Westerfield, 1993). Embryonic stages at 28.5°C are given in hours post fertilization
9hpf). The fog *® heterozygote pairs were identified by genotyping and mated to obtain
sk8 mutant embryos. Phenotypic WT siblings (mix of genotypical WT and
heterozygotes) were used for most assays while comparing sk8 embryos. ChIP assays
were performed with embryos from WT ABC strain.

Total RNA isolation and gRT-PCR

Equal number of embryos (WT siblings, sk8 mutants) at 24 hpf were
dechorionated by hand or by Pronase K treatment. Appropriate amounts of Trizol were
then added to the embryos and stored at -70°C. Standard RNA extraction protocols were
followed and total RNA was re-suspended in nuclease-free water. DNase treatment was
performed to minimize contamination by genomic DNA during qRT-PCR. To obtain
cDNA, total RNA was reverse-transcribed using oligodT and Superscript enzyme. Equal
amount of cDNA was used in SybrGreen qPCR mastermix system with appropriate
primers. All conditions (primer concentration, and temperature for PCR) were optimized.
All plates contained at least two well duplicates for each primer and cDNA condition.
Cycle values were averaged between the duplicates and normalized to control primer
values. WT fold values were compared to sk8 mutant fold values and expressed as fold
upregulated or downregulated in Sk8 embryos. At least two independent replicates were

performed for each primer set.
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Microarray Data Analysis

Gene intensity values for the Affymetrix Zebrafish Genome Array CEL files were
obtained using the GC-RMA package from Bioconductor (Dudoit S et al 2003; Wu Z et
al. 2004). To identify genes with relative changes in steady-state mRNA levels between
WT and sk8 mutants, a fold change was calculated from these log2 intensity values along
with a student ttest p value. Genes with 2 fold change in expression and p<0.05 were
clustered using the program HOPACH (hierarchical ordered partitioning and collapsing
hybrid), with uncentered correlation distance (Pollard KS et al 2002; van der Laan MJ et
al 2003). Associations with Gene Ontology, GenMAPP (Dahlquist et al. 2002) and
PANTHER (Mi et al. 2007) pathways were obtained using MAPPFinder 2.0 (Doniger

SW et al. 2003), a part of the GenMAPP 2.1 application package and further filtered

using the program GO-Elite (http://www.genmapp.org/go_elite/go_elite.html).

To determine relative differences in gene length parameters, a custom python
script was written that links microarray probe set data to gene structural information from
the Ensembl database (PMID: 17148474) obtained through BioMart (Durink S et al,
2005). Probe set annotations to Ensembl genes obtained from BioMart were augmented

with those directly from Affymetrix (http://www.affymetrix.com). In this script, fold

changes were calculated by comparing the mean length of distinct gene features
(genomic, exon and intron lengths/number) or gene expression between upregulated or
downregulated Ensembl-linked genes compared to all genes on the microarray. For each
parameter, a permutation p value was calculated by randomizing the selection of input

probe sets 10,000 times and re-calculating and storing the mean fold changes for both up
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and down regulated sets to determine the probability that the original fold occurs by
chance alone.

Chromatin Immunoprecipitation Assay

WT ABC embryos at 24 hpf were dechorionated by Pronase treatment and
washed thoroughly. Embryos were fixed in 1.5% formaldehyde for 20 minutes and then
homogenized 25 times in 5X extraction buffer with protease inhibitors on ice. Extracts
were then left on the nutator in the cold room for at least 1.5 hours. Sonication was
carried out with Branson sonifier 250 on an ice bath for 10 times, 10 seconds each with
20 second breaks. Sonicated samples were then centrifuged at 14k rpm at 4°C for 30
minutes to separate the pellet from the supernatant. The supernatant was immuno-
precipitated with appropriate antibodies or controls for 2-4 hours in the cold room.
Protein A Sepharose beads were added to the samples and left on overnight. The next
day, extensive washing with different buffers were performed before eluting the beads at
65°C for 20 minutes. Proteinase K and RNase was added to the eluates and reverse-
crosslinked overnight at 65°C. Phenol/chloroform extraction was performed and
followed by ethanol precipitation. The immunoprecipitated DNA was immediately used
for qPCRs with appropriate primers. All cycle values were first normalized to input
values before comparing control samples to immuno-precipitated samples. These values
were represented as fold occupancy over control values. The procedure was performed
similarly for sk8 embryos.

Whole mount staining

Whole-mount in situ hybridization was performed as described before. Briefly,

embryos were fixed in 4% paraformaldehyde, overnight in the cold room. Then, the
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embryos were dechorionated by hand and stored in 100% methanol at -20°C until usage.
Embryos were rehydrated and treated mildly with proteinase K before incubation with
appropriate digoxigenin-labeled RNA probes. After extensive washing at 60°C, an
antibody against digoxigenin is added to the tubes and incubated overnight. NBT/BCIP
(Roche) colorimetric reaction is used to visualize the expression patterns of the genes.
Plasmid containing gadd45b was obtained from ZFIN. Whole-mount immunostaining is
performed similarly with appropriate antibodies and fluorescent secondary antibodies. In
situ images are taken with Zeiss microscope, while immunostaining images are taken
with Zeiss confocal microscope.
Western Blot

Dechorionated embryos were fixed in 1.5% formaldehyde for 20 minutes and
homogenized before addition of 2X SDS loading buffer. Equal amounts of the extracts
are loaded on to the wells of the gel. After electrophoresis, the proteins on the gel are
transferred to a nitrocellulose membrane. After overnight blocking with 5% non-fat milk
in PBS-Tween, the membrane is incubated with primary antibodies at appropriate
concentrations for 1.5 hours at room temperature. After extensive washing, secondary
antibody conjugated to horse-radish peroxidase (HRP) is applied to the membrane for 30
minutes. The ECL kit (Amersham) is used to visualize the protein bands transferred from

the blot to film.
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Results:

Whole-mount immunostaining of zebrafish embryos

Foggy ab ! RNAPII ab

WT-10hpf

WT-24 hpf sk8 -24 hpf

E. Western Blot of zebrafish extracts

19 = __ 24  Time point (hpf)
WT sk8 WT sk8 Extracts

-- ol . " Foggy ~150kDa

SR S % .. Actin ~45kDa

Light microscopic images of zebrafish embryos

F. T G.
! J

WT-24 hpf sk8 -24 hpf

Figure 1: Foggy protein is significantly decreased in sk8 embryos.

Foggy protein localizes to the nucleus of embryonic cells and is ubiquitously expressed. (A, B). Immunolocalization
of foggy (red) and RNAPII (green) in WT embryos at 10 hpf shows colocalization of these two proteins in the
nucleus of the embryo. Images are taken with Zeiss confocal microscope at 63X magnification. (C, D).
Immunolocalization of foggy (red) in WT and sk8 embryos at 24 hpf shows overall decrease of Foggy in sk8
embryos. Confocal images at similar sections of WT and sk8 embryos are shown at 20X magnification, lateral
view. A- anterior, P — posterior, D - dorsal, V- ventral.

Western blot of wild-type (WT) and sk8 embryo extracts at 19 hpfand 24 hpf using Anti-Foggy antibody shows
substantial decrease in maternal Foggy in sk8 embryos (E). The post-translational modifications
(phosphorylation, methylation) of Foggy result in two bands recognized by this antibody. Actin antibody is
used as control. Equal numbers of WT and sk8 embryos were loaded for the western blot, but sk8 embryos are
considerably smaller in size than WT embryos at 24 hpf.

Light microscopic view of WT and sk8 embryos at 24 hpf (F, G) shows the gross developmental retardation
phenotype of the mutant embryos. 5X magnification.

Foggy/Spt5 is significantly reduced in sk8 mutant embryos at 24 hpf

Previous studies (Guo et al. 2000; Keegan et al. 2002) of foggy transcript
expression in zebrafish showed a broad distribution throughout the embryo in early
stages, but predominantly brain-specific expression by 48 hpf. To gain insights into the

sub cellular distribution of Foggy/Spt5 protein, an antibody directed against the C-
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terminal end of the zebrafish Foggy/Spt5 protein was generated. Double-labeling with
8WG16, an antibody that recognizes RNAPII, showed predominantly nuclear distribution
of Foggy/Spt5 (Fig. 1A, B). The fogSk8 mutation is predicted to yield a non-functional
zygotic gene product, and the maternal transcript is undetectable after 10 hpf (Keegan et
al. 2002). However, the status of the maternal protein was unclear. The sk8 mutant
phenotype is first visible around 19 hpf, suggesting the presence of maternal Foggy
protein at earlier stages of development. Whole-mount immunostaining and Western blot
analysis with Anti-Foggy antibody showed that Foggy protein is significantly reduced in

sk8 embryos by 24 hpf (Fig. 1C, D, E).

Microarray analysis reveals that a small number of genes are differentially
expressed in sk8 embryos at 24 hpf

To identify potential target genes of Foggy/Spt5, we performed microarray
analysis by hybridizing zebrafish Affymetrix oligoarrays, which contain 15,617 probesets
representing ~10,000 genes, with fluorescently labeled RNAs isolated from sk8 mutant
embryos and their WT siblings at 24 hpf. While 75% of the probe sets display above-
background signal-to-noise ratio (as determined by microarray absent-present calls), only
4.5% of the genes are differentially expressed (absolute fold greater than 2, P < 0.05)
between sk8 embryos and WT siblings. Among the differentially expressed genes, 97
(~22%) were upregulated (ranging from +2 to +10 fold), and 358 (~78%) were
downregulated (ranging from -2 to -300 fold) in sk8 embryos. Interestingly, many of the
genes with altered expression in fog™® embryos have previously been shown to display

dynamic spatial and temporal expression patterns (Thisse et al. 2004).
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A. Cluster diagram of microarray results with high-ranking GO categories
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Figure 2: Expression profiling of sk8 embryos shows distinct categories of differentially expressed genes.

A.  Cluster diagram of the microarray data displays considerable similarities across three replicates. 615 probesets
with fold change > 2 and ttest p-value < 0.05 are displayed along with Gene Ontology terms and pathways over-
represented as determined by a permutation based p-value. Probesets were clustered using the program hopach

and the intensity of downregulation (green) and upregulation (red) reflects the magnitude of fold change.

Analyzed pathways were obtained from GenMAPP (derived by homology to human) (Salomonis et al, 2007) or
Panther Pathways. Representative genes within the GO categories are shown in the last column. Genes which

were considered for further analysis in this paper are represented in blue color in the last column.

B. G1 to S Cell Cycle pathway is shown as an example of GenMAPP pathway analysis. The pathway map shows
genes that are regulated as a group (mcm genes) and genes which are not differentially expressed in sk8 embryos

but are present on the array (grey color).
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Genes upregulated in sk8 embryos

# Probe ID Primers gRTPCR folds Array folds
1 Dr.592.1.S1 at Fox D5 10.77 9.83
2 Dr.15991. 1.S1 at Hypothetical protein 4.40 6.56
3 Dr.1378.2.51 a at Gadd45b 6.07 6.34
4 Dr.12986.2.S1 at v-fos 8.44 5.68
5 Dr.20198.2.S1 x at Hsp70 2.32 5.60
6 Dr.21063.1.A1 at Bapx 4.62 4.62
7 Dr.15033.1.S1 at Hypothetical protein 7.33 4.00
8 Dr.13076.1.S1 at Plekhfl 3.19 3.87
9 Dr.23439.4.S1 at Zp2.4 6.02 3.74
10 Dr.5725.1.S1 at HoxB6b 3.84 3.31
11 Dr.25206.1.S1 at Tpbgl 2.37 3.24
12 Dr.18282.6.A1 at Khdrbs1 5.94 2.97
13 Dr.8097.1.S1 at Blue Opsin 7.81 2.72
14 Dr.12334.1.A1 at Hypothetical protein 4.24 2.35
15 Dr.198.1.S1 at Fst 2.07 2.25
16 Dr.15833.1.A1 at Rpbl 3.71 2.17
17 Dr.24766.1.S1 at Smo 2.12 2.02
18 Dr.14282.1.S1 at ATF3 1.89 2.00
19 Dr.24669.1.S1 at TFIIA 3.61 1.82
Genes downregulated in sk8 embryos
1 Dr.14668.1.S1 at Gch 899.50 320.56
2 Dr.20928.1.S1 at Parvalbumin 1d 21.47 22.35
3 Dr.23350.1.S1 at Parvalbumin 8 12.23 17.62
4 DrAffx.1.52.S1 at A2BPI1-like 7.83 10.69
5 Dr.12107.1.A1 at Ndrgl 8.47 6.04
6 Dr.11483.1.S1 at Ldb3-like 3.44 3.64
7 Dr.10719.1.S1 at Atplala4d 62.85 3.37
8 Dr.1831.1.S1 at Lfng 3.68 3.00
9 Dr.20815.1.S1 at Tpma 341 2.86
Control genes
1 Dr.25213.1.S1 at Beta Actin 1 -1.80 1.26
2 Dr.1347.1.S1 at Ribosomal protein L4 1.00 1.00
3 Dr.2675.1.A1 at FKBP5 1.00 1.04
4 Dr.29.1.S1 at CCNE 1.87 1.03

Table 1: Most differentially expressed genes from the microarray are validated independently with qRT-

PCR. Total RNA was extracted from equal number of WT and sk8 embryos at 24 hpf and reverse

transcribed with oligodT. Primer pairs were designed towards the 3' end of the genes using Ensembl

sequence information. qPCR with Sybr Green was performed using appropriate primers. Averages from

at least two independent repetitions for each primer pair is represented in the table.
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Nineteen upregulated genes, nine downregulated genes and four unchanged genes
were further verified by quantitative RT-PCR in WT and sk8 embryos at 24 hpf.
Differential expression was confirmed for all upregulated and downregulated genes
examined; one of the unchanged genes (bactin 1) showed a minor decrease (-1.8) in sk8
embryos (Table 1).

To identify biological processes that might be regulated as a group by
Foggy/Spt5, we employed GenMAPP (Dahlquist et al. 2002) and associated tools to
analyze pathway and gene ontology over-representation in our dataset (Fig. 2A). This
analysis showed that genes that are constituents of the extracellular matrix (e.g.,
collagen) and sodium/potassium ion transporters (e.g., atplala) were downregulated,
while genes that are induced by environmental stress (e.g., gadd45b, hsp70), and
transcription factors (e.g., foxd5, fos) were upregulated in sk8 mutants. In addition,
GenMAPP analysis revealed that the G1 to S cell cycle pathway was significantly
affected in sk8 embryos (Fig. 2B).

A number of genes known to be regulated at the level of elongation (Uptain et al.
1997) were also differentially expressed in sk8 embryos (hsp70, fos, globin, tubulin,
opsin). As the microarray was performed during early developmental stages, we paid
particular attention in our analysis to major developmental pathways. Some members of
the Notch signaling pathway (6/15) were downregulated in sk8 embryos while genes in
fibroblast growth factor (FGFs), bone morphogenetic protein (BMPs) and Wingless
(Wnts) pathways were not differentially expressed, suggesting that these pathways are
largely unaffected by lack of Foggy/Spt5. Furthermore, RNA processing genes and

protein biosynthesis genes (ribosome constituents) were under-represented in our dataset,
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suggesting that downstream general mRNA processing and translation events were not
affected in sk8 mutants. Thus, expression profiling of WT and sk8 embryos at 24 hpf
reveals that Foggy/Spt5 is essential for the regulated expression of a small number of

genes during vertebrate development.

Genes with shorter lengths are specifically affected by lack of Foggy/Spt5

Import Expression Data Import Annotations

Microarray Data probe set { probe set-Ens | Affymetrix-csv

Sk8 +/+ mean exp | €

Sk8 mt fold change | probe set-Ens EIoMar‘t-Ensembl
Sk8 mt ttest pval

Ens-gene length EioMar‘t—Ensembl
L——| Ens-exon length (gene variables)

Ens-intron length
Ens-exon number

(Link microarray data to gene/exon/intron annotatlons) Step 1

Calculate Summary Statistics
Ve

'

All probe Up Down
sets (APS) regulated regulated

@tore all unigque gene variable values for each probe set IisD Step 2

v v v

@a\culate the mean gene variable value for all genes in each IisD Step 3

Repeat steps 2 and 3 for i & j random Calculate fold & ttest p by comparing
elements from APS, 10,000 times filtered to unfiltered gene variables lists

Determine the probability of each mean) i = number of up regulated probeset list
occuring by chance (permute p) j = number of down regulated probeset list

Figure 3: Flow chart diagram of the permutation based analysis

To assess the extent and overall likelihood of a difference between the length of
Foggy/Spt5 regulated genomic structure to other genes in the array, we linked microarray
probe sets to gene structure data from the Ensembl database, computed the mean of
different gene features (e.g., genomic length) for differentially expressed genes and

generated fold and P values.
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Previous studies in yeast have suggested that for intron-containing genes,
Foggy/Spt5 may couple regulation of transcription elongation with splicing (Xiao et al.
2005). To determine if differentially expressed genes in Sk8 embryos have specific gene
structure features, we performed bioinformatics analysis on these gene sets. To assess
the extent and overall likelihood of a difference between the length of Foggy/Spt5-
regulated genomic structure to other genes in the array, we linked microarray probe sets
to gene structure data from the Ensembl database, computed the mean of different gene
features (e.g., genomic length) for differentially expressed genes and generated fold and

P values using a permutation based analysis (Fig. 3).

Categories Total Upregulated in sk8 embryos | Downregulated in sk8 embryos
Groups Mean Mean Fold PermuteP Mean Fold PermuteP
Gene length 18233 | 7618 -2.39 0 18468 1.01 0.8576
Exon length 182 228 1.26 0.0158 192 1.06 0.1648
Exon number 10 7 -1.45 0.8956 11 1.12 0.7372
Intron length 2165 1277 -1.69 0.0002 1850 -1.17 0.0516
Average expression 293 53 -5.55 0.0852 579 1.98 0
Genes 9955 97 358
Probesets 15617 129 485
Table 2: Summary of the permutation based analysis of the gene structure requirements of
differentially expressed genes in Sk8 embryos. Upregulated genes have significantly shorter gene
length, shorter intron length and longer exon length than other genes on the array. Downregulated
genes do not show significantly different gene structure requirements compared to other genes.

Interestingly, genes upregulated in sk8 embryos were found to have on average
~2.4 fold decrease in overall gene length and ~1.7 fold decrease in intron length
compared to all gene-linked probe sets on the array (p<0.05) (Table 2). The extent of this

difference was not observed over 10,000 random permutations of the data and was
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observed only twice when comparing intron length (probabilities of 0 and 0.0002
respectively), emphasizing the rare likelihood of such events. Although this analysis also
shows a significant increase in exon length for upregulated genes (p<0.01), the difference
is relatively small (1.26 fold). In contrast to these observations for upregulated genes,
none of the gene structure data differed between downregulated genes and all other genes
on the array. Our permutation analysis of differentially expressed genes suggests that
genes that are smaller in length and have shorter introns might be repressed by

Foggy/SptS5.

Distinct patterns of RNAPII occupancy is detected on candidate genes in WT
embryos at 24 hpf

As microarray experiments measure the steady-state levels of mRNA and
Foggy/Spt5 is involved in many aspects of mRNA stability by virtue of its association
with many components of the transcriptional machinery (Sims et al. 2004), many of the
genes differentially expressed in sSk8 mutants might represent mRNA processing targets
of Foggy/Spt5. In order to better identify genes that are regulated at the elongation level
at 24 hpf, we performed chromatin immunoprecipitation (ChIP) assays using antibodies
against RNAPII and Foggy. Candidate genes were picked based on fold change, reliable
genomic structure (exon/intron) information, and function that might elucidate the sk8
mutant phenotype. The fold change and genomic structure information for the ChIP

candidate genes is presented in Table 3.
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Array Genomic Transcript No. of

No. Name GO /MAPP Fold length (kb) length (kb) Exons
Upregulated genes

1 FoxD5 Transcription Factor 9.83 4.1 1.1 2

2 Gadd45b Stress response 6.34 1.6 1.2 4

3 Fos Transcription Factor 5.68 2.1 1.7 4

4 Hsp70 Stress response 5.60 34 2.3 2

5 Bapx Transcription Factor 4.62 0.5 0.3 2

6 Zp2.4 Viral envelope 3.74 1.8 1.3 8

7 Tpbgl Receptor 3.24 2.6 1.7 2

8 Opsin Signal transduction 2.72 2.6 1.3 5

9 Fst Pattern specification 2.25 55 34 5

10 Smo Pattern specification 2.02 5.6 3.0 12

11 ATF3 Transcription Factor 2.00 6.1 2.6 4
Downregulated Genes

Array Genomic Transcript No. of

No. Name GO /IMAPP Fold length (kb) length (kb) Exons

1 Pvalb8 Calcium ion binding 17.62 174.7 0.8 5

2 A2BPI1 Nucleotide binding 10.69 18.5 1.1 12

3 Ndrgl Cell differentiation 6.04 19.9 2.3 16

4 Ldb31 Protein binding 3.64 39.3 1.6 12

5 | Atplala.4 | Sodium\potassium ATPase 3.37 7.5 32 22

6 Lfng Signaling 3.00 9.4 2.9 8

7 Tpma Actin binding 2.86 4.5 1.3 10
Control Genes

1 Bactinl Cytoskeleton 1.26 3.6 1.7 6

2 CCNE Cell cycle 1.00 9.8 2.0 12

3 FKBP5 Protein folding 1.00 9.9 24 11

Table 3: GO terms suggesting function, microarray fold change, and gene structure information on genes

selected for chromatin immunoprecipitation assay with Anti-RNAPII and Anti-Foggy antibodies in WT

embryos at 24 hpf. Most of the upregulated genes are shorter than the average gene length while

downregulated genes cover a wider range of gene lengths.
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iii. No RNAPII occupancy at either end — No > — 5> <«

transcription 5 3

Figure 4: Model illustrating the correlation between RNAPII occupancy and transcription status of the gene.

Grey Ovals represent RNAPII occupancy on the gene and numbered rectangles represent exons.

We decided to use 8WG16 antibody to detect RNAPII because this antibody was
successfully used to recognize RNAPII occupancy on the chromatin at both the 5° and 3’
ends of genes in other species (Kim et al. 2004). The prevailing model correlating
RNAPII occupancy to transcriptional status on the gene is schematically depicted in
Figure 4. RNAPII occupancy at both 5’ and 3” ends of the gene is associated with
productive transcription, while lack of detectable RNAPII on the gene is associated with
no transcription at the time point tested. The intermediate status of considerable RNAPII
occupancy at 5’ end and minimal occupancy at 3’ end is associated with a gene poised for

transcription.
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Figure 5: Distinct patterns of RNAPII occupancy indicating transcriptional status detected on selected set of genes in

WT embryos at 24 hpf. RNAPII occupancy on (A) upregulated genes, (B) downregulated genes, (C) and

control genes; (D) RNAPII occupancy at 5” and 3” end represented as ratio. ChIP was performed using SWG16

antibody that recognizes RNAPII on the chromatin. QPCR with appropriate primers was performed in

duplicates and normalized to input DNA values. Y axis values in the graphs represent fold RNAPII occupancy

over fold mouse control serum occupancy. Arbitrary cutoff for detectable RNAPII fold occupancy over control

serum is set stringently at 3. The results shown are the average of at least three independent replicates. Error

bars are SEM values.
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Most of the upregulated genes (9/11) showed RNAPII occupancy at 5° end of the
gene in WT (Fig. 5A). Of the nine genes, four genes (fos, smo, fst, foxd5) show RNAPII
occupancy at the 3’ end as well. Based on the model, these genes are engaged in
productive transcription whereas the other five (gadd45b, tpgbl, hsp70, atf3, bapx) are in
a poised state. Genes without detectable RNAPII on the gene (opsin, zp2.4) are
nottranscribed at this time point.

Three (Ifng, tpma, a2pbll) of seven downregulated genes show detectable
occupancy at 5” and 3’ end, suggesting productive transcription of these genes. The other
four genes (ndrgl, Ibd3l, atplala, pvalb8) show minimal occupancy at either end,
suggesting lack of transcription at this time point (Fig. 5B).

Genes that do not show significant changes in mRNA level between WT and sk8
embryos (bactinl, cyclin E, fkbp5) were used as controls; these three genes also show the
three patterns of RNAPII occupancy (Fig. 5C). Beta actin 1 shows considerable RNAPII
occupancy at 5* and 3’ end (active transcription), cyclin E shows occupancy at 5° end
(poised for transcription), and fkbp5 does not show detectable RNAPII occupancy at
either end (no transcription).

When RNAPII occupancies were analyzed as ratio within the gene, all the
downregulated genes (4/4) have small ratios, indicating active transcription (Fig. 5D).
Given that these actively transcribing genes are downregulated in sk8 embryos, it is likely
that they require the stimulatory activity of Foggy/Spt5. In contrast, seven of the nine
upregulated genes show high ratios, suggesting that these genes might be repressed by

Foggy/Spt5.
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Figure 6: Foggy occupancy mirrors RNAPII occupancy on majority of selected genes in WT embryos at 24 hpf.
Foggy occupancy on (A) upregulated genes, (B) downregulated genes, (C) and control genes; (D) Foggy
occupancy at 5’ and 3’ end represented as ratio. ChIP was performed using Anti-Foggy antibody and pre-
immune serum in procedure similar to that used for RNAPII ChIP. Y axis values in the graphs represent fold
Foggy occupancy over fold pre-immune serum occupancy levels. Arbitrary cutoff for detectable Foggy fold
occupancy over control serum is set stringently at 3. The results shown are the average of at least three

independent replicates. Error bars are SEM values. Note that the scales are different for each of the graphs.
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Foggy/Spt5 occupancy mirrors RNAPII occupancy on most candidate genes in WT
embryos at 24 hpf

Our analysis of selected candidate genes using RNAPII antibody identified
distinct patterns of RNAPII occupancy and consequently, the transcription status of the
gene at 24 hpf. Next, in order to identify genes that are regulated at the elongation level
by Foggy/Spt5 at 24 hpf, we performed chromatin immunoprecipitation (ChIP) assays
using anti-Foggy antibody. In WT embryos, most of the upregulated genes (8/11) show
Foggy occupancy at 5° end and minimal occupancy at 3’ end of the genes. Three of the
upregulated genes (bapx, opsin, zp2.4) do not show detectable Foggy occupancy at this
particular time point (Fig. 6A). Bapx, which showed RNAPII occupancy, does not show
above-threshold Foggy occupancy suggesting that Foggy/Spt5 is not essential for
transcribing this gene. Most of the upregulated genes that are poised for transcription (as
assessed by RNAPII occupancy) do display similar Foggy occupancy at 5° end of gene,
suggesting that transcription of these genes might be repressed by Foggy protein.

Three out of seven downregulated genes (Ifng, tpma, a2bpll) show Foggy
occupancy at both 5’ and 3’ ends, similar to RNAPII occupancy on these genes (Fig. 6B).
It is likely that Foggy/Spt5 plays a stimulatory role in transcribing these genes, resulting
in their downregulation in sk8 embryos. Two of the downregulated genes (atplala.4,
pvalb8) show minimal Foggy occupancy at both ends, consistent with these genes not
being transcribed at this time point. Foggy occupancy on control genes (beta actin 1,
cyclin E, fkbp5) is similar to RNAPII occupancy (Fig. 6C). Given that these genes are
not differentially expressed in sk8 embryos, it is likely that these genes are not uniquely

regulated by Foggy/Spt5. When occupancy values were computed as ratios, most of the
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upregulated genes have high ratios and most of the downregulated genes have low ratios
(Fig. 6D), similar to RNAPII ratios (Fig. 5D).

Taken together, these results identify gadd45b, fos, hsp70, smo, atf3, fst, and tpgbl
as promising candidate genes for direct repression by Foggy/Spt5 at the elongation step,
and Ifng, tpma, and a2bpll as promising candidate genes for direction stimulation by

Foggy/Spt5.

Identification of gadd45b as a novel elongation target of Foggy/Spt5

We hypothesized that if a gene loses its elongation repression in Sk8 embryos,
there would be an increase of RNAPII occupancy at the 3’ end of the gene, reflecting an
increase in mRNA transcription. In order to distinguish between transcription initiation
and elongation effects, our hypothesis also predicts that for such genes, there would be no
significant increase of RNAPII occupancy at 5° end in Sk8 embryos. Due to the limited
availability of fog®™® embryos, we focused on four genes (hsp70, fos, gadd45b, fst) which
were upregulated in fog™® embryos, and exhibited strong occupancy of both Foggy/Spt5
and RNAPII at the 5’ end. Both hsp70 and fos are known to be regulated by transcription
elongation in cultured cells and/or in Drosophila (Collart et al. 1991; Gilmour and Lis
1986), whereas gadd45b and fst are novel candidates for regulation at the elongation step.

The patterns of RNAPII occupancy in 24 hpf fog™® embryos are shown in Fig. 7A.
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A. RNAPII ChIP in WT/sk8 embryos at 24 hpf Whole-mount in situ hybridization of gadd45b at 24hpf
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Figure 7: gadd45b is repressed by Foggy/Spt5 at the elongation level.

(A). ChIP with RNAPII antibody in WT and sk8 embryos on gadd45b, fos, hsp70 and fst genes show that in sk8 embryos,
RNAPII occupancy is significantly increased at 3” end of gadd45b without increase at 5° end. Other genes tested showed
reduction of RNAPII occupancy at 5° ends in sk8 embryos compared to WT occupancy levels. (B-G) Representative
images of whole-mount in situ hybridization of gadd45b antisense probes in WT and sk8 embryos at 24 hpf show
widespread expression of gadd45b in sk8 embryos in contrast to the limited expression in WT embryos. (H) Western blot
analysis of WT and sk8 embryo extracts with commercially available anti-Gadd45b antibody and anti-actin antibody
shows significant increase of Gadd45b protein in sk8 embryos at 24 hpf. Equal number of embryos were loaded in each

lane.

Interestingly, we observed the expected pattern of significantly increased RNAPII
occupancy at only the 3’ end of gadd45b and not with hsp70, fos and fst genes in sk8
embryos. Furthermore, we observed a significant decrease of RNAPII occupancy at the
5’ end of hsp70, fos and fst genes when compared to the WT RNAPII occupancy levels.

While reasons behind the lack of predicted RNAPII occupancy on hsp70, fos and fst

41



needs to be investigated further, the RNAPII occupancy observed for gadd45b is

consistent with it being a direct target gene repressed by Foggy/Spt5.

Gadd45b mRNA is mis-expressed spatially in fog ® embryos at 24 hpf

In WT embryos, RNAPII occupancy is asymmetrically concentrated at 5° end of
the gadd45b gene with minimal 3’ occupancy, correlating with minimal expression of
gadd45b mRNA at this stage. We hypothesized that the de-repression of gadd45b in sk8
embryos would result in its mRNA being expressed in parts of the embryo that normally
do not express gadd45b. In order to test this hypothesis, we performed whole mount in
situ hybridization with gadd45b probes in a clutch of embryos from adult heterozygote
pairs. The genotype of this the clutch of embryos consists of 25% sk8 mutants, 50%
heterozygotes and 25% WT embryos. At the phenotypic level, heterozygotes and WT
embryos are indistinguishable. The spatial expression pattern of gadd45b in this clutch is
normal in all embryos (regardless of genotype) until 21 hpf. At 24 hpf, phenotypically
normal embryos express gadd45b mRNA in a restricted fashion in some cells of the
pronepric duct. In fog™® embryos at 24 hpf, we see strong, broad expression in the trunk
(presomitic mesoderm, notochord, pronephric duct) and in the anterior parts (layers of the
retina, presumptive mid-hind brain boundary, and anterior part of the spinal cord) of the
embryos (Fig. 7B-G).

To determine whether increased production of gadd45b mRNA in fog®® embryos
leads to increased level of the protein product, Western blot analysis was carried out
using a commercially available anti-Gadd45b antibody (Fig. 7H). Indeed, a strong

increase in Gadd45b protein was detected in 24 hpf fog™® embryo extracts as compared to
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WT, suggesting that mis-expression of gadd45b mRNA at the elongation level leads to
increased Gadd45b protein levels. Taken together, our data suggests that the loss of
repressive activity of Foggy/Spt5, due to decreasing levels of maternal Foggy protein
leads to spatial and temporal mis-expression of gadd45b mRNA and protein in sk8

mutant embryos.

Gadd45b induction in sk8 embryos is specific to Foggy/Spt5 reduction

Gadd45b is induced in response to various stressful stimuli. In order to determine
whether gadd45b is induced in other mutant embryos, we analyzed zebrafish microarray
data from another mutant (Spt6 mutant) which has severe developmental defects similar
to sk8 embryos at 24 hpf (Len Zon’s lab, unpublished data). Spt6, a chromatin
remodeling and transcription elongation factor, is associated biochemically with
Spt5/Foggy. In fact, the zebrafish mutants pandora (spt6 null allele) and sk8 (spt5
zygotic null) were identified in the same screen and showed gross morphological
similarities in phenotype (Keegan et al. 2002). The spt6 mutant allele from the Zon lab
has comparable, severe developmental phenotype to Sk8 embryos. Our comparison of the
microarrays between the two mutants shows that 67% of the differentially expressed
genes in Sk8 embryos are similarly mis-expressed in the spté mutant as well (Table 4).
Of the genes that we performed RNAPII ChIP in sk8 embryos, (gadd45b, hsp70, fos, fst),
only fos is similarly increased while hsp70 and fst are decreased in the spt6 mutant
embryos. Interestingly, gadd45b is not differentially expressed in Spt6é mutant embryos,

suggesting that gadd45b is not a target of spt6. This comparison of the two arrays
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suggests the extent of the similarities and differences between the targets of these two

transcription elongation factors.
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Genes upregulated in sk8 embryos

# Probe ID Primers sk8 Array folds | spt6 mutant array folds
1 Dr.8097.1.51 at Blue Opsin 2.72 10.82
2 Dr.23439.4.S1 at Zp2.4 3.74 5.01
3 Dr.592.1.51 at Fox D5 9.83 4.86
4 Dr.21063.1.A1 at Bapx 4.62 4.8
5 Dr.12986.2.S1 at v-fos 5.68 4.17
6 Dr.15033.1.S1 at Hypothetical protein 4.00 4.1
7 Dr.13076.1.S1 at Plekhfl 3.87 2.5
8 Dr.5725.1.S1 at HoxB6b 3.31 2.34
9 Dr.24766.1.S1 at Smo 2.02 2.27
10 Dr.25206.1.S1 at Tpbgl 3.24 2.01
11 Dr.18282.6.A1 at Khdrbsl 2.97 1.74
12 Dr.15991. 1.S1 at Hypothetical protein 6.56 1.21
13 Dr.1378.2.S1 a at Gadd45b 6.34 1.08
14 Dr.12334.1.A1 at Hypothetical protein 2.35 1.02
15 Dr.14282.1.S1 at ATF3 2.00 -1.14
16 Dr.24669.1.S1 at TFIIA 1.82 -1.24
17 Dr.15833.1.A1 at Rpbl 2.17 -1.49
18 Dr.198.1.S1 at Fst 2.25 -1.85
19 Dr.20198.2.S1 x at Hsp70 5.60 -2.6
Genes downregulated in sk8 embryos
1 Dr.14668.1.S1 at Gch 320.56 72.56
2 DrAffx.1.52.S1 at A2BP1-like 10.69 18.53
3 Dr.20928.1.S1 at Parvalbumin 1d 22.35 16.39
4 Dr.10719.1.S1 at Atplala4 3.37 9.96
5 Dr.20815.1.S1 at Tpma 2.86 8.98
6 Dr.11483.1.S1 at Ldb3-like 3.64 6.54
7 Dr.23350.1.S1 at Parvalbumin 8 17.62 6.44
8 Dr.12107.1.A1 at Ndrgl 6.04 6.21
9 Dr.1831.1.S1 at Lfng 3.00 247
Control genes
1 Dr.25213.1.S1 at Beta Actin 1 -1.26 -1.19
2 Dr.1347.1.51 at Ribosomal protein L4 1.01 1.01
3 Dr.2675.1.A1 at FKBP5 1.04 1
4 Dr.29.1.S1 at CCNE 1.03 1.14

Table 4: Comparison of microarray fold data of select set of genes between sk8 and spt6 mutants at 24

hpf. All of the selected downregulated genes show similar fold decreases in both arrays, while 67% of

the upregulated genes are similar in fold increases between the mutants.
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Foggy/Spt5 might be required to maintain RNAPII conformation on the chromatin

In order to investigate the lack of predicted RNAPII occupancy in Sk8 embryos on
majority of the genes tested thus far, we performed whole-mount immunostaining of WT
and sk8 embryos using 8WG16 antibody. 8WG16 antibody recognizes different forms of
RNAPII (regardless of the phosphorylation status) between 210-250kDa, (Bregman et al.
1994; Ni et al. 2004). Surprisingly, we detected a significant reduction in RNAPII
immunoreactivity by 24 hpf in sk8 embryos (Fig. 8 A-F). In contrast, the reduction in
RNAPII protein levels as detected by Western Blot was not significant (Fig. 8M). To
further investigate this issue, we performed immunostaining with another RNAPII
antibody, CTD4HS, and found that the RNAPII immunoreactivity in Sk8 embryos was
not affected (Fig. 8 G-L). CTD4HS antibody preferentially recognizes the Ser-5
phosphorylated form of RNAPII (Covance Research Products). This lack of reduction in
immunoreactivity by CTD4HS8 antibody and Western Blot with SW(G16 antibody
suggests that total RNAPII protein levels are not reduced in sk8 embryos. Preliminary
experiments were carried out using another RNAPII antibody (H5), which recognizes the
elongating RNAPII (Ser 2-phosphorylated). So far, the results are inconclusive due to
technical problems associated with different batches of the antibody. Also, this antibody
requires an [gM secondary antibody, for which the conditions have not been optimized
thoroughly.

One possible explanation for these discrepancies in the levels of RNAPII in this
case is that the two RNAPII antibodies recognize different conformations of RNAPII,
and the 8WG16-recognizable RNAPII conformation is specifically reduced in sk8

embryos. Given that SDS-PAGE gels resolve denatured forms of the protein, the
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conformation-specific reduction of RNAPII identified by 8WG16 antibody in the whole-
mount immunostaining would not be expected in the Western blot. Nevertheless, the
gross reduction of 8WG16-recognizable RNAPII in sk8 embryos at 24 hpf as detected by
whole-mount immunostaining methods, explains the loss of RNAPII occupancy on
majority of genes tested by ChIP in sk8 embryos at 24 hpf. Taken together, these results
suggest that Foggy/Spt5 might be required to stabilize particular conformations of

RNAPII and consequently, RNAPII processivity on the chromatin.
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Discussion:

Foggy/Spt5 is a transcription elongation factor with dual properties of repression
and activation in vitro (Wada et al. 1998) and in vivo (Compagnone-Post and Osley 1996;
Hartzog et al. 1998; Winston and Sudarsanam 1998) (Andrulis et al. 2000; Kaplan et al.
2000; Wu et al. 2003). Spt5 also binds multiple mRNA processing factors, suggesting
roles in mRNA stability and transport. However, the prevalence and identity of target
genes are poorly defined in the vertebrate system. In this study, we carried out
expression profiling on ~10,000 genes using a zygotic null zebrafish mutant, fog™®.
Maternally deposited foggy/spt5 gene products sustain fog®™® embryos until the late
somitogenesis stage of development. Our results show that a surprisingly small fraction
of genes (<5%) are differentially expressed between WT and fog™® embryos at 24 hpf. In
vivo ChIP analyses with anti-RNAPII and anti-Foggy antibodies on a select set of genes
established the transcriptional status of these genes and identified possible direct targets
of Foggy/Spt5 at the level of transcription elongation at 24 hpf. One such target is

gadd45b, an anti-apoptotic protein, induced by environmental and cellular stress.

The prevalence and identity of Foggy/Spt5 target genes in vertebrate development
Previous immunofluorescence analyses in Drosophila showed that RNAPII and
Spt5 were localized to majority of sites on polytene chromosomes (Andrulis et al. 2000;
Kaplan et al. 2000). These studies implied that most, if not all, genes may be dependent
on Foggy/Spt5 for productive transcription. On the other hand, the ubiquitous
localization and functional redundancy of transcription elongation factors implies that

most genes might not be critically dependent on one factor for proper elongation. Our
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survey of ~10,000 genes at one developmental stage (24 hpf) in zebrafish embryos
reveals that less than 5% of expressed genes are altered in fog™® embryos, suggesting that
only these genes require Foggy/Spt5 for their regulation at this particular time point. If
the array fold cut-offs were relaxed to an absolute value of 1.5, then the number of
upregulated probe sets increase to 693 (129 probe sets at 2-fold cut-off) and
downregulated probe sets increase to 1006 (485 probe sets at 2-fold cut-off). Preliminary
attempts to validate candidate genes around the 1.5 fold cut-off using qRT-PCR were
unsuccessful due to unreliable fold changes between replicates.

Our analyses do not exclude the possibility of larger number of Foggy/Spt5
target genes during other time points of development and/or with a more encompassing
microarray chip. As to the identities of Foggy/Spt5 target genes, a permutation based
analysis revealed that genes upregulated in Sk8 embryos had significantly shorter gene
length compared to the average gene length in zebrafish, suggesting an additional
repressive level of regulation for transcription of shorter genes. We did not observe
genes downregulated in sk8 embryos to have significantly longer gene lengths,
suggesting that the stimulatory activity of Foggy/Spt5 might be compensated for by other
transcription elongation factors. We also identified a diverse set of genes, ranging from

pattern specification factors to transporters to be affected by the loss of Foggy/Spt5.

Dynamics of regulated transcription elongation in vivo
Our ChIP assays with RNAPII and Foggy/Spt5 antibodies enabled us to classify
the differentially expressed genes based on their transcriptional status. In agreement with

previous studies, inducible genes, which respond to stimuli quickly in a controlled
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manner, were poised for transcription in our assay. These genes were also upregulated in
sk8 embryos, suggesting that these genes are repressed by Foggy/Spt5. Well-known
transcription elongation targets, hsp70 and fos, showed predicted Foggy/Spt5 and
RNAPII occupancies in WT embryos, though we detected unexpected decrease in
RNAPII occupancy of hsp70 and fos genes in fog™® embryos. One possible explanation
for this unexpected finding is that these genes might be more sensitive to reducing
amounts of maternal Foggy/Spt5 before 24 hpf, and thus were transcribed at earlier time
points. If this was the case, we would expect RNAPII occupancy on hsp70 and fos genes
in sk8 embryos at 24 hpf to resemble WT occupancy patterns (increased RNAPII at 5’
end), while we see the contrary pattern (decreased RNAPII at 5° end).

Another explanation for decreased RNAPII could be that the complex is in an
arrested state. When RNAPII cannot recover from transcriptional arrest, it is
ubiquitylated and degraded. It is interesting to note that the Ser-5 phosphorylated form of
RNAPII (close to promoter) is refractory to such ubiquitylation, while Ser-2
phosphorylated form can be ubiquitylated, suggesting that elongating RNAPII is
subjected ubiquitylation and possible degradation (Somesh BP et al. 2005). Though the
mechanism is unclear, it is also possible that the ubiquitylation serves to provide another
level of modification on the CTD rather than serving as a marker for protein degradation.
It is also unknown if the RNAPII conformation and the ability of the antibodies used to
detect RNAPII is affected by such modification.

Spt4-5 complex is important for stabilizing RNAPII on the chromatin template
under normal and DNA-damage inducing conditions in yeast (Mason and Struhl 2005),

(Jansen et al. 2002). It is likely that Foggy/Spt5 is important for stabilizing RNAPII on
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the chromatin of vertebrates as well, suggesting that RNAPII might be considered a target
of Foggy/Spt5. Analysis using antibodies recognizing different conformations of
RNAPII would further elucidate the mechanism by which Foggy/Spt5 stabilizes
particular conformations of RNAPIL. Our ChIP analyses in fog™® embryos have provided
further evidence for gadd45b as a novel target of Foggy/Spt5’s elongation repressive
activity. The significantly upregulated Gadd45b protein levels also substantiate the

importance of Foggy/Spt5’s repressive activity in vivo.

Regulation and function of gadd45b

A recent study in flies (Peretz et al. 2007), has identified that while
overexpression of D-GADDA45 in somatic follicle cells caused apoptosis, overexpression
in the germline affected the dorsal-ventral polarity of the eggshell and disrupted the
localization of anterior-posterior polarity determinants, suggesting roles in early
development. In zebrafish, overexpression of gadd45b by mRNA injection at the 1-cell
stage leads to somite segmentation defects (down-regulation of myoD) (Kawahara et al.
2005). As gadd45b is not overexpressed in Sk8 embryos until 24 hpf, it is interesting to
note that sk8 embryos do not show obvious segmentation defects and no reduction in
myoD transcript levels, suggesting that temporal and spatial context greatly influence the
phenotypic outcome of gadd45b overexpression during development. It is possible that
gadd45b upregulation creates a cellular stasis condition in Sk8 embryos, at least for a
limited amount of time, in accordance with its role in cell cycle control. Interestingly,

our GenMAPP analysis suggested that the cell cycle pathway was indeed affected in sk8
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embryos. Further in-depth studies with cell cycle arrest and apoptosis markers would
elucidate if gadd45b upregulation is the cause of these effects in Sk8 embryos.

Growth arrest and DNA-damage inducible (GADD) family of proteins plays
important roles in regulation of DNA repair, cell cycle control, and apoptosis (Mak and
Kultz 2004). Expression of GADD45 family genes is induced by environmental stress
(ultraviolet rays, high osmolarity) as well as by certain cytokines (interleukin 18, and 6)
(Mak and Kultz 2004; Takekawa and Saito 1998). Gadd45b is regulated by NF-kappaB
(De Smaele et al. 2001), and TGF-b (Takekawa et al. 2002) in mammalian cell cultures.
NF-kB binding sites are detected in the promoter of gadd45b (Jin et al. 2002), suggesting
direct transcriptional regulation by NF-kB members. At the functional level, Gadd45b
protein binds to JNKK?2 (c-Jun N-terminal kinase cascade member) directly and blocks
its catalytic activity (Papa et al. 2004), thereby providing a molecular link between the
NF-kB and JNK pathways in controlling apoptosis. Though we do not see differential
expression of other downstream targets of NF-kB or TGF-beta in our array analysis of
sk8 embryos, we cannot exclude that possibility of specific transcriptional initiation of
gadd45b by either or both of these pathways.

Future studies are required to elucidate if there is a mechanistic interaction
between NF-kB/TGF-beta family members and Foggy/Spt5 to understand the interplay
between transcription initiation and elongation regulation of gadd45b. It has been
previously suggested that gadd45 falls into the category of ‘preset’ genes whose
upregulation is independent of changes in chromatin structure (by binding of
transcription factors), or synthesis of new transcription factors, or stimuli-induced DNA-

protein interactions (Graunke et al. 1999). Hence, it is tempting to speculate that the
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elongation control of gadd45b by Foggy/Spt5 is the switch that regulates these ‘preset’
genes. Transcription elongation control of such ‘preset’ genes might be crucial to
integrate signals from multiple pathways (gadd45b controlled by NF-kB and TGF-b) to
coordinate regulation of important signaling pathways that ultimately determine cell fate

and survival.
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I11. Gene expression profiling of foggy mutants

Background

The foggy mutant was identified in a genetic screen for mutations that affect
neuronal development in zebrafish (Guo et al. 1999). In addition to multiple neuronal
defects, the foggy mutant displayed a reduction in dopaminergic (DA) neurons and a
corresponding increase in serotonergic (5-HT) neurons in the hypothalamus at 48 hours
post fertilization (hpf) (Guo et al. 2000). Though the foggy mutant had relatively normal
gross morphological features, it was lighter in color compared to wild-type (WT)
embryos, developed circulatory problems by 36 hpf and died by 5 days post fertilization
(dpf). Whole mount staining with multiple markers suggested that the foggy mutant
neuronal phenotype might be due to defects in cell fate specification. Markers for cell
death and proliferation were normal in foggy mutants.

Positional cloning identified the foggy gene to be homologous to spt5, a yeast
transcription elongation factor. The foggy mutant allele carries a single nucleotide
substitution from T to A, which changes the amino acid valine to aspartic acid (V1012D).
Biochemical in vitro assays were performed to determine the effect of this mutation on
the transcription elongation function of the protein. When recombinant wild-type (WT)
Foggy protein was added to a transcription elongation complex with the drug 6-dichloro-
1-B-D-ribofuranosylbenzimidazole (DRB), a nucleotide analog, there was a reduction in
the rate of transcription elongation of an artificial construct. When the same assay was
performed with mutant Foggy protein, there was no reduction in the rate of transcription

elongation, suggesting the loss of the inhibitory activity of the mutant Foggy protein.
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When recombinant WT Foggy protein was added to a transcription elongation complex
with low nucleotide concentrations, elongation was stimulated. When the mutant Foggy
protein was added to the complex under similar conditions, the elongation rate was
comparable to WT levels, suggesting that the mutant Foggy protein had not lost its
stimulatory activity. Combining in vitro biochemical data with the neuronal phenotype
of the foggy mutant led to the hypothesis that the repressive activity of Foggy protein is
essential for the development of distinct neurons in zebrafish. Preliminary studies of
candidate genes known to be essential for DA and 5-HT neuronal development using
whole mount in situ analysis did not yield promising results; most of these genes were
unchanged in the foggy mutants. The goal of this study was to find target genes of

Foggy/Spt5 that contribute to the observed neuronal phenotype.
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Materials and Methods

Microarrays and gRT-PCR

Equal number of embryos (WT siblings, foggy mutants) at 48 hpf was
dechorionated by hand or by Pronase K treatment. Heads of individual embryos were cut
above the yolk using a needle and appropriate amounts of Trizol were then added to the
embryos. Standard RNA extraction protocols were followed and total RNA was re-
suspended in nuclease-free water. DNase treatment was performed to minimize
contamination by genomic DNA. The total RNA sample was placed in dry ice and
shipped to NINDS for amplification of mRNA and subsequent microarray hybridization.

To obtain cDNA, total RNA was reverse-transcribed using oligodT and
Superscript enzyme. Equal amount of cDNA was used in SybrGreen qPCR mastermix
system with appropriate primers. All conditions (primer concentration, and temperature
for PCR) were optimized. All plates contained at least two well duplicates for each
primer and cDNA condition. Cycle values were averaged between the duplicates and
normalized to control primer values. WT fold values were compared to foggy mutant fold
values and expressed as fold upregulated or downregulated in foggy embryos. At least
three independent replicates were performed for each primer set.

Microarray Analysis

Microarray analysis was performed by Nathan Salomonis from Bruce Conklin’s
lab. Gene intensity values for the Affymetrix Zebrafish Genome Array CEL files were
obtained using the GC-RMA package from Bioconductor (Dudoit et al. 2003; Wu et al.
2004). To identify genes with relative changes in steady-state mRNA levels between WT

and foggy mutants, a fold change was calculated from these log2 intensity values along
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with a student ttest p value. Genes with 2 fold change in expression and p<0.05 were
clustered using the program HOPACH (hierarchical ordered partitioning and collapsing
hybrid), with uncentered correlation distance (Pollard and van der Laan 2002; van der
Laan and Pollard 2003).

To determine relative differences in gene length parameters, a custom python
script was written that links microarray probe set data to gene structural information from
the Ensembl database (PMID: 17148474) obtained through BioMart (Bioinformatics.
2005 Aug 15;21(16):3439-40). Probe set annotations to Ensembl genes obtained from
BioMart were augmented with those directly from Affymetrix

(http://www.affymetrix.com). In this script, fold changes were calculated by comparing

the mean length of distinct gene features (genomic, exon and intron lengths/number) or
gene expression between upregulated or downregulated Ensembl-linked genes compared
to all genes on the microarray. For each parameter, a permutation p value was calculated
by randomizing the selection of input probe sets 10,000 times and re-calculating and
storing the mean fold changes for both up and down regulated sets to determine the
probability that the original fold occurs by chance alone.

Whole mount staining:

Whole-mount in situ hybridization was performed as described before. Briefly,
embryos were fixed in 4% paraformaldehyde, overnight in the cold room. Then, the
embryos were dechorionated by hand and stored in 100% methanol at -20°C until usage.
Embryos were rehydrated and treated mildly with proteinase K before incubation with
appropriate digoxigenin-labeled RNA probes. After extensive washing at 60°C, an

antibody against digoxigenin is added to the tubes and incubated overnight. NBT/BCIP
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(Roche) colorimetric reaction is used to visualize the expression patterns of the genes.
Whole-mount immunostaining was performed similarly with Anti-Parvalbumin antibody

(1:10,000). Images were taken with Zeiss microscope.
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Results and discussion:

Microarray data:

To identify genes that are differentially expressed between wild-type and

m806

foggy ™ mutant embryos, we performed microarray analysis by hybridizing zebrafish

Affymetrix oligoarrays, which contain 15,617 probesets representing ~10,000 genes, with

m806

fluorescently labeled RNAs isolated from heads of foggy mutant embryos and their

WT siblings at 48 hpf. Only 1.3% of the genes are differentially expressed (absolute fold

m806

greater than 2, P < 0.05) between foggy mutant embryos and WT siblings. Among

the differentially expressed genes, 11 genes were upregulated (ranging from +2 to +5
fold), and 147 genes were downregulated (ranging from -2 to -28 fold) in foggy ™%
embryos. Most of the upregulated genes are novel, hypothetical proteins. Most of the
downregulated genes are constituents of the extra-cellular matrix, calcium-binding
proteins, and transporters.

806 -
™ embryos have specific

To determine if differentially expressed genes in foggy
gene structure requirements, we performed bioinformatics analysis on these gene sets (in
collaboration with Nathan Salomonis, Bruce Conklin’s lab). To assess the extent and
overall likelihood of a difference between the length of Foggy/Spt5 regulated genomic
structure to other genes in the array, we linked microarray probe sets to gene structure
data from the Ensembl database, computed the mean of different gene features (e.g.,

genomic length) for differentially expressed genes and generated fold and P values using

a permutation based analysis.
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Categories Total | Up-regulated in foggy embryos Down-regulated in foggy embryos
Groups Mean Mean Fold PermuteP Mean Fold PermuteP
Gene length 18233 9353 -1.95 0.0458 13091 -1.39 0.012
Exon length 182 183 1.01 0.9146 179 -1.02 0.8216
Exon number 10 10 -1.05 0.0852 8 -1.26 0.8388
Intron length 2165 926 -2.34 0.0116 1849 -1.17 0.2338
Average expression 280 39 -7.19 0.77 415 1.48 0.1748
Genes 9955 11 147
Probesets 15617 21 189

Table 1: Summary of permutation based analysis of gene structure requirements of differentially expressed

m806

genes in foggy embryos. Upregulated genes have shorter gene length, shorter intron length and

downregulated genes have shorter gene length compared to other genes on the array.

Interestingly, genes upregulated in foggy ™

embryos were found to have on
average ~1.95 fold decrease in overall gene length and ~2.3 fold decrease in intron length
compared to all gene-linked probe sets on the array (p<0.05) (Table 1 ). In agreement
with the permutation analysis from fog ¢ mutant embryos, genes that are smaller in
length and have shorter introns might be repressed by Foggy/Spt5 at the level of
elongation. In contrast to differentially expressed genes in fog ¢ mutant embryos, genes

that are downregulated in foggy maos

embryos were found to have on average ~1.39 fold
decrease in overall gene length. It is likely that other characteristics (specific sequences,

secondary structures in introns) play a role in determining the identities of targets of

Foggy/Spt5.
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Microarray gRT-PCR fold
Description/
No. Probe ID Genes Function Fold
1 | Dr.26372.1.A1 at U-1 Unknown
2 | Dr.15833.2.51 at U-2 Transcription
3 | Dr.15991.1.S1 at U-3 RING Finger protein
4 | Dr.26333.1.A1 at BRD2 Bromodomain protein
5 Dr.2022.1.A1 at Arginase Enzyme
6 Dr.8587.1.A2 at IGFBP1 Metabolism
7 | Dr.14282.1.S1 at ATF3 Transcription factor
8 | Dr.25657.1.A1 at IER Transcription factor
9 | Dr.15033.1.S1 at Xp8 Transcription factor
10 | Dr.6208.1.A1 at U-4 Unknown
11 Dr.9976.1.51 at K1f2B Transcription factor
12 | Dr.11266.1.S1 at 14-3-3 Protein-protein interaction
13 | Dr.12804.1.S1 at Somatostatin Neuropeptide
14 | Dr.3130.1.A1 at Rgs4 G protein signaling
15 | Dr.21244.1.S1 at UCP2 Metabolism
16 | Dr.3966.1.A1 at NP25 Unknown
17 | Dr.20928.1.S1 at Parvalbumin 1d Calcium-binding protein
18 | Dr.5725.1.S1 at HoxB6b Transcription factor
19 | Dr.2675.1.A1 at FKBP5 Protein-protein interaction

m806

and WT embryos. Red color

Table 2: Quantitative RT-PCR verification of microarray data with RNA extracted from heads (48 hpf) of foggy
represents genes that are upregulated in mutants and green color represents genes that are downregulated in mutants, compared to WT levels.

gRTPCR was also performed from RNA extracted from whole embryos at earlier time points. Folds are averaged from at least three independent

experiments.
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Quantitative Real Time PCR (qRT-PCR)

As the mutant Foggy protein had lost its repressive activity but retained its
stimulatory activity in in vitro assays (Guo et al. 2000), we primarily focused our
experiments on upregulated genes from the microarray. Eleven upregulated genes, eight
downregulated genes and two unchanged genes were further verified by qRT-PCR in WT

and foggy ™%

embryos at 48 hpf. Differential expression was confirmed for all
downregulated genes and 10/11 upregulated genes examined. A secondary list of 23
genes (18 novel genes) ranging from 1.5 to 2 fold was also picked for validation by qRT-
PCR; 78% were verified at 48 hpf by this process. As the fold changes determined by
qRTPCR did not show significant increases in fold, further analysis was not conducted on
these genes.

The neuronal phenotype in foggy mutants is robust by 48 hpf. The genes that
cause the phenotype are likely to have been mis-expressed at earlier time points. In order
to separate genes that are causative of the phenotype from the genes that are the result of
the phenotype, we performed qRTPCR with RNA extracted from WT and foggy mutant
embryos at earlier time points (Table 2). Even though, RNA extracted from whole
embryos were used at these earlier time points, eight out of eleven genes were
upregulated at 36 hpf and four were upregulated as early as 30 hpf. Only two (FKBPS5,
somatostatin) out of eight downregulated genes were downregulated as early as 30 hpf.
Interestingly, novel genes (U3, U4, p8) belong to this category of early-upregulated
genes, suggesting that these genes might be causative of the neuronal phenotype in foggy

mutants. Taken together, these results suggest two possibilities: these genes are highly

mis-expressed in a restricted fashion (forebrain) in the whole mutant embryos (related to
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the neuronal phenotype) or these genes are ubiquitously mis-expressed (not neuronal-
specific) in the mutant embryos. Then, these genes might be more sensitive to the loss of

repressive activity of the mutant Foggy protein and might be direct targets of Foggy/Spt5.

No. ProbelD No. Genes foggy, 30 hpf sk8, 29 hpf

1 Dr.15991.1.S1 at U-3

2 Dr.26372.1.A1 at U-1

3 Dr.15033.1.S1 at Xp8

4 Dr.9976.1.S1 at KIf2B

5 Dr.6208.1.A1 at U-4

6 Dr.5725.1.51 at HoxB6b

7 Dr.15833.1.A1 at U-2

8 Dr.26333.1.A1 at BRD2

9 Dr.14282.1.S1 at ATF3

10 Dr.3130.1.A1 at Rgs4

11 Dr.25657.1.A1 at IER

12 Dr.20928.1.S1 at Parvalbumin 1d

13 Dr.12804.1.S1 at Somatostatin

14 Dr.2022.1.A1 at Arginase

15 Dr.21244.1.S1 at UCP2

16 Dr.11266.1.S1 at 14-3-3
Table 3: gRT-PCR fold change comparison between foggy ™°° and fog ¥ levels around 30 hpf. Red
color represents genes that are upregulated in mutants and green color represents genes that are
downregulated in mutants, compared to WT levels. Folds are averaged from at least three independent
experiments.

In order to determine if these genes were direct targets of Foggy/Spt5, we
performed qRT-PCR with the same genes on fog % mutant embryos at ~30hpf. fog 8 s
a zygotic null allele of Foggy/Spt5, lacking both repressive and stimulatory activities.
9/11 upregulated genes and 4/8 downregulated genes in foggy is similarly mis-expressed
in sk8 embryos at 29 hpf (Table 3). Interestingly, four genes (U1, U3, Xp8, Parvalbumin

1d) show higher fold changes in sk8 embryos than in foggy embryos, suggesting that the
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in comparison to null allele (fog™ ), foggy is a partial loss of function allele. This
observation is also consistent with the severe gross morphology defects of sk8 embryos in
comparison to the mild gross morphology defects of foggy mutant embryos. After
narrowing down candidate genes from the microarray analysis by qRT-PCR validation
and time course analysis, we performed further analysis on select set of genes in order to

determine the spatial expression pattern and further infer possible function of these genes.

Comprehensive results for some of the genes are summarized below.

Unknown 1 (U1):

ProbelD #: Dr.26372.1.A1 at

Unigene ID #: Dr. 122837 (as of 12/19/07)
Gene Structure: Unknown

Name of gene: Hypothetical protein XP_701190
Predicted function: Unknown

Results from this study:

Primers were designed according to the probe sequence on the microarrays
towards the 3’ end of the predicted gene sequence. The amplified product size was about
200 bp. Ul is expressed from 4 hpf to at least 72 hpf (Fig. 1a). This gene is not
maternally expressed as there is no expression at 2 hpf. The RT-PCR gel also shows that
the gene might be dynamically regulated based on the strength of the band at different
time points. This gene is upregulated in foggy (36 — 48 hpf), and sk8 (24 — 30 hpf)
embryos. No in situ analysis or further follow-up was conducted due to lack of sequence

information.
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Time course RT-PCR analysis

2 5 810 18 24 29 35 4872 (-) hpf

a.

b cEeBeaa U3 ~900 bp

C e FKBPS-23Kb

d. ' eweee Parvalbumin 1d ~600 bp
. Ribosomal L4 ~ 2 kb

2 5 810 182429 35 4872 (-)

Figure 1: Time course RT-PCR analysis using primers in U1, U3, FKBP5, Parvalbumin
1d, Ribosomal L4 genes (control). (-) represent the (-) reverse transcriptase control

column to determine specificity of primers and genomic DNA contamination in samples.

Unknown 3 (U3):

ProbelD #: Dr.15991.1.S1 at
Unigene ID #: Dr.83924 (as of 12/19/07)
Gene structure: Unknown
Name of gene: Hypothetical protein LOC100000332
Predicted function: Contains RING domain at N-terminus, possible E3 ubiquitin ligase
Results from this study:
U3 is expressed maternally and zygotic transcription starts at 10 hpf, when a 1.2

kb band appears along with the 900 bp band detected earlier (Fig. 1b). Expression
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continues on to 72 hpf. This gene is upregulated in foggy (30-48hpf) and sk8 (10-30 hpf)
embryos. Using the predicted gene sequence from Ensembl, this gene was cloned from
the zebrafish 24 hpf cDNA. U3 mRNA is weakly and ubiquitously expressed in WT
embryos. U3 mRNA is highly and ubiquitously expressed in sk8 embryos from 10-24
hpf. Over-expressing U3 mRNA into 1-8 cell stage of WT embryos did not produce any
overt gross morphological phenotype from till 48 hpf. Immunostaining with Anti-TH
(Tyrosine Hydroxylase) and Anti- SHT (Serotonin) antibodies did not detect any

significant differences between control injected and U3 injected embryos at 48 hpf.

FKBPS:

ProbelD #: Dr.2675.1.A1 at

Unigene ID #: Dr.78793 (as of 12/19/07)

Gene structure: Gene length - 19.87 kb, transcript length — 2.4 kb, no. of exons - 11
Name of gene: FK506 binding protein 5

Predicted function:

The protein encoded by this gene is a member of the immunophilin protein
family, which play a role in immuno-regulation and basic cellular processes involving
protein folding and trafficking. This encoded protein is a cis-trans prolyl isomerase that
binds to the immuno-suppressants FK506 and rapamycin. It also interacts functionally
with mature hetero-oligomeric progesterone receptor complexes along with the 90 kDa
heat shock protein and P23 protein. Polymorphism in the fkbp5 gene plays a role in the

stress hormone-regulating hypothalamic-pituitary-adrenal axis. This polymorphism has
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been found to be related to a faster response to antidepressant drug treatment and to

increased recurrence of depressive episodes.

Results from this study:

FKBP5 mRNA is weakly expressed in during early stages of development (1 — 29
hpf). A 2.3 kb transcript is expressed robustly at 48 hpfand 72 hpf (Fig. 1¢). Insitu
analysis shows ubiquitous expression in WT embryos, which is completely lost in foggy
mutant embryos at 48 hpf. FKBP5 mRNA expression is not significantly affected in sk8
embryos. ChIP with both anti-RNAPII and anti-Foggy antibodies in WT embryos show
no occupancy on the gene at 24 hpf and considerable occupancy at 48 hpf. Further ChIP
analysis in foggy mutant embryos at 48 hpf would determine if fkbp5 is a direct target
gene of Foggy/Spt5. It has been shown that yeast Ess1 and its mammalian homolog,
Pinl (Xu, 2007 #125; Xu, 2004 #126; Xu, 2003 #127; Kops, 2002 #128) interacts with
phosphorylated form of Spt5 and opposes Spt4/5 (Lavoie, 2001 #129). It has been
hypothesized that Ess1-induced conformational changes attenuate RNAPII elongation
and help coordinate the ordered assembly of protein complexes on the CTD. Preliminary
over-expression studies of fkbp5 mRNA in WT embryos at 1-8 cell stage show minor
migration defects in TH+ dopamine neurons at 48 hpf. Further study is required to
determine if FKBP5 functions similarly with Foggy/Spt5 at the mechanistic level. It
would also be interesting to determine if there is a causal connection between reduction
of FKBP5 expression and the cell fate specification neuronal phenotype in foggy mutant

embryos.
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48 hpf - 48 hpf

m806 utant

Figure 2: Whole mount immuno-staining of WT and foggy
embryos at 48 hpf with Anti-Parvalbumin antibody. Clusters of olfactory

neurons are decreased in foggy mutants. Ventral view, 20X magnification.

Parvalbumin 1d:

ProbelD #: Dr.460.1.A1 at
Unigene ID #: Dr. (as of 12/19/07)
Gene structure: Gene length — 2.8 kb, transcript length — 711 bp, no. of exons - 5
Name of gene: Parvalbumin 1d
Predicted function: Calcium-binding protein
Results from this study:
Parvalbumin 1d expression starts at 24 hpf and is not maternally expressed (Fig. 1
d). Spatially, parvalbumin 1d mRNA is expressed in the somites. The parvalbumin gene

family consists of nine members, six of which are downregulated in foggy and sk8
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mutants (microarray data). Using mouse Anti-Parvalbumin antibody, we also detected
clusters of neurons in the olfactory epithelium around 32 hpf. Interestingly, Anti-
Parvalbumin antibody staining is reduced in specific clusters in foggy mutants at 48 hpf
(Fig. 2). Time course analysis revealed that foggy mutant embryos displayed delayed
development of Parvalbumin” cells. In mouse, Parvalbumin" cells in the olfactory
epithelium are GABAergic neurons. Taken together, our results suggest that
Parvalbumin” GABAergic neurons are reduced in the forebrain of foggy mutants. Further
studies are required to determine if the reduction is due to loss of progenitor populations

at earlier time points (due to developmental delay) or death of these GABAergic cells.

Summary and future directions

Our gene expression profiling using RNA from heads of WT and foggy mutant
embryos revealed that less than 1.5 % of genes are differentially expressed in the foggy
mutants. Most of these genes are novel, uncharacterized genes. Initial characterization in
this study has shown that most of these genes are ubiquitously expressed at earlier stages,
suggesting essential roles during development. Permutation analysis of differentially
expressed genes shows that genes that are shorter in gene length with shorter intron
lengths are upregulated in foggy mutants. This observation is consistent with the in vitro
data that shows that the mutant Foggy protein has lost its repressive activity, thereby
leading to upregulation of its target genes. Interestingly, genes that are downregulated in
foggy mutants also have shorter gene length compared to other genes on the array,
suggesting that the mutant Foggy protein might be defective in some other activities.

As the zebrafish microarray used in this study contains ~10,000 protein coding
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genes, factors required for DA/5-HT specification may not be all present in the array.
None of the genes that are differentially expressed in foggy are known candidates of
neuronal cell fate specification. The known factors essential for neuronal specification
are not differentially expressed, at least at the steady-state mRNA level, in the mutant.
Furthermore, the gene duplication event in the evolution of zebrafish and incomplete
genomic sequence information (at the time of this study) made it difficult to determine
the identities and functions of the candidate genes. Performing this study with
microarrays that contain brain-specific factors might greatly enhance the profiling aspect
of this study.

Though we were able to narrow down candidates based on mRNA mis-expression
in foggy mutants at earlier time points by qRT-PCR, over-expression of these genes in
WT embryos did not result in overt phenotypes. Reducing endogenous levels of novel
genes (using morpholinos) identified in this study might be more effective at determining
the function of these genes during development. It is also likely that the foggy mutant
phenotype is caused by multiple genes and manipulating one gene at a time might not

lead to a recapitulation of the mutant phenotype.
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IV. Summary and Discussion

Foggy/Spt5 is a highly conserved transcription elongation factor. This protein has
dual activities of repressing and stimulating transcript elongation. The association of
Negative Elongation complex (NELF) and Foggy/Spt5 holds RNA Polymerase 11
(RNAPII) in a “pause” state, repressing elongation of the nascent transcript (Yamaguchi
et al. 2002). This pausing mechanism allows the RNAPII complex to link early stages of
transcription to mRNA processing on the chromatin, thereby ensuring efficiency and
accuracy of transcription (Sims et al. 2004). In addition to this general processing
functions required for most mRNA, pausing mechanism has also been studied as a
specific and regulated step of gene expression for a handful of inducible genes (Saunders
et al. 2006). By virtue of its association with multiple processing factors, Foggy/Spt5
also plays roles in stimulating transcription.

In vivo studies in worms, flies and zebrafish have provided considerable evidence
to the physiological importance of Foggy/Spt5 in multi-cellular organisms (Cooper et al.
2005; Guo et al. 2000; Jennings et al. 2004; Keegan et al. 2002; Shim et al. 2002). Partial
loss-of-function analyses in these various organisms suggest that Foggy/Spt5 is essential
for proper differentiation of various cell types during development. Phenotypic mutant
analysis also suggests that many different genes might be regulated by Foggy/Spt5. In
spite of these initial characterizations of the in vivo physiological roles of Foggy/Spt5 in
different model organisms, many questions remain. A).What genes are regulated by
Foggy/Spt5? B).What type of elements (gene structure characteristics, function of the

genes) defines Foggy/Spt5’s target genes?
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To address these questions, we have employed multiple molecular biology tools
and zebrafish as our model organism. Most of the mechanistic studies on transcription
elongation have been conducted in yeast and in cell culture. The standard assays involve
depleting HeLa nuclear extracts with multiple antibodies to the general transcription
machinery and then, adding-back purified recombinant proteins at different steps to
determine their efficiency of transcribing an artificial DNA template (Wada et al. 1998).
Though these studies have provided insights into the identities and functions of the
individual factors involved in transcription elongation, the in vivo physiological relevance
of transcription elongation factors and their targets is poorly understood.

Zebrafish is an ideal model organism to understand the role of transcription
elongation factors in a vertebrate system. First, zebrafish development occurs externally
making the early embryos amenable to manipulations and observations. Second, forward
genetic screens in zebrafish have led to the identification of several mutant alleles of

th20

transcription elongation factors (fog €, fog *°, foggy ™, foggy "°, pandora, spt6 ko,

and spt6 2

). Third, morpholino knock-down techniques have been successfully used in
zebrafish to understand the roles of general transcription machinery in vertebrates
(Bartfai et al. 2004; Ferg et al. 2007; Muller et al. 2001). Fourth, as early stages of
zebrafish development occur mainly through maternal protein, it is highly likely that the
manipulated embryos will be able to survive at least the initial stages of division,
providing the researchers with enough analyzable biological material. Fifth, it is now
possible to perform microarrays at different time points with multiple mutants, which

greatly enhances the process of connecting the phenotype of the mutants to their gene

expression profile.
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We have used two mutant alleles of foggy (fog *€, foggy ™) in our study. The

sk8

fog > allele is a zygotic null (Keegan et al. 2002), with mutant phenotype first detectable
at 20 hours post fertilization (hpf). Most of the assays using this mutant were performed
at 24 hpf when the mutant phenotype (gross developmental retardation) is robust. The
other allele, foggy ™ is considered a hypomorphic allele (Guo et al. 2000), with mutant
phenotype first detectable around 30 hpf (slow heart beat, lighter color). As we were
interested in the neuronal phenotype (reduction in dopamine neurons and increase in
serotonin neurons in forebrain at 48 hpf) of this mutant, the microarray was performed
using RNA from heads at 48 hpf.

Through expression profiling studies on ~10,000 protein-coding genes, a
surprisingly small fraction (less than 5%) was differentially expressed between fogSk8
mutants and their wild-type (WT) siblings while less than 1.5% was differentially
expressed between foggy ™% and their WT siblings. Previous immunofluorescence
analyses in Drosophila showed that Spt5 was localized to majority of sites on polytene
chromosomes (Andrulis et al. 2000; Kaplan et al. 2000). These studies implied that most,
if not all, genes may be dependent on Foggy/Spt5 for productive transcription. On the
other hand, the ubiquitous localization and functional redundancy of transcription
elongation factors in vitro implied that most genes might not be critically dependent on
one factor for proper elongation. Our analyses do not exclude the possibility of larger
number of Foggy/Spt5 target genes during other time points of development and/or with
a more encompassing microarray. Further classification analyses revealed that these

differentially expressed genes are involved in diverse biological pathways ranging from

stress response to extra-cellular matrix components. Many previously uncharacterized,
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novel genes were also differentially expressed in these mutants. Many of the unknown
genes are expressed early in development and have ubiquitous in situ expression pattern.
Further in-depth studies using loss-of-function morpholinos might illuminate the roles of

these novel genes during vertebrate development.

Repressive activity:
(1) Genes that are poised for transcription

are occupied by both RNAPII and
Foggy at only 5’ end of the gene.
(2) These genes are shorter in gene length
—»> «—

with shorter introns than average gene , ,
5 3
length.
(3) These genes are upregulated in sk8,
foggy ™% mutant embryos (lack of

Foggy/Spt5).

Stimulatory activity:
(1) Genes that are actively transcribed are
occupied by both RNAPII and Foggy

at both 5’ and 3’ ends of the gene. —g D > <+
(2) These genes have average gene ¥
lengths.
(3) These genes are downregulated in sk8
embryos.

Foggy might also be essential for stabilizing
RNAPII on the chromatin

Figure 1: Classification of target genes of Foggy/Spt5. Grey ovals represent RNAPII

occupancy and green ovals represent Foggy occupancy on the gene and rectangles

represent €xons.

A permutation based analysis revealed that genes upregulated in fog®™® and

8% embryos have significantly shorter gene length compared to the average gene

foggy
length in zebrafish, suggesting an additional repressive level of regulation of shorter

genes by Foggy/Spt5. One explanation for this observation is that the distinct advantage
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of transcription elongation regulation is to allow rapid gene induction in response to
extrinsic signals; genes that are regulated in this manner may have been selected during
evolution to have shorter length, in order to further accommodate the need for immediate,
inducible transcription. Further bioinformatics analysis using DNA sequence information
of the target genes identified in this study might determine if specific sequences (primary
or secondary structures) could act as binding sites for Foggy/Spt5.

Analysis of selected set of 21 genes (from the microarrays) in WT embryos using
chromatin immunoprecipitation (ChIP) identified that a large fraction of these genes were
occupied by Foggy/Spt5 in a pattern similar to RNAPII occupancy. Correlating RNAPII
occupancy to transcriptional status of the gene in WT embryos, we found that many of
the upregulated genes were poised for transcription while many downregulated genes
were actively transcribed. This observation suggests that Foggy/Spt5 acts as a repressor
for many of the poised genes and as a stimulator for many of the actively transcribed
genes identified in this study (Fig. 1).

Spt4-5 complex is important for stabilizing RNAPII on the chromatin template
under normal and DNA-damage inducing conditions in yeast (Mason and Struhl 2005),
(Jansen et al. 2002). Our RNAPII ChIP analysis in sk8 embryos suggest that Foggy/Spt5
is important for stabilizing RNAPII on the chromatin of vertebrates as well, suggesting
that RNAPII might be considered a target of Foggy/Spt5. Analysis using antibodies
recognizing different conformations of RNAPII would further elucidate the mechanism
by which Foggy/Spt5 stabilizes particular conformations of RNAPII.

Our comparison of RNAPII occupancy between WT and sk8 embryos identified

Growth Arrest and DNA-damage inducible gene (gadd45b) to be a novel target for
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repression by Foggy. Growth arrest and DNA-damage inducible (GADD) family of
proteins plays important roles in regulation of DNA repair, cell cycle control, apoptosis
and development (De Smaele et al. 2001; Kawahara et al. 2005; Larsen et al. 2006; Mak
and Kultz 2004; Papa et al. 2007; Papa et al. 2004; Peretz et al. 2007; Takekawa and
Saito 1998; Takekawa et al. 2002). Expression of GADDA45 family genes is induced by
environmental stress (ultraviolet rays, high osmolarity) as well as by certain cytokines
(interleukin 18, and 6). Gadd45Db is regulated by NF-kappaB (De Smaele et al. 2001),
and TGF-b (Takekawa et al. 2002) in mammalian cell cultures. In zebrafish,
overexpression of gadd45b by mRNA injection at the 1-cell stage leads to somite
segmentation defects (down-regulation of myoD) (Kawahara et al. 2005). As gadd45b is
not overexpressed in Sk8 embryos until 24 hpf, it is interesting to note that sSk8 embryos
do not show obvious segmentation defects and no reduction in myoD transcript levels,
suggesting that temporal and spatial context greatly influence the phenotypic outcome of
gadd45b overexpression during development.

It has been previously suggested that gadd45 falls into the category of ‘preset’
genes whose upregulation is independent of changes in chromatin structure (by binding
of transcription factors), or synthesis of new transcription factors, or stimuli-induced
DNA-protein interactions (Graunke et al. 1999). Hence, it is tempting to speculate that
the elongation control of gadd45b by Foggy/Spt5 is the switch that regulates these
‘preset’ genes. Transcription elongation control of such ‘preset’ genes might be crucial
to integrate signals from multiple pathways (e.g., gadd45b controlled by NF-kB and
TGF-b pathways) to coordinate regulation of important signaling pathways that

ultimately determine cell fate and survival (Fig. 2).
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Figure 2: Transcription elongation as a stage to coordinate
multiple, often-conflicting signals from different pathways

to regulate gene expression of gadd45b.

Even though the general patterns of RNAPII and Foggy occupancies have been identified
with a small number of genes from the microarrays, in-depth analysis with more genes at
multiple time points will reveal intricacies of transcriptional regulation. Future work
involving traditional elongation assays would be required to identify the exact nucleotide
positions of pausing on these genes. Such studies in the future with more number of
genes will enable the community to answer questions regarding the structural

characteristics of the pause state of RNAPII complex.
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From the development point of view, future work on determining the identities
and functions of novel genes identified in this study will determine how these genes
affect the mutants’ phenotype. This would be particularly exciting for the neuronal cell
fate specification phenotype of the foggy mutant. It is likely that the mutants’ phenotype
is caused by multiple genes with diverse functions; hence, GenMAPP and Panther
pathway analysis (Dahlquist et al. 2002; Salomonis et al. 2007) would be indispensable
tools to map genes into pathways and to understand the network of the genes in relation
to the phenotype.

In conclusion, our study provides interesting insights into the identities and
characteristics of target genes of Foggy/Spt5 in vertebrates and further studies are

required to illuminate the role of these genes during development.
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