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ABSTRACT
The C. elegans him-8 gene encodes a C2H2 zinc finger protein that binds to the
pairing center of the X chromosome to mediate its synapsis and pairing in meiosis. HIM8 belongs to a zinc finger protein family which also includes ZIM-1, ZIM-2 and ZIM-3.
These ZIM proteins have analogous functions to HIM-8 in promoting pairing of specific
autosomes in meiosis. Our lab recently has reported a novel role of HIM-8 in negatively
regulating the Sox domain transcription factor EGL-13 encoded on the X chromosome.
Mutation of him-8 suppresses the egg-laying and underlying vulval morphology defects
of the egl-13 mutant with mutations in the Sox DNA binding domain. My data show that
all ZIM proteins function similarly to HIM-8 in suppressing EGL-13 transcription factor.
In addition, mutation of him-8 suppresses phenotypes caused by missense mutations in
the DNA binding domain of other transcription factors, including the zinc finger protein
SPTF-3, the PAX protein EGL-38, and the HOX protein LIN-39. Mutation of him-8 has
no effect on null alleles of above transcription factors and non-null alleles of nontranscription factors including LIN-15, SUR-6, EGL-26 and UNC-37. These results
suggest that HIM-8 and the related ZIM proteins have a broad ability in suppressing
transcription factors encoded on multiple chromosomes; that the HIM-8/ZIMs
suppression is specific to transcription factors with compromised DNA binding activity;
and that the effects caused by HIM-8/ZIMs are global that occur in multiple tissues in the
soma.
I further investigated the mechanism by which HIM-8/ZIMs suppresses the
activities of the transcription factors.

My data demonstrated that him-8 mutations
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increase the transcription of the targets of two transcription factors and that him-8 and
zim-1 mutations result in increased H3K4 methylation level, indicating that the
transcription level is increased and that the chromatin is modified to a more accessible
status in him-8/zim-1 mutant. It is possible that him-8/zim-1 increases transcription level
by mediating chromatin modification. dpy-30 RNAi did not clarify the role of DPY-30
in HIM-8 suppression, but it suggests that RNAi might be an additional mechanism of
HIM-8 suppression.
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ABSTRACT
C. elegans is a great genetic model system to dissect gene interaction or gene
regulation. C. elegans HIM-8 functions in meiosis to ensure pairing and synapsis of the
X chromosome.

Recently, our lab reported a novel role of HIM-8 in negatively

regulating a Sox domain transcription factor EGl-13 outside of meiosis. Here, my data
showed in addition to EGL-13, HIM-8 also regulates other transcription factors with
compromised DNA-binding activities and the mechanism is involved in chromatin
modification.

INTRODUCTION
The C. elegans him-8 gene was originally identified based on its Him (high
incidence of males) phenotype caused by nondisjunction of the X chromosome during
meiosis (Broverman and Meneely 1994; Hodgkin et al. 1979). It has been used as a tool
to obtain males for genetic manipulation. A previous graduate student in our lab found
HIM-8 negatively regulates the effective activity of the Sox domain transcription factor
EGL-13 (Nelms and Hanna-Rose 2006). My goal was to investigate the breadth of this
suppression to see if this suppression by HIM-8 is specific to EGL-13 or to genes on the
X-chromosome and to investigate the mechanism by which HIM-8 exert its suppression.
I approached the above questions mostly genetically, so I will first introduce our genetic
model, C. elegans.
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C. elegans is a powerful model system
C. elegans has been a powerful model system to study developmental biology and
behavior since it was first introduced by Sydney Brenner in 1974 (Wood 1988). The
free-living, tiny soil nematode (Figure 1.1) offers many advantages to working with it in
the laboratory setting. C. elegans has a short life cycle (3 days), feeds on bacteria, and
produces large broods. Thus, it can be easily maintained and rapidly grown in large
numbers. Each individual contains a constant number of cells with constant positions.
Taken together with the nematode’s transparency and the completely characterized cell
lineages, it is possible to study the biology of one single cell in an intact, living
multicellular organism (Donald 1997; Horvitz 1999; Kenyon 1988; Wood 1988).
C. elegans is ideal for the study of gene regulation and function. C. elegans is a
multicellular but relatively simple organism with similar structures, signaling pathways
and development to higher organisms. C. elegans has a completely sequenced genome.
Its genome is 40% homologous to that of humans, but its genome size is relatively small
(C. elegans sequence consortium 1998), making it an attractive organism to study human
diseases. Many of the tools and techniques, including the ability to freeze and thaw
worms, advanced microscopy, etc., are available to facilitate research using C. elegans
(Donald 1997; Kenyon 1988; Wood 1988).
C. elegans is ideal for genetic analysis. C elegans has only six chromosomes and
two sexes. Hermaphrodites can self-fertilize or cross with males, making it easy to obtain
desired genotypes. In addition, a lot of mutants with visible phenotypes or markers are
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available to facilitate genetics. C. elegans is a very convenient system to test gene
interaction genetically.

Figure 1.1

XX ♀

XO ♂

Figure 1.1: The nematode C. elegans: hermaphrodite (upper) and male (lower). XX
hermaphrodite and XO male are morphologically different.
Modified from
www.wormatlas.org

him-8 is a him (high incidence of males) gene
C. elegans usually self-fertilize as hermaphrodites with two X chromosomes and
five pairs of autosomes (Nigon 1949). Loss of one X chromosome through meiotic
nodisjuntion leads to production of XO males, which are morphologically different from
hermaphrodites (Figure 1.1 ). In wild-type animals, males can arise spontaneously from
self-progeny of hermaphrodites at a frequency of 0.2%, but a screen for meiotic
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mutations in 1979 (Hodgkin et al. 1979) identified ten genes that have a higher incidence
of XO male self-progeny. him-8 is one of these him (high incidence of males) genes.

him-8 is a convenient genetic tool to obtain male progeny
As of today, 14 him genes have been identified (Hodgkin et al. 1988; Kempheus
et al. 1988). These genes can be grouped into three classes based on their phenotypes.
The first class of him mutants cause general nondisjunction of all chromosomes, thus
resulting in reduced brood size, a small percentage of viable males and many inviable
embryos. The second class of him mutants only cause preferential nondisjunction and
loss of the X chromosome with recessive mutations in autosomes. These him mutants
produce more males with no apparent effect on autosomal transmission (Hodgkin et al.
1979). The third class of him mutants results in preferential effects on X chromosome as
well, but it consists of dominant mutations on the X chromosome (Herman et al. 1982).
him-8 belongs to the second class.

him-8 mutants have a recessive mutation in

chromosome IV and produce about 40% males. Because him-8 mutants produce a large
number of healthy and morphologically normal males, it has been used as a convenient
tool to obtain males for genetic, anatomical and biochemical studies.

X-specific him function
Initial work by Hodgkin et al in 1979 (Hodgkin et al. 1979) showed that the X
chromosome-specific him genes, including him-8, dramatically reduced recombination on
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the X chromosome. Broverman and Meneely (Broverman and Meneely 1994) found the
level of recombination on the X chromosome in the him mutants is reduced in a polar
manner. Recombination occurs at normal or elevated levels in the region of the X
chromosome that contains the pairing site (the left end of X chromosome), but at reduced
levels at other regions of the X chromosome. Formation of a synaptonemal complex (SC)
correlates with meiotic recombination (Von Wettstein et al. 1984) and only exchange
events that occur in the context of a SC lead to efficient disjunction (Engebrecht et al.
1990). Thus, they proposed that the SC formation initiates in the region that contains the
pairing site in a him-independent manner, but the extension of the SC into the remainder
of the X chromosome does need wild-type him gene products. In him mutants, with no
functional SC in the region that has no pairing site, recombination is reduced.
Recombination can also be controlled globally to coordinate exchange throughout the
genome, so another possibility is that the him gene products are involved in generating
domains of chromatin that are differentially receptive to recombination.

him-8 mediates chromosome-specific meiotic synapsis
Pairing Centers (PCs) some special cis-acting sites in the chromosomes. PCs
ensure accurate segregation of homologous chromosomes during meiosis by promoting
SC formation and stabilizing pairing (MacQueen et al. 2005).

Phenotypic analysis

showed that him-8 mutations genetically interact with X chromosome PC deficiencies
and him-8 mutants exhibit defective pairing and synapsis of the X chromosome (Phillips
et al. 2005). HIM-8 binds to a site on the X chromosome that is at or very close to the
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pairing center. In meiosis, HIM-8 is required for both synapsis-independent stabilization
of pairing and efficient synapsis of the X chromosomes (Phillips et al. 2005).
him-8 encodes a C2H2 zinc finger protein. him-8 has four known alleles. him8(e1489) introduces a C281Y substitution in the second zinc finger and him-8(mn253)
results in a G259R substitution in the first zinc finger. him-8(tm611) is a deletion that
removes 52 amino acids starting from the second zinc finger. All of these three alleles
remove HIM-8 from meiotic chromosomes, indicating the importance of the zinc fingers
in chromosome association. him-8(me4) contains a S85F missense mutation in the Nterminus outside of the zinc fingers. With zinc fingers intact, this mutant protein still
binds to the PC in the left end of the X chromosome. Interestingly, all of these alleles
show similar defect in pairing, synapsis and segregation (Phillips et al. 2005) (Figure 1.2),
indicating that both the N-terminus and the zinc fingers are required to promoter pairing.

Figure 1.2

361aa
*

*

me4
S85F

mn253
G259R
ZF1

*

e1489
C281Y
ZF2

tm611
Δ299-350

Figure 1.2: Schematic illustration of HIM-8 protein and mutations. The long orange bar
represents the 361aa HIM-8 protein with two Zinc fingers shown in grey. Four alleles of
him-8 are listed below, with three mutations designated by asterisks and a deletion
designated by a line below. The mostly used allele, e1489, is shown in red.
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him-8 functions outside of meiosis to antagonize egl-13
The current him-8 project originated from our studies on egl-13, a gene that
functions in the uterine seam cell (utse). A screen for egg-laying animals following EMS
mutagenesis identified ku376 as a suppressor of egl-13(ku207). During the course of
mapping ku376, him-8(e1489) was used to facilitate the strain preparation because of its
high incidence of males phenotype.

A previous graduate student, Brian Nelms,

serendipitously found that him-8 can suppress the egl-13 phenotype as well.

He

identified him-8 as a second suppressor of egl-13 and identified a novel role for him-8
(Nelms and Hanna-Rose 2006).

C. elegans egg-laying apparatus
I tested the effects of him-8 on several transcription factor mutants. Different
transcription factor mutants exhibit different phenotypes, but I mainly looked at the
phenotypes in the egg-laying apparatus.

The egg-laying apparatus is used by the

hermaphrodites to lay eggs and copulate with males. It consists of two main organs, the
vulva and the uterus (Figure 1.3). These two organs need to be connected properly and to
work in concert with specific muscle and neuronal cells to execute the function of egglaying.

The egg-laying apparatus is an extensively studied example of animal

organogenesis. Its formation is simple, but complex enough to study multiple cell-cell
interactions, different regulatory pathway interactions and tissue remodeling.

More

importantly, the egg-laying apparatus is dispensable. Mutations that disrupt its formation
are not necessarily lethal, and do not even prevent animals from reproducing. They
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usually have visible phenotypes, like egg-laying defect (Egl), multivulva (Muv), which
can be easily detected by dissecting microscopes and make the scoring easy.

Figure 1.3

A

U
AC

utse
utse

V

B

C

Figure 1.3: The egg-laying apparatus of the C. elegans hermaphrodite. (A) Schematic
illustration of the inductive signals from the AC. (B) Schematic illustration showing the
AC is extending and fusing with uterine seam cell (utse), represented in red, after the
formation of the vulva and the uterus. (C) A DIC (Differential Interference Contrast
optics) image of the egg-laying apparatus. The clear line separating the vulva and the
uterus is the utse, identified by the arrow.
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egl-13 is a gene that functions in the utse
egl-13 was first isolated in 1983 without further characterization (Trent et al. 1983)
In screens for mutants defective in vulval morphogenesis, it was isolated as a mutant
with improper connection between the uterus and the vulva and it was named cog-2,
connection of gonad defective, at that time (Hanna-Rose and Han 1999).
In wild-type animal, the anchor cell (AC) induces six of the twelve
granddaughters of the ventral uterine cells to adopt π instead of the default ρ fate
(Newman et al. 1995). The six π cells divide to twelve. Eight of them fuse to form a
multinucleate uterine seam (utse) cell that lies between the vulva and the uterus. The
other four π cells adopt the uv1 fate that also connects with the vulval cells (Newman
and Sternberg 1996). The AC then fuses with the utse cell, forming a thin layer of
cytoplasm that separates the vulval and uterine lumens. When the first egg is laid, the
thin laminar process is broken and the direct channel is established (Newman and
Sternberg 1996) (Figure 1.3). In egl-13 mutants, the π cell fate specification is not
perturbed, but a subset of the remaining eight nuclei undergoes an extra round of cell
division and the utse fails to fuse to the AC. Thus, the AC fails to be removed from the
apex of the vulva. Instead, the AC sits on top of the vulva, blocks the passage and
creates a connection-of-gonad (Cog) morphological defect. This morphological defect
causes a functional egg-laying (Egl) defective phenotype.

The fertilized embryos

accumulate and hatch within the body of the hermaphrodites, creating a “bag of worms”
phenotype (Figure 1.4 ).
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Figure 1.4

AC

A

B

C

Figure 1.4: The phenotypes of the egl-13 mutants. (A) Schematic illustration showing a
failure of the AC fusing with utse and the eggs accumulating in the uterus. (B) A DIC
image of the connection-of-gonad (Cog) phenotype with the AC, identified by an
arrowhead, sitting on top of the vulva. (C) An image from under the dissecting
stereoscope showing the egg-laying defect (Egl).
egl-13 is located on X chromosome and encodes a Sox domain (SRY-related
HMG box) protein (Hanna-Rose and Han 1999). All Sox proteins have a high mobility
group (HMG) box which binds and then bends DNA. A translational EGL-13::GFP
fusion show that EGL-13 is expressed in a dynamic pattern in the π cell lineage. It is
thus hypothesized that EGL-13 may act as an architectural type transcription factor that
target other genes required for terminal utse cell fate (Hanna-Rose and Han 1999).
Multiple alleles of egl-13 have been isolated.

egl-13(ku194) is a nonsense

mutation changing amino acid 179 from glutamine to a stop codon. This allele is
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completely penetrant for the egg-laying defect and is regarded as a null. egl-13(ku207) is
a missense mutation causing an alanine-to-threonine change and only 2% of these worms
can lay eggs (Figure 1.5 ) (Hanna-Rose and Han 1999).

Figure 1.5

*
470aa

*

ku194 (Q 179 TAG)

ku207 (A 335T)

null with 0% Egl+

non-null with 2% Egl+

Figure 1.5: Schematic illustration of EGL-13 protein and mutations. The 470aa EGL-13
protein is represented by the long blue bar with the yellow bar showing the SOX domain.
The two alleles that were used in this project are listed below with the relative locations
of the mutations designated by asterisks.

Mutation of him-8 suppresses the phenotypes of egl-13
Mutation of him-8 suppresses the Cog and Egl defects of the non-null alleles of
egl-13 mutants and this suppression is well characterized (Nelms and Hanna-Rose 2006).
Not all aspects of him-8 activity in suppression are shared with its previously studied
meiotic functions.

him-8 has a fully recessive Him and meiotic nondisjunction

phenotypes, but him-8 semi-dominantly suppresses egl-13 due to its haplo-insufficiency.
him-8 has multiple alleles. e1489, mn253 and tm611 are alleles with missense mutations
or a deletion within one of the two zinc fingers and their DNA-binding ability are
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impaired. me4 only affects the N-terminus of HIM-8 and leaves the zinc fingers intact.
All four alleles are defective in X chromosome pairing, but only alleles with mutations
within the zinc fingers can induce egl-13 suppression, indicating the zinc fingers are
important to the suppression of HIM-8. In addition, him-8 mutations suppress the egl13(ku207) defects in animals either without a germline or with normal X chromosome
pairing, indicating that him-8 functions outside of meiosis to antagonize EGL-13.
Though there are multiple him genes, including him-3, 6 and 10, none of them suppress
egl-13(ku207). In particular, him-5, another class two him gene that causes preferential
nondisjunction of X chromosome, has no suppression on egl-13(ku207).

Thus,

suppression is unique to him-8 gene.

Gene regulation
In multicellular organism, gene expression is spatially and temporally regulated
by multiple regulatory mechanisms to execute precise developmental decisions and
maintain homeostasis.

Gene regulation can be controlled locally by tissue-specific

transcription factors or globally across chromosomes. Gene regulation layers include
transcription, cell signaling, mRNA stability, chromatin modifications, etc (Chen and
Rajewsky 2007) My work on the mechanism of HIM-8 suppression implies a role for
HIM-8 in chromatin modification, more specifically histone lysine modification. Gene
regulation can occur at any step from transcription to protein synthesis. Among the many
mechanisms, transcription is the first step and is the most widely used mechanism of gene
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regulation. But before a given gene is transcribed, the chromatin domain must be opened.
Thus, I provide the following background on chromatin remodeling.

Chromatin structure
Chromatin is the state in which DNA is packaged with histone proteins. An
octamer composed of four types of core histones (H3, H4, H2A, H2B), together with 147
base pairs that wrap it, forms the fundamental unit of the chromatin, the nucleosome.
Each nucleosome is separated by a linker DNA (Figure 1.6 ). This simple “beads-on-astring” arrangement is further folded into more condensed and higher order chromosome
structures, which hinders its accessibility to proteins that execute DNA-based tasks.

Chromatin remodeling
Different from the old notion of the nucleosome as a relatively static packaging
material, it is a highly dynamic unit instead (Saha et al. 2006). The dynamic properties
of the nucleosome depend on the action of nucleosome-modifying and -remodeling
complexes. There are a variety of chromatin-modifying complexes, and they all contain
one of the histone modification enzymes.

COMPASS, the complex for histone

methylation, contains a histone methyltransferase (HMT). NuA4/Tip60 and NuA3 both
contain a histone acetyltransferase (HAT) and are used for histone acetylation in H4 and
H3, respectively (Allard et al 1999; Howe et al. 2001; Jenuwein and Allis 2001; Peterson
and Laniel 2004).

These modifying complexes add or remove different groups at
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particular residues of histone to change the covalent modification status.

These

modifications will be recognized subsequently by transcriptional regulators and other
factors including the chromatin-remodeling complexes (Saha et al. 2006; Strahl and Allis
2000; Jenuwein and Allis 2001).

The chromatin-remodeling complexes include

SWI/SNF, ISWI and NURD/Mi-2/CHD (Cairns 2005; Saha et al. 2006). They further
restructure and mobilize nucleosomes to regulate access to the DNA (Owen-hughes
2003). In summary, these two groups of complexes work in concert to recruit different
transcriptional regulators to particular loci in order and enable the chromatin to transit
between folding and unfolding status dynamically (Cosma et al. 1999). This dynamic
property of chromatin is important for the execution of different DNA-based task under
different context. Dramatic morphological and structural changes of chromatin, known
as chromatin remodeling, play pivotal roles in establishing gene expression patterns.

Histone modifications and functions
Being one of the main components of the nucleosome, histones can be
posttranslationally modified to regulate the chromatin structure and function (Von Holde
1988; Wolffe 1998). Histones, particularly their tails, possess a large number and type of
modified residues. At least eight distinct types of modifications have been identified,
including acetylation, methylation, phosphorylation, ubiquitylation, etc (Kouzarides
2007). Different modifications occur on different residues. Phosphorylation can be on
serines and threonines. Methylation can be on lysines and arginines, and the residues can
be mono-, di- or tri-methylated. All of these modifications are dynamic and rapidly
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changing.

Combination of different histone modifications represents a particular

chromatin modification pattern and each pattern corresponds to a specific biological
consequences (Strahl and Allis 2000; Turner 2000). The vast array of modifications
indicates its enormous potential to induce functional responses (Kouzarides 2007).
The “histone code hypothesis” predicts that each combination of histone
modifications represents a particular “histone code” and each “histone code” corresponds
to a distinct outcome in terms of chromatin-based function (Volkel and Angrand 2007;
Strahl and Allis 2000). For example, H3K9Me3 and the lack of H3 and H4 acetylation
correlates with repressed transcription. However, H3K9 methylation can be associated
with active transcription as well when it is in the coding region (Vakoc et al. 2005). Thus,
the same mark or marks can be interpreted differentially by different cellular factors and
lead to different even opposite biological consequences (Peterson and Laniel 2004). Any
given modification might have the potential to activate or repress transcription under
different conditions. Context is the key (Kouzarides 2007).
Histone modifications help to establish a global chromatin environment. By
directly influencing higher-order chromatin structure, histone modifications separate the
genome into transcriptionally active or permissive euchromatin and transcriptionally
repressed heterochromatin regions (Figure 1.6).

Modifications then orchestrate the

unraveling of chromatin to facilitate DNA-based functions, including transcription, DNA
repair, replication, etc (Kouzarides 2007).
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Figure 1.6

Figure 1.6: Schematic illustration of nucleosome structure. One nucleosome unit is
composed of one histone core and 147bp of DNA, as designated by the line. Top panel:
heterochromatic region; Lower panel: euchromatic region.

Histone lysine methylation
Histone methylation was first described in 1964 (Murray 1964).

Histone

methylation can target either lysine or arginine. Histone lysine modification can be
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associated with either activation or repression of transcription, depending on which
residue is modified and how many methyls are added. As shown by early studies, several
lysine residues, lysine 4, 9, 27, and 36 of H3 and lysine 20 of H4 are preferred sites for
methylation (Von Holde 1988; Strahl et al. 1999), although it can also be on lysine 59 in
the globular domain of histone H4 (Zhang et al. 2003) and lysine 26 of histione H1B
(Kuzmichev et al. 2004). Each lysine residue can be mono-, di- and tri-methylated
(Bannister et al 2002). Combination of these modifications acts as a “histone code” to
guide the affected genomic regions to execute specific functions.
Addition of a methyl group onto the amino group of lysine residues of histone is
catalyzed by histone methyltransferases which usually contain a 130-140 amino acid
motif called SET (Su(var), Enhancer of zeste, Trithorax) domain (Tschiersch et al. 1994;
Jenuwein et al. 1998). Methylation of specific histone residues can be used as “markers”
for recruitment of chromatin remodeling machinery to control gene expression. (Dillon et
al. 2005). For example, in yeast, methylation of lysine 4 at histone H3 requires the
function of Set1 which is the sole yeast histone H3-Lys4 methyltransferase. This Set1
protein is found in a multimeric complex, COMPASS (complex of proteins associates
with Set1), together with 7 other polypeptides (Miller et al. 2001). Set1 is recruited by
the RNA pol II machinery to the actively expressed genes, and subsequent methylation of
lysine 4 at histone H3 by COMPASS provides a localized mark of recent transcriptional
activity (Krogan et al. 2002; Roguev et al. 2001).
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Transcription factors
Morphological and structural changes in chromatin due to the action of these
modifying and remodeling complexes allows promoters to interact with RNA
polymerases and transcription factors to initiate transcription.

Transcription is the

synthesis of RNA from a DNA template and has three steps, initiation, elongation and
termination. Transcription factors are a group of proteins that assist RNA polymerase to
recognize promoters. Based on their specificity, transcription factors can be divided into
two groups. General or basal transcription factors usually occur at low or basal level and
can activate any genes. Specific or regulatory transcription factors can only regulate
specific genes, both positively and negatively. Transcription factors are composed of two
essential functional regions, a DNA-binding domain and an activator domain.

The

common structures for the DNA-binding domain include zinc fingers, helix-turn-helix,
leucine zipper, helix-loop-helix, and high mobility groups and these structures can
recognize specific sequence near the initiation site and bind to it. The activator domains
of transcription factors interact with the components of the transcriptional apparatus
(RNA polymerase) and other regulatory proteins to influence the rate of transcription.
Any stimuli from the external environment will change the level or activity of the
transcription factors, and further affect the transcription of the target genes.

By

regulating the expression of specific genes in response to different environmental cues,
transcription factors regulate the key processes including cell differentiation, proliferation
and survival.
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THESIS OVERVIEW
Our lab reported previously that mutation of him-8 suppresses the phenotypes of
the non-null allele of egl-13 mutans (Nelms and Hanna-Rose 2006). Work from other
group shows that him-8 belongs to a zinc finger protein family that also includes zim-1, 2
and 3. My thesis work demonstrated that these zim genes function similarly to him-8 in
suppressing egl-13. In addition to suppressing the egl-13 gene which is encoded on the X
chromosome, my work showed that these zinc finger proteins suppress other transcription
factors with compromised DNA-binding activities that reside on other chromosomes.
Furthermore, I investigated the mechanism of this suppression and my results suggest a
role of these proteins in chromatin modification.
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Chapter

2

MODULATION OF C. ELEGANS TRANSCRIPTION FACTORS BY
HIM-8 AND THE RELATED ZINC FINGER ZIM PROTEINS
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FOREWORD
A majority of the work and ideas presented in this chapter have been published in
the journal Genetics (Sun et al. 2007), [Full citation: Sun H., Nelms B. L., Sleiman S. F.,
Chamberlin H. M., and Hanna-Rose, W., 2007 Modulation of Caenorhabditis elegans
transcription factor activity by HIM-8 and the related Zinc-finger ZIM proteins. Genetics
177: 1221-6]. That text has been altered and extended here, but in many cases large
sections are almost duplicated, so I will not cite the paper elsewhere.

ABSTRACT
HIM-8 was reported previously to negatively regulate the Sox domain protein
EGL-13 (Nelms and Hanna-Rose 2006).

Here I extended these data to show this

negative regulatory function is shared by other related zinc finger ZIM proteins. In
addition to EGL-13, mutation of HIM-8 can modulate effects of substitution mutations in
the DNA-binding domains of several other transcription factors including SPTF-3, LIN39 and EGL-38. However, mutation of HIM-8 does not affect either null alleles of
transcription factors or non-null alleles of non-transcription factors.
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INTRODUCTION

him-8 resides in an operon with other zim genes
him-8 resides in an operon with three other homologous zim (zinc finger in
meiosis) genes, zim-1, 2 and 3 (Phillips and Dernburg 2006). Previous work shows that
him-8 and these zim genes share extensive similarities in both structure and function.
They all reside in the same operon and are closely spaced in a tandem array. They share
homology in coding sequences in both the N- and C-termini.

This homology is

especially evident in the C-terminus where all four proteins have one C2H2 zinc finger
domain with atypical spacing in the intervening region between the two cysteines and the
two histidines followed by a second typical C2H2 zinc finger (Phillips and Dernburg
2006; Phillips et al. 2005). him-8 and zim genes have analogous functions. They all bind
to the pairing center of specific chromosomes and are responsible for the pairing and
synapsis of the chromosome they bind (Phillips et al. 2005; Phillips and Dernburg 2006).
Different from him-8 which binds to the X chromosome, zim genes bind to a subset of
autosomes. zim-1 binds to chromosomes II and III, while zim-2 binds chromosome V and
zim-3 binds to chromosomes I and IV (Phillips and Dernburg 2006). Mutations in zim
genes do not have a Him phenotype, but they result in unviable embryos.

Hypothesis of the mechanism of HIM-8 suppression
Mutation of him-8 can only suppress the phenotypes of the non-null instead of the
null alleles of egl-13 mutants, indicating that a him-8 mutation is unlikely a bypass
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suppressor and that some amount of the mutant EGL-13 is necessary for suppression.
(Nelms and Hanna-Rose 2006). Based on the fact that egl-13 is encoded on the X
chromosome and HIM-8 binds to the X chromosome, it is possible that the HIM-8
suppression is EGL-13-specific. It has been hypothesized before that wild-type HIM-8
may repress transcription of egl-13 and that him-8 mutation may alleviate repression of
egl-13(ku207), leading to the production of more mutant EGL-13 (A335T). More mutant
EGL-13 (A335T) results in more activity and partially rescues the phenotypes (Nelms
and Hanna-Rose 2006). Transgenic animals bearing an extrachromosomal array of EGL13(A335T) in the background of the null allele egl-13(ku194) do show more egg-laying
ability with higher level of EGL-13(A335) (Nelms and Hanna-Rose 2006). However, the
suppressed animals didn’t show increased level of egl-13 transcripts based on the RTPCR results (Nelms and Hanna-Rose 2006).

Interestingly, him-8(e1489) does not

suppress the egg-laying activity provided by the extrachromosomal array. It is possible
that the gene has to be on the chromosome or more specifically on the X chromosome to
be suppressed by HIM-8 (Nelms and Hanna-Rose 2006). More work is needed to
elucidate the mechanism of HIM-8 suppression.

Mutation of him-8 suppresses a non-null mutation in the DNA-binding domain of
POP-1:
Because egl-13 is encoded on the X chromosome, because mutation of him-8 has
X-specific effects during meiosis, and because him-8 mutation can’t suppress EGL13(A335T) encoded by an extrachromosomal array, it was previously speculated that the
location of egl-13 on the X chromosome might be important to the mechanism of
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suppression (Nelms and Hanna-Rose 2006). To investigate if the suppression by him-8 is
specific to egl-13 or genes on the X chromosome, the previous graduate student, Brian
Nelms, tested the effect of him-8 on another transcription factor that is related to egl-13
but encoded on a different chromosome.
The gene he chose to test was pop-1. POP-1 is the C. elegans TCF-1/ LEF-1
family protein (Korswagen 2002; Lin et al. 1995).

Members of this family of

transcription factors are downstream effectors of canonical wnt signal transduction
pathways (Brantjes et al. 2002). TCF-1/ LEF-1 proteins bind to DNA via an HMG box
motif related to the Sox (Sry-related HMG box) domain of EGL-13 (Laudet et al. 1993).
POP-1 is encoded on chromosome I and functions in multiple tissues (Herman 2001; Lin
et al. 1995; Siegfried and Kimble 2002). The q624 allele of pop-1 is a missense mutation
resulting in a substitution of an isoleucine for asparagine 224 within the HMG box
(Siegfried and Kimble 2002). Asparagine 224 is conserved in the DNA binding domains
of the TCF/ LEF family of proteins but is not a conserved residue of the HMG box motif,
in general (Laudet et al. 1993). Thus, mutation of this residue as in q624 is likely to have
an adverse effect on DNA binding or target site specificity but is unlikely to result in a
null mutation.

This interpretation is consistent with the incompletely penetrant

phenotypes of pop-1(q624), including extra anchor cells and missing gonad arms
(Siegfried and Kimble 2002). Mutation of him-8 suppresses the gonad arm and anchor
cell defects of pop-1(q624) animals (Sun et al. 2007). Thus, mutation of him-8 can
increase the effective activity of at least one other mutant transcription factor other than
EGL-13 in the somatic gonad. Furthermore, mutation of him-8 can affect a gene encoded
on an autosome.
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OBJECTIVES
Based on the extensive similarity between HIM-8 and ZIM proteins, especially in
the zinc finger regions which are critical for HIM-8 suppression activity, my first goal
was to investigate if ZIM proteins function similarly to HIM-8 in suppressing egl-13.
Mutation of him-8 also suppresses phenotypes of pop-1, a gene that is on an autosome,
suggesting the X chromosome context is not the key to the mechanism of the suppression
and him-8 could have a broader role beyond regulating activity of a gene on the X
chromosome. So the second goal was to test the breadth of HIM-8 suppression. I wanted
to know if HIM-8 suppresses more genes that are encoded on different autosomes; if
HIM-8 suppresses gene that are sensitive to dosage; if HIM-8 suppression is specific to
transcription factor with compromised DNA-binding activities.

RESULTS

Mutations in the zim genes suppress phenotypes of egl-13(ku207)
Because of the strong similarity between HIM-8 and ZIM proteins, especially in
the zinc finger regions which are critical for HIM-8 suppression activity, we set out to
test if suppression is specific to mutation of him-8 or might be shared more broadly
among this family of C2H2 zinc finger proteins. We tested deletion alleles of zim-1, zim2 and zim-3 (obtained from the National Bioresource Project, Tokyo Women’s Medical
University, Tokyo, Japan) for the ability to suppress the egg-laying (Egl) and connectionof-gonad (Cog) defects of egl-13(ku207).
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ZIM-1 consists of 600 amino acids with two zinc fingers (encoded by the fourth
and fifth exons) between residues 459 and 517. zim-1(tm1813) has a deletion within the
second exon that causes a frame shift, resulting in an early stop codon . zim-1(tm1479)
contains a deletion that affects only the third intron. Although no coding sequence is
deleted by zim-1(tm1479), it nonetheless disrupts gene function, as mutants are defective
in synapsis of chromosomes II and III during meiosis (Phillips and Dernburg 2006).
ZIM-2 consists of 584 amino acids with two zinc fingers (encoded by the fourth
and fifth exons) between residues 472 and 530. zim-2(tm574) is a deletion in exon 2 that
induces a premature stop codon that deletes the zinc fingers.
ZIM-3 consists of 575 amino acids with two zinc fingers (encoded by the fourth
and fifth exons) between residues 440 and 498. zim-3(tm2303) is a deletion allele that
removes 371 basepairs from the end of exon 2 to the beginning of exon 3 of zim-3 and
encodes a predicted protein consisting of the first 208 amino acids of ZIM-3 and an
additional 50 amino acids from a different reading frame, but no zinc fingers as well.
Mutations in the zim genes suppress the Cog morphology and the functional Egl
defects of egl-13(ku207) (Figure 2.1). zim-1(tm1813) is as potent a suppressor as him8(e1489), but suppression by zim-2(tm574) appears to be weaker (Figure 2.1). We
previously demonstrated that him-8 mutations are semi-dominant suppressors due to
haplo-insufficiency of the him-8 locus (Nelms and Hanna-Rose 2006). zim-1(tm1813)
has a similar semi-dominant effect (Figure 2.1). Thus, these related C2H2 zinc finger
proteins share another function in addition to their meiotic function; each appears to
negatively regulate EGL-13 activity.
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Figure 2.1
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Figure 2.1: Mutation of the zim genes suppresses the connection-of-gonad (Cog) and
egg-laying (Egl) defects of egl-13(ku207). The him-8(e1489) data is published
previously and shown here for comparison. Note that wild-type animals are 100%
normal. Basic principles of proportional analysis were applied to obtain 95% confidence
intervals shown as error bars which mean 95% of the population lies within the
confidence interval. Actual percentage is cited within each bar, and sample sizes (n) are
indicated at the right. Values for all double mutants were judged significantly different
from relevant single mutant controls (P < 0.01, Fisher’s exact test)
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Mutation of him-8 suppresses non-null mutations in an Sp1-related zinc finger
protein and a Hox domain transcription factor
him-8 and zim genes control chromosome behavior during meiosis, it is possible
that they may affect chromosome structure in non-meiotic cells as well to affect
expression of EGL-13 or access of the EGL-13 transcription factor to its targets. This
idea was further confirmed after we found zim genes that act on specific autosomes
instead of the X chromosome behave similarly to him-8 in suppressing egl-13(ku207).
We reasoned that if X chromosome context is not the key to the mechanism of
suppression, it is possible that mutation of him-8 might suppress mutations in other
proteins that are not encoded on the X-chromosome. pop-1(q624), a gene that is encoded
on chromosome I rather than the X chromosome, is suppressed by him-8(e1489) as well.
Thus, it is possible that him-8 could have a broader role in regulating the activity of other
proteins. However, the breadth of suppression by him-8 as well as the type of proteins
that can be suppressed by him-8 remained unknown. We therefore sought to test other
mutants that are not on the X chromosome for suppression by him-8 in an attempt to
identify commonalities shared by these suppressed proteins.
To further explore whether mutation of him-8 might have effects on other genes,
we next chose mutations in a transcription factor with a DNA binding domain other than
an HMG box. SPTF-3, which is encoded on chromosome I, is a transcription factor with
three C2H2 zinc fingers related to Sp1 (S.F.S. and H.M.C., unpublished). sptf-3(gu85) is
a missense mutation of an invariant phenylalanine in zinc finger two. sptf-3(gu85) causes
an incompletely penetrant Egl defect that is suppressed by him-8(e1489) and him8(tm611), as well as zim-3(tm2303) (Figure 2.2) .
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LIN-39, which is encoded on chromosome III, encodes a Hox family DNA-binding
factor (Clark et al. 1993). lin-39(n2110) is a E179K missense mutation in the Hox
domain that results in a highly penetrant Egl defect (Clark et al. 1993). lin-39(n2110) is
efficiently suppressed by him-8(e1489) (Figure 2.2). We conclude that mutation of him-8
can increase the effective activity of compromised transcription factors with DNAbinding domains other than an HMG box.
Figure 2.2
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Figure 2.2: Mutation of him-8 suppresses non-null mutations in the DNA-binding
domains of SPTF-3 and LIN-39. Note that 100% of wild-type animals are Egl+ Basic
principles of proportional analysis were applied to obtain 95% confidence intervals
shown as error bars which mean 95% of the population lies within the confidence
interval. Actual percentage is cited within each bar, and sample sizes (n) are indicated at
the right. Values for all double mutants were judged significantly different from relevant
single mutant controls (P < 0.01, Fisher’s exact test).
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Mutation of him-8 has tissue-specific effects on a non-null mutation in EGL-38
EGL-38, which is encoded on chromosome IV, is a C. elegans Pax 2/5/8 family
protein (Chamberlin et al. 1997). Reduction-of-function mutations in egl-38 have defects
in uv1 cell fate specification, vulval morphology, egg laying, hindgut development
(including hindgut expression of a lin-48::GFP reporter) and male tail morphology
(Chamberlin et al. 1997; Johnson et al. 2001; Rajakumar and Chamberlin 2006; Zhang et
al. 2005).

Different mutations within the EGL-38 DNA-binding domain can have

specific effects on one or more of the phenotypes, but do not necessarily affect each
phenotype equally ( Zhang et al. 2005). egl-38(gu22) causes a substitution in the DNAbinding domain of isoleucine for methionine 29, which is conserved but not invariant
within the Pax 2/5/8 family of proteins ( Zhang et al. 2005).
A lin-48::GFP reporter is expressed in four hindgut cells in wild-type animals but
expression is absent from one or more hindgut cells in egl-38(gu22) mutants (Johnson et
al. 2001; Zhang et al. 2005). Although egl-38(gu22) mutants lack efficient lin-48::GFP
expression, they have largely normal vulval morphology and egg-laying function (Zhang
et al. 2005). The proportion of the population of egl-38(gu22) mutants that completely
lack lin-48::GFP hindgut expression is eliminated in egl-38(gu22) him-8(e1489) double
mutants (Figure 2.3) and the intensity of expression relative to the egl-38 mutants with
expression is increased as well (Figure 2.4). Thus, him-8(e1489) is a potent suppressor of
egl-38(gu22) in the hindgut. him-8(e1489) also completely suppresses the Mab (Male
abnormal development) defect of egl-38(gu22) (Figure 2.3). Surprisingly, him-8(e1489)
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had an opposite effect on the vulval morphology and the related egg-laying defects of
egl-38(gu22). him-8(e1489) dramatically exacerbates these defects (Figure 2.3).
Figure 2.3
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Figure 2.3: him-8(e1489) suppresses the male tail defect and defective hindgut
expression of a lin-48::GFP reporter but exacerbates the vulval development and egglaying defects caused by egl-38(gu22). Histogram illustrating the percentage of animals
that express lin-48::GFP in at least one of the four hindgut cells, with normal male tail
morphology, with normal vulval morphology or with normal egg-laying activity (Egl+).
Basic principles of proportional analysis were applied to obtain 95% confidence intervals
shown as error bars which mean 95% of the population lies within the confidence
interval. Actual percentage is cited within each bar, and sample sizes (n) are indicated at
the right. Values for all double mutants were judged significantly different from relevant
single mutant controls (P < 0.01, Fisher’s exact test).
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Figure 2.4
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Figure 2.4: him-8(e1489) increases the intensity of lin-48::GFP expression in the
hindgut of an egl-38(gu22) mutant. (A) Fluorescent image of the hindgut region of an
saIs14[lin-48::GFP] hermaphrodite overlaid on the corresponding DIC image. lin48::GFP expression is visible in four hindgut cells that flank the rectum as illustrated in
panel B. (C) Expression is consistently detected in all four cells at similar intensities in
the transgenic parent strain. (D) The intensity of lin-48::GFP expression in him8(e1489); saIs14[lin-48::GFP] animals is not detectably different than that of the parent
strain. (E) 31% of egl-38(gu22); unc-119(e2498); saIs14[lin-48::GFP] animals lack all
hindgut expression of lin-48::GFP (Figure 2.), and the intensity of lin-48::GFP expression
is weaker than the parental strain in all animals that have expression. (F) In addition to
an increase in the percentage of the population that expresses the reporter faithfully
(Figure 2.), all suppressed egl-38(gu22) him-8(e1489); saIs14[lin-48::GFP] animals have
an increase in the intensity of lin-48::GFP expression relative to the parental strain.
Image exposure conditions were identical for all panels.

Mutation of him-8 cannot suppress lin-15
Up to this point, all the genes that had been tested are suppressed by him-8,
causing us to wonder what genes cannot be suppressed by him-8 and what the mechanism
of him-8 suppression is. It was shown previously that increasing the level of mutant
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EGL-13 protein could mimic suppression (Nelms and Hanna-Rose 2006).

Thus, a

possible scenario for suppression is that eliminating or reducing HIM-8/ZIM protein
activity results in up-regulation of EGL-13, and increased levels of mutant protein can
increase the level of function. We found no evidence in favor of this model via RT-PCR.
However, we sought to investigate it further.
This model predicts that mutant him-8 might suppress a wide range of mutations
that would benefit from increased gene dose. To genetically test this model, we chose to
assay lin-15(n765) for suppression by him-8.

lin-15 is a gene that functions in

hypodermal cells and acts upstream of let-23 RTK and let-60 ras to negatively regulate
vulval cell fates (Han et al. 1990). Loss-of-function mutations of lin-15 result in a
multivulva, Muv, phenotype. Instead of having one vulva, the animal also has one or
more supernumerary vulva-like protrusions along the ventral side of the animal. lin15(n765ts) is an X-linked temperature-sensitive, hypomorphic mutation that is
phenotypically wild type at 15° but mutant at 20° (Ferguson and Horvitz 1985). lin15(n765) mutants are 100% (n=18) Muv at 20°. lin-15(n765) animals have a mutation
that reduces instead of eliminating the gene activity. The severity of the phenotypes
reflects the relative level of lin-15 activity. Suppression of the Muv phenotype reflects an
increase in the level of lin-15 activity and vice versa (Hsu and Meyer 1994). This
mutation can be almost completely suppressed by elevated X chromosome expression
caused by mutations in dosage compensation genes dpy-21 and dpy-26 ( Hsu and Meyer
1994; Meneely and Wood 1987).
15(n765ts).
(Figure 2.5).

However, him-8(e1489) did not suppress lin-

him-8(e1489); lin-15(n765) animals were still highly Muv (97% n=34)
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Mutation of him-8 cannot suppress sur-6
sur-6 (suppressor of Ras) was first identified in a screen for mutations that
suppress the Muv phenotype resulting from activated let-60 ras mutation (Sundaram and
Han 1995). It was cloned and characterized in 1999 (Sieburth et al. 1999). sur-6
encodes a PR55 family regulatory B subunit of PP2A. It is a positive regulator of Ras
and acts in a dosage-dependent manner. We chose to test sur-6 because of its haploinsufficiency.

sur-6(ku123) is a missense mutation (C302Y) at a highly conserved

position within PP2A-B. In wild-type background, sur-6(ku123) does not show any
vulval defects and displays 100% vulval induction. In a sensitized background however,
sur-6(ku123) reduces vulval induction and suppresses the Muv phenotype of let-60
(n1046gf) animals (Sieburth et al. 1999). kuIs14 is a transgenic line that bears an
integrated array of let-60(G13E) DNA expressed under control of let-60 promoter. It has
a higher constitutive let-60 ras activity, resulting in a more severe Muv phenotype
(Sundaram et al. 1996). Thus, sur-6(ku123) can only suppress the Muv phenotype of
animals harboring one copy of the ras gain-of-function transgene kuIs14.

kuIs14/+

animals are 68% (n=71) Muv whereas sur-6(ku123); kuIs14/+ animals are 51% (n=77)
Muv.

The presence of him-8(e1489) has no effect on sur-6(ku123) activity.

sur-

6(ku123); kuIs14/+; him-8(e1489) are indistinguishable from sur-6(ku123); kuIs14/+ at
51% (n=85) Muv (Figure 2.5).
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Mutation of him-8 cannot suppress egl-26
egl-26 was first identified in a screen for mutants with vulval morphogenesis
defects. Though EGL-26 is expressed in the apical membrane of the vulE cell, the
mutant shows abnormal morphology in vulF which results in a blocked lumen and egglaying defect. egl-26(n481) is a missense mutation (S275F) in a putative acyltransferase
(Estes et al. 2007). We randomly picked one non-transcription factor to test if it can be
suppressed by him-8(e1489). egl-26(n481) is 35% (n=206) Egl+, and egl-26(n481); him8(e1489) is 35% (n=83) Egl+. him-8(e1489) doesn’t suppress egl-26(n481) (Figure 2.5).

Mutation of him-8 cannot suppress unc-37
unc-37 is a Groucho-like co-repressor protein (Pflugrad et al. 1997)and has a
highly conserved C-terminal region of six tandom WD repeats which mediates proteinprotein interactions (Neer et al. 1994). unc-37(e262) is a missense mutation (H539Y) in
WD repeat 5, resulting in an unc-4 mutant-like backward movement defect. These
animals coil dorsally instead of crawling backward when touched on the head (White et
al. 1992).

him-8(e1489) did not suppress this defect of unc-37.

All unc-37(e262)

animals and all unc-37(e262); him-8(e1489) animals responded abnormally to the head
touch (n>60). Although UNC-37 Groucho is involved in transcriptional regulation, it
does not bind directly to the DNA. It is recruited to DNA by specific transcription
factors (Pickles et al. 2002). Our results suggest that mutation of the zinc fingers of
HIM-8 has no effect on unc-37(e262).
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Figure 2.5
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Figure 2.5: him-8(e1489) has no suppressions on non-null alleles of non-transcription
factors LIN-15, SUR-6 and EGL-26. Histogram illustrating the percentage of animals
that have one vulva or have normal egg-laying activity (Egl+). Basic principles of
proportional analysis were applied to obtain 95% confidence intervals shown as error
bars which mean 95% of the population lies within the confidence interval. Actual
percentage is cited within each bar, and sample sizes (n) are indicated at the right.

Mutation of him-8 and zim genes cannot suppress null alleles of transcription factors
It was previously shown that him-8 can only suppress the non-null allele of egl-13.
We further tested if this is also true to other transcription factors. We tested him-8(e1489)
effects on null alleles of sptf-3 and lin-39. sptf-3(tm607) is a deletion allele of sptf-3 and
a putative null that disrupts the first two zinc fingers and causes embryonic lethality.
him-8(e1489) suppressed the egg-laying defect of sptf-3(gu85), but had no effect on sptf3(tm607). Neither sptf-3(tm607)/hT2[qIs48 GFP+] nor sptf-3(tm607)/hT2[qIs48 GFP+];
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him-8(e1489) animals had viable sptf-3(tm607) (GFP-negative) progeny. lin-39(n1880)
introduces a stop at codon 100 prior to the Hox domain (Clark et al. 1993) and it is a
putative null allele of lin-39. lin-39(n1880) is 0% Egl+ and this Egl phenotype was not
suppressed by him-8(e1489). Both lin-39(n1880) and lin-39(n1880); him-8(e1489) were
0% Egl+. As with suppression by him-8 (Nelms and Hanna-Rose 2006), suppression by
zim-1(tm1813) is specific to the non-null allele of egl-13 as well. zim-1(tm1813); egl13(ku194) animals were not suppressed (0% Egl+ n=70). him-8 and zim genes can
increase the effective activity of compromised transcription factors with DNA-binding
domains other than a SOX domain but cannot compensate for the loss of these factors.

DISCUSSION
It was demonstrated before that mutation of the zinc finger region of the HIM-8
protein caused an increase in the effective activity of the Sox domain transcription factor
EGL-13 in the somatic gonad (Nelms and Hanna-Rose 2006). Here this work extends the
results to show that HIM-8 has a broader regulatory activity on transcription factors other
than EGL-13, acts in tissues other than the somatic gonad, such as the vulva and the
hindgut and affects genes that are encoded on autosomes. The ZIM proteins, a family of
zinc finger proteins related to HIM-8, share this negative regulatory activity. Altogether,
these results suggest that HIM-8 and the ZIM proteins may broadly modulate
transcription factor gene activity.
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Tissue specificity of him-8 suppression
EGL-13 functions in the ventral uterine lineage to control uterine seam cell fate
determination or maintenance (Hanna-Rose and Han 1999). Our previous results suggest
that the negative regulatory activity of HIM-8 is independent of the role of the HIM-8
protein in meiosis (Nelms and Hanna-Rose 2006). Thus, we hypothesized that HIM-8 is
more likely to act in the same cells as EGL-13. As shown, HIM-8 apparently can affect
other factors similarly. Factors that have been tested include POP-1, EGL-38, SPTF-3
and LIN-39. They are encoded on different autosomes other than X chromosome and
function in a variety of tissues ranging from somatic gonad, hindgut to the vulva. Rather
than EGL-13- or X chromosome-specific, my results suggest a much broader role of
HIM-8 in modulating gene activity.
The opposite effects on egl-38(gu22) in the hindgut versus the vulva could be due
to different effects of him-8 in each tissue or, more likely, due to the complicated tissuespecific activities of egl-38 (Zhang et al. 2005). For example, mutation of him-8 could
act to increase the activity of egl-38 in both tissues, but a higher level of the EGL38(M29I) mutant in the vulva would have a different and deleterious effect as opposed to
the positive effect of a higher level of EGL-38(M29I) in the hindgut. In general, it is
clear that although mutant him-8 can suppress a range of mutations in different tissues,
the phenotypic suppression effect is not universal, and phenotypic enhancement is
possible.
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Are zim and him genes functioning independently?
The high degree of similarity in protein sequence among HIM-8, ZIM-1, ZIM-2
and ZIM-3, particularly in the zinc finger region, might suggest some degree of
redundancy among these genes. However, they certainly play distinct roles in meiosis
(Phillips and Dernburg 2006). Furthermore, mutation of each individual gene results in
suppression, indicating the genes are not fully redundant. Partial redundancy in function
is possible but is difficult to test due to the proximity of the genes in a single operon.
Because genes in an operon share transcriptional regulatory sequences
(Blumenthal and Gleason 2003), we considered the possibility that the mutations in the
upstream zim genes act as suppressors due to indirect negative effects on him-8
expression. However, if this were the case, the strongest zim suppressor, zim-1(tm1813),
would be predicted to reduce him-8 activity significantly, similar to the him-8(e1489)
mutant, and to cause a Him phenotype as a result. In contrast, none of the zim mutants
results in a highly penetrant Him phenotype as is observed with mutations in him-8
(Phillips and Dernburg 2006; BLN and WHR unpublished). We cannot rule out the
scenario that disruption of him-8 expression could be making a contribution to the
suppression phenomenon, but additional direct effects of the zim mutations seem most
likely.

How wide-spread is suppression by him-8 mutation?
Him mutations are convenient tools for genetic study.

They permit the

construction of strains that have a high percentage of male progeny for both analysis of
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male phenotypes and access to males for genetic crosses. him-8(e1489) has been widely
used for these purposes (Clark et al. 1993; Rugarli et al. 2002; Woollard and Hodgkin
2000; Yochem et al. 1999).

Yet, him-8(e1489) is not widely reported to cause

phenotypic suppression. We clearly demonstrated that mutation of him-8 can suppress
only non-null alleles of transcription factors including egl-13, sptf-3 and lin-39 (Nelms
and Hanna-Rose 2006). Thus, only specific types of mutations such as the non-null
transcription factor mutants examined here might be expected to be suppressed. Such
non-null mutations are unlikely to be the alleles of choice for many other genetic
experiments, which could explain why others have not reported wide-spread phenotypic
suppression caused by mutation of him-8. Based on our results, him-8, different from
him-5, is not suggested to be a tool for male production any more.

Models for HIM-8/ZIM suppression
Here we have shown that HIM-8 and the ZIM proteins have more global effects
on gene activity than might be expected from their chromosome-specific activities in
meiosis. How these proteins mediate their effects is unknown. Our previous results
implicated the importance of the DNA binding domain of HIM-8 for the suppression
activity. At the same time, we showed that increasing the level of mutant EGL-13
protein could provide increased function, mimicking suppression (Nelms and HannaRose 2006). Thus, a possible scenario for suppression is that eliminating or reducing
HIM-8/ZIM protein activity results in up-regulation of EGL-13, and increased levels of
mutant protein can increase the level of function. This model could be expanded to other
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genes - including pop-1, egl-38, lin-39 and sptf-3 tested here - with the HIM-8/ZIM
molecules influencing the transcription of a large gene battery.
However, experimental results weaken this model. First, RT-PCR did not detect
increased egl-13 transcripts in suppressed strains (Nelms and Hanna-Rose 2006). Second,
this model predicts that mutant him-8 might suppress a wide range of mutations that
would benefit from increased gene dosage. However, mutation of him-8 doesn’t suppress
lin-15(n765), which can be suppressed by elevated X chromosome expression or haploinsufficient gene sur-6(ku123). Furthermore, if mutation of him-8 results simply in
increased expression of genes, mutations in dosage compensation genes, which are
responsible for reducing expression from the X chromosome in hermaphrodites (Meyer
2000), might be expected to suppress egl-13(ku207) as well. However, we detected no
suppression by the dosage compensation mutants dpy-28(y1) or dpy-21(e428) (B.L.N.
and W.H.R., unpublished).
An alternative model is that the suppression is uniquely specific to missense
mutations affecting the DNA-binding domain of transcription factors (and perhaps other
proteins that interact with the chromosome). The factors tested so far are encoded on
different chromosomes and function in different tissues, but they do share one
characteristic in common. They are all transcription factors with compromised DNAbinding activities. This model is consistent with the failure of him-8(e1489) to suppress
non-null mutations in genes that do not encode transcription factors. Even the Groucholike co-repressor protein, UNC-37, which can not bind DNA directly, can not be
suppressed.

Null mutants of egl-13, sptf-3 or lin-39 can not be suppressed either,

indicating the him-8 and zim genes can only increase the effective activity of transcription
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factors with compromised DNA-binding domains but cannot compensate for the loss of
these factors.
A DNA-binding-domain specific model suggests that suppression is not due to
direct changes in the suppressed gene, but rather from altered activity of the protein
product on its transcriptional targets. For example, disruption of HIM-8 might alter
chromosome structure, allowing greater access to DNA targets, or otherwise enhance the
in vivo DNA-binding activity of the compromised proteins.

As most of the

transcriptional targets responsible for the phenotypes assayed in this study are not known,
it is possible that the difference between phenotypes that are suppressed and those that
are enhanced could be the relative sensitivity of the target to the mutant protein, or its
genomic location. Our experiments leave open the possibility of direct interactions
between the suppressed protein products and the suppressors as well.

However, if

protein-protein interactions between HIM-8 and transcription factors play a role in the
mechanism, the transcription factors do not appear to alter HIM-8 meiotic activity since
our double mutant strains have Him phenotypes similar to that of him-8 single mutants.
Future experiments will be required to better clarify the underlying mechanism for this
unique function of HIM-8.
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METHODS

Maintenance and culture of C. elegans
All C. elegans strains, unless otherwise stated, were grown at 20° on standard
NGM plates, according to common procedures (Brenner 1974).

Phenotypic analysis
egg-laying Individual fourth larval stage (L4) or younger animals were placed on
culture plates and scored as Egl+ if they deposited any eggs on the plate within two days
after reaching adulthood. Animals that were sterile or released eggs solely due to rupture
at the vulva, which happened at a very low rate in a few strains (less than 1%), were
excluded.
Connection-of-gonad and vulval morphology defects I scored mid-L4 stage
hermaphrodites at 1000X magnification using Normarski optics. Animals with egl-13
mutations were designated Cog- if an anchor cell was visible at the top of the vulva and
Cog+ if a thin uterine seam cell process was visible (Hanna-Rose and Han 1999). The
vulval morphology of animals with an egl-38 mutation was scored according to the
position of the vulF nuclei and the presence or absence of a visible thin uterine seam cell
process (Chamberlin et al. 1997). If the vulF cells don’t separate or the thin laminar
process is too thick, it was scored as abnormal vulval morphology.
lin-48::gfp expression in the hindgut cells

I scored unc-119(e2498); egl-

38(gu22); saIs14[lin-48::GFP] and egl-38(gu22) him-8(e1489); saIs14[lin-48::GFP]
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hermaphrodites, mostly at the L4 stage, for GFP expression in the hindgut cells using a
combination of Normarski and fluorescence microscopy. We scored the animals as
positive for expression if there was expression in any one of the four hindgut cells.
Male abnormal development (Mab)

Wild type males have long straight

spicules. If there is only a small clump of spicule material, it was scored as Mab.
Multivulva phenotype Individual fourth larval stage (L4) or younger animals
were placed on culture plates and scored as Muv if they have more than one protrusions
along their ventral side after reaching adulthood. Animals that only have one protrusion
were counted as normal.
unc-37 phenotype Individual animals were touched on the head by pick and
scored as Unc if they coil dorsally instead of crawling backward.

Genetics
Generation of zim; egl-13 double mutants I mated mIs11 IV; him-5(e1490);
egl-13(ku207) males to mutant hermaphrodites containing a zim allele. I allowed GFPpositive cross-progeny of the genotype mIs11/zim; him-5(e1490)/+; egl-13(ku207)/+ to
self-fertilize, and selected non-GFP (zim homozygotes), non-Him, Egl progeny from
among the F2 generation. I eliminated the him-5 heterozygotes by screening for the Him
phenotype among the F3 progeny and eliminating these candidates, resulting in selection
of the zim; egl-13(ku207). The original zim-3(tm2303) chromosome was associated with
linked mutations causing lethality (Phillips and Dernburg 2006). Thus, we used an unc24(e138) zim-3(tm2303) recombinant chromosome, which causes less lethality (Phillips
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and Dernburg 2006), to assay suppression by zim-3 and tested unc-24(e138) as a control.
I crossed mIs11 hermaphrodites with him-5(e1490); egl-13(ku194) males and selected for
GFP, Egl, and Him animals in the F2 generation to get mIs11; him-5(e1490); egl13(ku194).

I further crossed above males with zim-1(tm1813) hermaphrodites and

selected for non-GFP, non-Him and Egl animals to get zim-1(tm1813); egl-13(ku194).
Generation of sptf-3(gu85); him-8(e1489/him-8(tm611))/zim-3(tm2303) double
mutant I crossed unc-119;sptf-3(gu85); guIs9 hermaphrodites with him-8(e1489) males
and selected for non-Unc, non-GFP, Egl and Him animals in the F2 generation to create
sptf-3(gu85); him-8(e1489). I further crossed sptf-3(gu85); him-8(e1489) hermaphrodites
with N2 males and selected for Egl, non-Him animals to create sptf-3(gu85). I mated
sptf-3(gu85) with him-8(tm611) and selected Egl Him animals to make sptf-3(gu85); him8(tm611). I crossed unc-24(e262) zim-3(tm2303) hermaphrodites with N2 males to get
unc-24(e262) zim-3(tm2303)/+ males and further crossed these males with sptf-3(gu85).
I finally selected Unc and Egl animals to get sptf-3(gu85); unc-24(e262) zim-3(tm2303).
Generation of sptf-3(tm607)/hT2(qIs48::GFp); him-8(e1489) double mutants
I first crossed him-8(e1489) males with sptf-3(tm607)/hT2(qIs48::GFP) hermaphrodites,
picked GFP+ hT2(qIs48::GFP) males and mated with sptf-3(tm607)/hT2(qIs48::GFP)
hermaphrodites again. Then I picked GFP+ hermaphrodites to self-fertilize and discarded
those that segregated lots of GFP- hermaphrodites. I kept those that had almost all GFP+
progeny which were him-8(e1489) or +/+; sptf-3(tm607)/hT2(qIs48::GFP). From these
plates,

I

picked

GFP+

Him

animals

3(tm607)/hT2(qIs48::GFP); him-8(e1489).

to

maintain

which

were

sptf-
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Generation of him-8(e1489) egl-38(gu22) recombinants

I first made egl-

38(gu22) dpy-20(e1282) recombinants by selecting Dpy Egl animals from the progeny of
an elt-1(zu180) dpy-20(e1282)/ egl-38(gu22) heterozygote. I crossed these egl-38(gu22)
dpy-20(e1282) recombinant hermaphrodites with him-8(e1489) males and selected Egl
Him non-Dpy animals from the non-Dpy cross progeny to make him-8(e1489) egl38(gu22) recombinants. I further crossed him-8(e1489) egl-38(gu22) recombinants into
other markers, including saIs14 (lin-48::GFP) , to score phenotypes.
Generation of lin-39; him-8(e1489) To make lin-39(n2110); him-8(e1489), I
crossed him-8(e1489) males with lin-39(n2110) hermaphrodites directly and selected for
Egl Him animals in F2 generation. To make lin-39(n1880); him-8(e1489), I crossed him8(e1489) males with balanced strain lin-39(n1880)/dpy-17(e164) unc-32(e189)
hermaphrodites, then picked cross-progeny that segregates non-Dpy, non-Unc and Egl to
self-fertilize. I further picked Egl Him animals to get lin-39(n1880); him-8(e1489.)
Generation of him-8(e1489); lin-15(n765) I grew lin-15(n765) at 200. I crossed
him-8(e1489) males with lin-15(n765) hermaphrodites and selected for Muv Him animals
in the F2 generation to create him-8(e1489); lin-15(n765).
Generation of sur-6(ku123); kuIs14; him-8(e1489) I first crossed inIs179(ida1::GFP); him-8(e1489) males with mIs13 hermaphrodites. Then I crossed mIs13/+;
inIs179/+; him-8(e1489)/+ males with sur-6(ku123) hermaphrodites and selected for
inIs179-GFP, non-mIs13-GEP and Him in the F2 generation to get sur-6(ku123);
inIs179(ida-1::GFP); him-8(e1489). In the meanwhile, I crossed inIs179(ida-1::GFP);
him-8(e1489) males with kuIs14 and selected for non-inIs179-GFP, Muv and Him in F2
to get kuIs14; him-8(e1489). I further crossed kuIs14; him-8(e1489) males with mIs13
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hermaphrodites to get mIs13/+; kuIs14/+; him-8(e1489) males.

At last, I crossed

mIs13/+; kuIs14/+; him-8(e1489) males with sur-6(ku123); inIs179(ida-1::GFP); him8(e1489) and selected for non-mIs13-GFP, Him and inIs179-GFP that segregated both
inIs179-GFP and non-inIs179-GFP animals in the F2 generation to get sur-6(ku123);
inIs179/kuIs14; him-8(e1489).
Generation of egl-26(n481); him-8(e1489) I crossed inIs179; him-8(e1489)
males with egl-26(n481) hermaphrodites and selected for non-GFP Egl Him animals in
the F2 generation.
Generation of unc-37(e262); him-8(e1489) I crossed him-8(e1489) males with
unc-37(e262) hermaphrodites and selected for Unc Him animals in the F2 generation to
create unc-37(e262); him-8(e1489).

Statistical analysis
To determine if differences between populations' egg-laying percentages are
statistically significant, we applied basic principles of proportion analysis, and used the
following equations (MILTON 1992): L1 = p - z[p(1-p)/n]^(1/2) and L2 = p + z[p(1p)/n]^(1/2), where z=1.96 (or 2.086 for n less than 30) for a 95% confidence interval, L1
is the lower bound and L2 is the upper bound, p is the egg-laying proportion, and n is the
sample size. Error bars in our graphs show 95% confidence intervals. Values for all
double/triple mutants were judged significantly different from relevant single mutant
controls if P < 0.05 by Fisher’s exact test.
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3

THE ROLE OF CHROMATIN MODIFICATION IN HIM-8
SUPPRESSION
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ABSTRACT
HIM-8 suppresses all tested transcription factors with compromised DNA-binding
activity. In this chapter, I investigated the model that mutations in him-8 might open up
the chromosome structure to allow more access of the mutant transcription factors to the
DNA target. My data show that him-8 and zim-1 mutants exhibited higher levels of
H3K4 methylation, supporting the model and indicating a possible role for HIM-8 in
mediating chromosome modification. HIM-8 might mediate chromatin modification and
subsequent transcriptional activity by interacting with the H3K4 histone metyltransferase
(HMT), DPY-30.

By investigating this hypothesis, I reveal a possible interaction

between HIM-8 and RNAi-dependent chromatin modifications.

INTRODUCTION
I hypothesize that him-8 mutation opens the chromosome structure, allowing
more access of mutant transcription factors to the DNA target.

The Dernburg lab

identified dpy-30 as a gene that interacts with zim-3 in a yeast two hybrid screen
(personal communication).

The yeast homolog of C. elegans dpy-30 is a H3K4

methyltransferase (HMT), which functions in a complex to methylate H3K4 (Roguev et
al. 2003; Nagy et al. 2002) and creates a mark for active transcription (Kouzarides 2007).
It is possible that mutation of him-8 leads to modification of chromatin structure by
interacting with DPY-30. Although I was unable to establish if DPY-30 mediates any of
the HIM-8 effects, my experiments on DPY-30 revealed a possible role of RNAi in HIM-
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8 suppression.

It leads us to an alternative hypothesis that HIM-8 might mediate

chromatin modification by impacting RNAi-dependent heterochromatin formation. In
this section, I will provide background information about dpy-30 as well as the role of
RNAi in chromatin modification.

dpy-30 is a dosage compensation gene and plays multiple roles in the development of
C. elegans
Dosage compensation is a chromosome-wide regulatory process that neutralizes
the difference in X-linked gene dose between sexes to ensure the same level of gene
expressions. In C. elegans, XX hermaphrodites keep both X chromosome active, but
reduce transcript levels from each chromosome by half to achieve the same level of
transcripts as in XO males (Meyer and Casson 1986). This process is controlled by a
regulatory cascade. dpy-30 is one component of this dosage compensation machinery
(Hsu and Meyer 1994).
Mutations of dpy-30 result in disruption of dosage compensation and these
animals display different defects in both morphology and viability, depending on the
temperature and the maternal genotypes (Hsu and Meyer 1994).

At the restrictive

temperature, dpy-30 mutations cause complete XX lethality. But at partially permissive
temperature, some XX dpy-30 mutants can escape lethality and exhibit phenotypes
including egg-laying defective (Egl), dumpy (Dpy) and Pvl, having a protruding vulva
due to a disruption of dosage compensation (Hsu and Meyer; Plenefisch et al. 1989).
In addition to being a dosage compensation gene, dpy-30 plays multiple roles in
the development of C. elegans. Different from the other four dpy dosage compensation

52
genes, null mutations of dpy-30 lead to a complete instead of partial XX lethality,
indicating that additional processes other than disruption of dosage compensation are
abnormal in the loss-of-function dpy-30 mutants (Hsu and Meyer ; Plenefisch et al. 1989).
dpy-30 is required for XO development. At the restrictive temperature, dpy-30 XO
mutants display abnormal morphogenesis and behavioral defects including delayed
development, abnormal tail and body morphology, defective mating, etc (Hsu and
Meyer ). These defects are not from the disruption of dosage compensation. The protein
encoded by dpy-30 is ubiquitously expressed in the nuclei of both XX and XO worms
throughout development (Hsu et al. 1995). All of the above support that dpy-30 has
multiple roles in the development of C. elegans (Hsu et al. 1995).

Yeast homolog of dpy-30 is a component of the histone 3 lysine 4 methylation
complex
Covalent modification of histones mediates important roles in gene regulation by
regulating access to the DNA (Jenuwein and Allis 2001).

There are many histone

modifications, such as acetylation, phosphorylation and ubiquitylation.

Histone

methylation is one of the modifications that is used to guide ordered recruitment of
chromatin remodeling machinery and finally determine the transcriptional accessibility of
genes (Nagy et al. 2002). Histone lysine methylation can be linked to both transcription
activation and repression (Litt et al. 2001; Bannister et al. 2001; Lachner et al. 2001). In
general, methylation of H3-K4,-K36 and -K79 are associated with euchromatic regions
while methylation of H3-K9, -K20 and -K27 mark heterochromatic regions (Kouzarides
2007).

Methylation of K4 on H3 correlates with transcriptional activity.

In
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Saccharomyces cerevisiae, methylation of K4 on H3 is catalyzed by Set1p histone
methyltransferase (HMT) complex, Set1C or COMPASS (complex associated with Set1),
which has eight subunits (Krogan et al. 2002; Roguev et al. 2001; Nagy et al. 2002).
dpy-30 is the worm homolog of one critical component of this complex Saf19p which is a
H3K4 HMT (Roguev et al. 2003; Nagy et al. 2002), indicating a role of dpy-30 in
epigenetic gene regulation.

RNAi and heterochromatin
RNA interference (RNAi) was first identified as a mechanism of gene silencing in
C. elegans (Tabara et al. 1998). A ribonuclease III enzyme, Dicer, processes dsRNA into
small interfering RNAs (siRNA) of 21-25 nucleotides. These siRNAs further assemble
into endoribonuclease-containing complexes known as RNA-induced silencing
complexes (RISCs) and unwind subsequently. Finally, the siRNAs guide the RISCs to
the complementary RNA to cleave and destroy the cognate RNA.
Heterochromatin is the region with highly repetitive DNA but little or no coding
potential. Heterochromatin plays an important role in regulating gene expression and
chromatin architecture (Zaratiegui et al. 2007). Each particular chromatin state correlates
with a specific histone modification pattern. In most eukaryotes, di- and tri-methylation
of lysine 9 of histone H3 is associated with heterochromatin and depressed transcription
(Jenuwein and Allis 2001).
The work from the fission yeast S. pombe indicates that the heterochromatin
assembly is accomplished in two steps, the initial methylation event followed by the
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spreading of the silent chromatin state mediated by Swi6 (Balis and Forsburg 2002). In
detail, the lysine 9 of histone H3 residue is first deacetylated.

Subsequently, a

methyltransferase Clr4 (Cryptic Loci Regulator), the homolog of the Drosophila
Su(var)3-9, methylates H3K9 with Rik1(Nakayama et al. 2001). Methylated H3K9
serves as a local mark for recruitment of Swi6, which is the homolog of heterochromatin
protein 1 (HP1). Once Swi6 binds to the methylated H3K9, it will spread the silent
chromatin structure to the neighborhood (Nakayama et al. 2001; Patridge et al. 2000).
Previous studies implicate a critical role of RNAi in heterochromatin assembly
(Grewal and Rice 2004).

RNAi factors including Dicer, RNA-dependent RNA

polymerase (Rdp1) and Argonaute also function in heterochromatin assembly, as
demonstrated by the deletion analysis (Hall et al. 2002; Volpe et al. 2002). However, the
first direct evidence comes from the identification of RITS (the RNA-induced initiator of
transcriptional gene silencing) (Verdel et al. 2004). RITS contains Chp1, Ago1 and Tas3.
Though these subunits can assemble the complex independently, the complex needs to
bind the siRNA of 22-25 nucleotides through Ago1 to be functional. Only with the
binding of the siRNA can the complex recognize and bind specifically to the chromatin
regions. The production of siRNA is Dicer-dependent (Verdel et al. 2004). The siRNARITS then recruits Clr4 to mediate H3K9 methylation and Swi6-dependent spreading.
Thus, RITS links RNAi directly to heterochromatin assembly in S. pombe (Verdel et al.
2004). RNAi plays a role in heterochromatin formation by providing siRNA.
In addition to this RNAi-mediated heterochromatin assembly, a secondary RNAiindependent Clr4 recruitment is also possible, based on the work from Sadaie et al.
(Sadaie et al. 2004).
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Model for HIM-8 suppression
Previous work suggests that any model for HIM-8 suppression must take into
account that only non-null mutations in DNA binding domains can be suppressed.
Disruption of HIM-8 might affect the interaction between the mutant DNA binding
proteins and the DNA targets and further affect the downstream transcription. This effect
can be mediated either by altering the structure of the chromosome or by enhancing the
affinity of the mutants to their targets. The Dernburg lab identified dpy-30 as a gene that
interacts with zim-3 (personal communication). The HIM-8 and ZIM proteins share
extensive similarities and we assume they mediate suppression on transcription factors
via similar mechanisms, thus it is possible that dpy-30 interacts with him-8 as well. dpy30 is the worm homolog of the yeast H3K4 HMT which methylates histone 3 at lysine 4.
di- and tri-methylated H3K4 is associated with transcriptionally active euchromatin in
higher enkaryotes (Santos-Rosa et al. 2002; Schneider et al. 2004). By modifying H3K4
methylation and chromatin structure, dpy-30 is likely involved in regulation of
transcription. I set out to examine if HIM-8 suppression is associated with chromatin
modification and if HIM-8 functions through DPY-30.

OBJECTIVES
In this chapter, my goal was to investigate the molecular mechanism of the
suppression function of HIM-8 and test the above model. Locally, I looked at the
expression changes of the reporter genes which represent the level of the transcriptional
targets responsible for the phenotypes assayed. Globally, I examined and compared the
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H3K4Me2 level in different strains. To investigate if him-8 and dpy-30 function in the
same pathway, I did RNAi of dpy-30, trying to elucidate the relationship between these
two genes. Yeast two hybrid screens from Vidal’s lab identified several genes that
interact with different zim genes (personal communication). I decided to test the genetic
interactions between those genes and him-8, because HIM-8 and ZIM proteins share
extensive similarities and it is easier to genetically manipulate him-8 since zim genes do
not have obvious phenotypes. I approached this question genetically by testing if these
proteins can affect one of the transcription factors we have tested before, LIN-39, and if
they can influence the suppression of HIM-8 on LIN-39.

RESULTS

him-8(e1489) enhances the expression level of lin-48 and exc-9
The DNA-binding-domain specific model suggests that mutation of him-8 might
result in enhanced DNA-binding activity, which can be realized either by changing
chromatin structure to a permissive/active status or by enhancing the affinity of the
mutant proteins to their targets. Either way, the result will be increased transcription of
the downstream targets. egl-38 is a complicated gene that functions in multiple tissues
and lin-48 is the target of egl-38 in the hindgut (Johnson et al. 2001). As stated in
chapter 2, a lin-48::GFP reporter was used to examine the expression of lin-48 in the four
hindgut cells. Compared to egl-38(gu22) mutants, all egl-38(gu22) him-8(e1489) animals
have GFP expression in all of the four hindgut cells and with much higher GFP intensity,
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indicating the expression level of lin-48, the target of egl-38, is greatly enhanced by him8(e1489) (Figure 2.3; Figure 2.4).
exc-9 is a uterine seam cell-specific marker. exc-9::GFP is not expressed in egl13(ku194) mutants (Vyas and Hanna-Rose unpublished), indicating exc-9 might be a
downstream target of egl-13. egl-13(ku207) is the non-null allele of egl-13 with partial
function of EGL-13.

31% (n=132) of the egl-13(ku207) mutants have exc-9::GFP

expression in the utse. him-8(e1489); egl-13(ku207) mutants however, are 78% (n=89)
GFP positive, indicating that him-8(e1489) enhances the expression level of exc-9, the
target of egl-13 (Figure 3.1 ).
Figure 3.1
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Figure 3.1: him-8(e1489) increased the transcription of exc-9 in the egl-13(ku207)
background. exc-9 is the downstream target of egl-13. Basic principles of proportional
analysis were applied to obtain 95% confidence intervals shown as error bars which mean
95% of the population lies within the confidence interval. Actual percentage is cited
within each bar, and sample sizes (n) are indicated at the right. Value for double mutant
was judged significantly different from single and triple mutant controls (P < 0.01,
Fisher’s exact test).
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him-8(e1489) and zim-1(tm1813) exhibit higher levels of H3K4Me2
I showed him-8 mutation led to increased transcription of the downstream targets.
I further investigated how him-8 mutation does so. dpy-30 was identified as a gene that
interacts with zim-3 in a yeast two-hybrid screen in the Dernburg lab. We hypothesize
that the him and zim genes operate via similar mechanisms to affect transcription factor
activity, thus dpy-30 might also interact directly or genetically with him-8. DPY-30 is the
C. elegans homolog of S. cerevisiae Saf19p which is an important component of the Set1
complex that functions specifically as a histone 3 lysine 4 methyltransferase (Nagy et al.
2002). Methyl status of histone modifications determines gene activity (Santos-Rosa et
al. 2002). Significant levels of both di- and tri- methylated H3K4 label the chromosome
as a euchromatic region, a more open and permissive chromatic state to allow for active
transcription (Schneider et al. 2004).

dpy-30 is thus likely involved in chromatin

modification and transcription regulation by catalyzing H3K4 methylation. The reporter
target assays suggest that the transcriptional activity is increased in the him-8 mutant. I
set out to test the possibility that him-8(e1489) increases transcription by altering
chromatin structure, specifically the methylation on H3K4, to allow for more access of
the mutant proteins to the DNA targets. I examined the H3K4methylation level in
different strains.

Because the absence of him-8 has affects on methylation in the

germline that likely arise because of the absence of proper chromosome synapsis (Maine
et al. 2005), and because I wanted to examine only somatic effects, I prepared lysates
from young animals without extensive germline tissue. This was accomplished in one of
two ways: I made lysates from synchronized animals that were collected when most
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animals had reached L3 [Figure 3.2, blot (a) and (b)], or I made lysates from 100
specifically selected L3 larvae [Figure 3.2, blot (c)]. I performed western blots on these
lysates with anti-H3K4Me2 and anti-H3 antibodies to detect the level of H3K4Me2 and
H3, respectively. All three western blots showed similar results. him-8(e1489) and zim1(tm1813) mutants showed a global increase in the level of H3K4Me2 (Figure 3.2)
relative to wild type alone or a control transcription factor mutant strain. On average,
him-8(e1489) mutants showed a 3.5-fold increase in H3K4Me2 and zim-1(tm1813)
mutants showed a 2.3-fold increase. lin-39(n1880), used as a negative control, exhibited
the same level of H3K4Me2 level as wild type worms (Figure 3.2).
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Figure 3.2
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Figure 3.2: Mutations of him-8 and zim-1 increase the methylation of H3K4. Top panel:
Western blots. The first two western blots used the samples from a whole plate and the
third western blot used samples from 100 L3 larvas. Anti-H3K4Me2 antibody was used
to test the dimethylated H3K4 level. Anti-H3 antibody is used to test H3 level and used
as the internal control. Lower panel: Quantification of the western blots. lin-39(n1880)
showed similar level of H3K4Me2 to wild type. Compared to the wild type, him8(e1489) and zim-1(tm1813) showed a 3.5- and 2.3-fold increase in H3K4Me2,
respectively, which are significantly different from N2 and lin-39(n1880) controls
(P<0.05, paired t-test).

RNAi of dpy-30 and gfp both result in elimination of him-8 suppression
As shown above, him-8(e1489) and/or zim-1(tm1813) exhibited a higher level of
transcription and H3K4Me2, suggesting that mutations of him-8 and zim-1 may increase
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transcription level by promoting H3K4 methylation and remodeling the chromosome to a
permissive or active status. However, how it does so remains unknown. Based on the
facts that DPY-30 is one component of a complex that methylates H3K4 and dpy-30
interacts with zim-3 and the possibility that dpy-30 might interact with him-8, we sought
to investigate if him-8 and dpy-30 function in the same pathway and if HIM-8 changes
the structure of the chromosome through DPY-30. We reasoned that being a H3K4 HMT,
DPY-30 might act like a bridge that links HIM-8 suppression to chromatin modification.
If that is true, we expect that the him-8 suppressed animals will not be suppressed if dpy30 is mutated. dpy-30 mutants are very sick, making them very difficult to work with.
Thus, we chose to approach this question by using dpy-30 RNAi. We have shown that
several transcription factors are suppressed by HIM-8. Here we chose one of them, LIN39, to test if dpy-30 RNAi eliminates the suppression of him-8 because lin-39(n2110) has
simple and easy to score phenotypes.

lin-39 is a Hox gene that functions during post-

embryonic development (Clark et al. 1993).

LIN-39 acts twice during vulval

development, mid-L1 and L3 stages (Maloof and Kenyon 1998). We picked individual
animals out of dpy-30 RNAi plates to standard plates to score Egl after the animals reach
L4 or young adulthood, to make sure RNAi works during the time that LIN-39 functions.
lin-39(n2110) mutants are 24% Egl+ (n=24). After dpy-30 RNAi treatment, only 9% of
lin-39(n2110) are Egl+, but this is not a statistically significant difference when
compared with lin-39(n2110) animals without RNAi treatment (Figure 3.3). dpy-30
RNAi treatment also reduced the Egl+ population of lin-39(n2110); him-8(e1489) from
57% (n=28) to 19%(n=89), which is significantly different (Figure 3.3 ). Meanwhile, I
performed GFP RNAi as a negative control. Surprisingly, after GFP RNAi treatment,

62
only 10% (n=29) of the lin-39(n2110); him-8(e1489) double mutants were Egl+,
indicating that treatment with a control dsRNA may mimic the effect of dpy-30 RNAi
and this effect is not dpy-30 RNAi-specific but possibly RNAi-specific (Figure 3.3).
Figure 3.3
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Figure 3.3: RNAi of both dpy-30 and gfp resulted in elimination of him-8(e1489)
suppression on lin-39(n2110). Basic principles of proportional analysis were applied to
obtain 95% confidence intervals shown as error bars which mean 95% of the population
lies within the confidence interval. Actual percentage is cited within each bar, and
sample sizes (n) are indicated at the right. RNAi of both dpy-30 and gfp in lin39(n2110); him-8(e1489) resulted in significantly different egg-laying ability, compared
to animals without RNAi treatment.

gfl-1(gk321) has no effect on egg-laying ability of lin-39(n2110)
Vidal’s lab did a yeast two-hybrid screen and identified several genes that interact
with the zim genes. They found that gfl-1(gk321) interacts with zim-1, ZK849.2(tm1466)
interacts with zim-2 and phi-32(tm1629) interacts with zim-3. Based on the extensive
similarity shared between him-8 and the zim genes, it is possible that these proteins might

63
also interact with him-8 somehow to change its ability in suppressing the activities of
transcription factors or they might have similar or even opposite effects on the suppressed
genes that have been tested. To test the function of these genes and the interaction
between them and him-8, I again used lin-39(n2110) because of its simple phenotype.
GFL-1 is the homolog of human Glioma-Amplified Sequence-41, GAS41
(Dudley et al 2002). GAS41 has an N-terminal tf2f domain. This domain is conserved in
proteins that are involved in transcriptional regulation through multisubunit complexes
(Ketting et al-1999; Reinke et al. 2000). GAS41 is the homolog of yeast Yaf9 which is a
common subunit of yeast NuA4 HAT complex and the yeast SWR1 chromatin-modifying
complex (Le Masson et al 2003;Zhang et al 2004). RNAi of gfl-1 results in RNAi
deficiency, indicating gfl-1 is required by the RNAi mechanism (Dudley et al 2002).
Both GFL-1 and GAS41 are predicted to associate with DNA. Because gfl-1 and him-8
are both on chromosome IV and gfl-1(gk321) mutants are superficially wild type, it is
difficult to make lin-39(n2110); him-8(e1489) gfl-1(gk321) triple mutants.

I only

examined the effects of gfl-1(gk321) itself on lin-39(n2110). lin-39(n2110);gfl-1(gk321)
double mutants were 33% Egl+ (n=45), showing no significant difference with lin39(n2110) which were 23% Egl+ (n=118) (Figure 3.4).

Complicated effects of ZK849.2(tm1466)
ZK849.2 is a predicted PDZ domain protein. PDZ domains are relatively small
(80-100 amino acids) domains involved in protein-protein interactions (Pallen and
Ponting 1997; Ponting 1997). One function of the PDZ domain is to regulate subcellular
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targeting of proteins, especially membrane proteins.

Another function of the PDZ

domain is to serve as a protein scaffold for assembly of multimeric protein complexes
(Xu and Xia 2006). ZK849.2(tm1466) itself did not have any effect on the egg-laying
ability of lin-39(n2110).
31%(n=36) Egl+.

ZK849.2(tm1466); lin-39(n2110) double mutants were

However, ZK849.2(tm1466) eliminated the suppression of him-

8(e1489) on lin-39(n2110). The Egl+ population of lin-39(n2110); him-8(e1489) animals
decreased from 69% (n=51) to 35%(n=52), which is significantly different, under the
influence of ZK849.2(tm1466) (Figure 3.4). To further confirm that ZK849.2(tm1466)
indeed eliminates the effect of him-8(e1489), I tested its effects on him-8(e1489); egl13(ku207). Different from lin-39(n2110), the egg-laying defect of egl-13(ku207) mutants
was greatly suppressed by ZK849.2(tm1466). 43% (n=47) of the ZK849.2(tm1466); egl13(ku207) mutants could lay eggs.

egl-13(ku207) itself is only 2% Egl+.

The

suppression by ZK849.2(tm1466) is even stronger than that of the him-8(e1489).
However, ZK849.2(tm1466); him-8(e1489); egl-13(ku207) triple mutants exhibited a
much lower percentage of Egl+ worms. Only 16% (n=69) of the triple mutants could lay
eggs. It seems him-8(e1489) eliminated the suppression of ZK849.2(tm1466) on egl13(ku207) (Figure 3.4).

phi-32(tm1629) eliminates the suppression of him-8(e1489) on lin-39(n2110)
phi-32 was identified to interact with zim-3 and it is predicted to be an ubiquitin
and ubiquitin-like protein. As shown in figure 3.4, phi-32(tm1629) itself had not much
influence on the egg-laying ability of lin-39(n2110) mutants 30% of which were Egl+
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(n=103).
39(n2110).

However, phi-32(tm1629) eliminated the effect of him-8(e1489) on linEgl+ population of lin-39(n2110); him-8(e1489) mutants dropped from

69%(n=51) to 37%(n=131) (Figure 3.4 ) after the introduction of phi-32(tm1629).
Figure 3.4
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Figure 3.4: Affects of different interacting genes of zims on lin-39(n2110)/egl-13(ku207)
or him-8(e1489); lin-39(n2110)/egl-13(ku207). The data for egl-13(ku207) or him8(e1489); lin-39(n2110)/egl-13(ku207) were published previously and were shown here
as a control. Basic principles of proportional analysis were applied to obtain 95%
confidence intervals shown as error bars which mean 95% of the population lies within
the confidence interval. Actual percentage is cited within each bar, and sample sizes (n)
are indicated at the right. Only value for ZK849.2(tm1466); egl-13(ku207) double
mutants was judged significantly different from relevant single mutant controls (P < 0.05,
Fisher’s exact test). Values for all triple mutants were judged significantly different from
relevant double mutant controls (P < 0.05, Fisher’s exact test).
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DISCUSSION
In chapter two, my results showed that mutation of him-8 could suppress
phenotypes of transcription factors with compromised DNA-binding activities. However,
mutation of him-8 has no effect on either transcription factors that completely lose their
function or non-transcription factor proteins. The question of how this suppression by
mutation of him-8 is achieved still remains. My hypothesis is that disruption of HIM-8
alters the chromosome structure to allow more access of mutant proteins to the DNA
targets. Here my work shows that mutation of him-8 did increase the transcriptional level
of two targets that are downstream of two transcription factors. Consistent with the
model, mutation of him-8 did show increased methylation of H3K4.
In addition, I hypothesized that the HIM-8 mediates chromatin modification,
perhaps by regulating a H3K4 HMT, DPY-30. For example, in wild type, HIM-8 may
function upstream of DPY-30 and suppress its function as a H3K4 HMT. In him-8
mutants however, DPY-30 is de-suppressed and restores its function to methylate H3K4.
H3K4 methylation results in a permissive chromatin status followed by transcriptional
activity. However, the dpy-30 RNAi experiment didn’t clarify the role of DPY-30 in the
mechanism of HIM-8 suppression. Instead, the RNAi experiments were indicative of a
role of RNAi in chromatin modification, suggesting an alternative hypothesis that HIM-8
might regulate chromatin modification by regulating components of the RNAi-dependent
pathway.
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Is H3K4Me2 an accurate measure of transcriptional activity?
Histones host a large number of modification sites. Different combinations of
histone modifications lead to distinct outcomes in terms of chromatin-templated functions.
However, the same “histone code” can be interpreted differentially under different
contexts. H3K4 methylation is a “code” that has been linked to transcriptional activation
in diverse eukaryotes (Martin and Zhang 2005; Dehe and Geli 2006) since it was first
discovered in 1975 (Honda et al. 1975). H3K4 can be mono-, di- or tri-methylated. Both
di- and tri-methylated H3K4 are found predominantly on active loci. But H3K4Me3
occurs concurrently with active transcription and is always associated with the 5’ regions
of nearly all active genes in both yeast and higher eukaryotes (Santos-Rosa et al. 2002;
Schneider et al. 2004). H3K4Me2 however, sometimes is present on poised, inactive
genes. In S. cerevisiae, H3K4Me2 is spread throughout genes. In vertebrates, the
majority of H3K4Me2 co-localizes with H3K4Me3 (Schneider et al. 2004; Bernstein et
al. 2005). Some H3K4Me2 exists independent of trimethylation. Only sites with both
methylation states or sites with stronger trimethylation correlate with gene starts. Sites
with preferentially dimethylation, however, might represent novel markers of cell state
that occur within active chromosomal regions or mark functional element that promotes
gene expression (Bernstein et al. 2005). Thus, trimethylated H3K4 is regarded as a more
specific predictor for gene activity (Bernstein et al. 2005). I detected higher levels of
H3K4Me2 in him-8(e1489) and zim-1(tm1813). It is possible that those mutations only
prepare the chromatin to a “ready” or permissive status.
worthwhile to perform an H3K4Me3 assay.

Nonetheless, it would be
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The role of RNAi in chromatin modification
I did RNAi of gfp as a negative control. Surprisingly, RNAi of gfp eliminated the
suppression of him-8 (e1489) on lin-39(n2110). RNAi acts mainly post-transcriptionally
to silence genes. In addition, RNAi mediates the assembly of heterochromatin, which is
a repressive chromatin structure, by regulating histone modifications to achieve gene
silencing at the transcriptional level (Grewal and Moazed 2003; Lippman and
Martienssen 2004; Matzke and Birchler 2005). S. Pombe has single-copy genes that
function during RNAi. Deletion of those genes, such as dcr-1, ago-1 or rdp-1, leads to
loss of RNAi, gene silencing as well as absence of H3K9 methylation and Swi6
recruitment (Volpe et al. 2002). Introduction of short dsRNA into plant or animal cells
can induce RNAi-mediated heterochromatin modifications at normally euchromatic
chromosome regions (Mette et al. 2000; Morris et al. 2004; Kawasaki and Taira 2004).
The role of RNAi in chromatin modification and heterochromatin formation is conserved
in Drosophila, plants and mammals (Lippman and Martienssen 2004). Any RNAi will
produce siRNA.

siRNA from any RNAi will bind to RITS to recruit Clr4

methyltransferase and Swi6 and finally induce formation of heterochromatin. Thus, the
higher level of H3K9 methylation or the heterochromatin formation induced by siRNA
from gfp RNAi might be the reason for the elimination of suppression of lin-39(n2110)
by him-8(e1489) after gfp RNAi treatment. To further test this hypothesis, we can
perform RNAi on other loci to see if that repeats the results. Alternatively, we can repeat
the RNAi experiment in a background of mutants that are defective in the RNAi pathway,
for example, Dicer mutant, to see if that still eliminates the suppression similarly. If the
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elimination of suppression disappears in the Dicer mutant, it indicates a role of RNAi in
chromatin modification and that the elimination of suppression after RNAi treatment can
be due to the RNAi-induced higher level of H3K9 methylation.
The RNAi-induced transcriptional silencing is mediated by H3K9 methylation
and heterochromatin formation. In other words, RNAi plays a role in gene silencing at
the transcriptional level by regulating chromatin modification. HIM-8 suppression is
involved in chromatin modification as well (Figure 3.2) by an unknown mechanism. It is
possible that HIM-8 functions through the RNAi-induced pathway.

By regulating

components of this pathway, HIM-8 promotes H3K9 methylation and him-8 mutation,
instead, suppresses H3K9 methylation and heterochromatin formation. By regulating
chromatin modification through RNAi pathway, HIM-8 regulates activity of transcription
factors.

The elimination of HIM-8 suppression after RNAi
RNAi of dpy-30 caused a decrease in Egl+ population in lin-39(n2110); him8(e1489). What caused the elimination of HIM-8 suppression after dpy-30 RNAi? As I
discussed above, RNAi-induced H3K9 methylation and heterochromatin formation can
be a reason. In addition, dpy-30 is an essential component of the dosage compensation
machinery.

Mutation of dpy-30 results in disrupted dosage compensation.

At the

partially restrictive temperature, some XX dpy-30 mutants can escape lethality from the
disruption of dosage compensation. One of the additional phenotypes of those XX dpy30 mutants is Egl (Hsu and Meyer 1994; Plenefisch et al. 1989) So the decrease in Egl+
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population of lin-39(n2110) and lin-39(n2110); him-8(e1489) animals after dpy-30 RNAi
might be, at least partially, due to the disruption of the dosage compensation.
Thus, the elimination of HIM-8 suppression on LIN-39 after dpy-30 RNAi could
be due to the disruption of dosage compensation and the RNAi-induced H3K9
methylation. These mechanisms do not exclude the contribution from the disruption of
DPY-30-induced lower level of H3K4 methylation, but there is no direct evidence to
support it. The role of DPY-30 as an H3K4 HMT in HIM-8 suppression is unclear yet,
but DPY-30 is still an interesting candidate. An alternative way to approach that is to
overexpress DPY-30 in lin-39(n211) or lin-39(n2110); him-8(e1489) and see if that can
enhance that egg-laying ability of the mutants. One caveat is that DPY-30 functions in a
complex.

If overexpression of one component leads to more activity of the whole

complex is unknown. More work is needed to elucidate the interaction between DPY-30
and HIM-8 and the possible role of DPY-30 in this process.

Mechanism of HIM-8 suppression
What is the mechanism of the suppression by HIM-8? H3K4 methylation levels
are higher in him-8(e1489) and zim-1(tm1813), indicating the HIM-8 and ZIM-1 proteins
are able to modify chromatin somehow. RNAi experiments suggest similarly that HIM-8
might impact chromatin modification via mechanisms that overlap with RNAi
heterochromatin formation (Figure 3.5). The him-8(e1489)/zim-1(tm1813) suppressed
animals show higher H3K4 methylation, suggesting that the increased H3K4 methylation
or the changed chromatin structure might be the cause of the HIM-8/ZIM suppression. It
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is also possible that other unknown mechanisms underlie HIM-8/ZIM suppression and
further result in the chromatin change. In this case, the chromatin modification is a result
instead of the cause of the HIM-8/ZIM suppression. More work is needed for the
elucidation of the mechanism.

Figure 3.5
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Figure 3.5: models of HIM-8 suppression. HIM-8 might repress H3K4 methylation and
transcription by suppressing DPY-30. It is also possible that HIM-8 induces
heterochromatin formation by regulating components of RNAi-dependent pathway
positively.
Other labs identified some genes that interact with zim genes (personal
communication). While these protein interactions have yet to be confirmed, I tried to
genetically test if they have similar effects on transcription factors or if they influence the
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ability of HIM-8 in suppressing those genes. The reason we tested the interactions
between those genes and him-8 instead of the specific zim genes is because him-8 is
easier to manipulate with a visible phenotype. Our final goal is to test these interactions
with the specific zim genes. As demonstrated genetically, all of the three genes have no
effects lin-39(n2110). But the facts that gfl-1 is required for RNAi and that its yeast
homolog Yaf9 is involved in chromatin modification makes it intriguing to look at the
phenotype of the triple mutants gfl-1(gk321); lin-39(n2110); him-8(e1489). The other
two genes, ZK849.2(tm1466) and phi-32(tm1629), appear to eliminate the suppression of
him-8(e1489) on lin-39(n2110). It is possible that these two genes interact with him-8
and this interaction prevents HIM-8 from functioning as usual.

For example,

phi32(tm1269) is a predicted ubiquitin-like protein. It is possible that HIM-8 is degraded
by this protein, thus losing its ability to suppress. Additioinaly, ubiquitylation is one of
the chromatin modifications. It is possible that phi32(tm1629) functions similarly to him8 by mediating chromatin modification.

Data from egl-13(ku207) showed

ZK849.2(tm1466) itself greatly enhanced the egg-laying ability of egl-13(ku207). But
the triple mutants surprisingly showed a lower Egl+. It is possible that him-8 and
ZK849.2(tm1466) each affects egl-13 by different mechanism. However, putting them
together counteracts the effects from each. Identification and elucidation of other factors
that function similarly to HIM-8 or interact with HIM-8 will give some insights on
understanding the mechanism of HIM-8 suppression on transcription factors.
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METHODS

Expression level of transcriptional targets
lin-48 is a downstream effector of egl-38 in the hindgut. I made egl-38(gu22);
saIs14[lin-48::GFP] and him-8(e1489) egl-389gu22); saIs14[lin-48::GFP] worms and
scored the lin-48::GFP expression as in Chapter 2.
exc-9 is expressed in the utse and regarded as the target of egl-13. A previous
undergraduate student, Sejal Vyas, made all the strains for this experiment: qpEx71[exc9::GFP], qpEx71[exc-9::GFP]; egl-13(ku207) and qpEx71[exc-9::GFP]; him-8(e1489);
egl-13(ku207). I scored young adult hermaphrodites from the above three groups for
GFP expression using a combination of Normarski and fluorescence microscopy.

Worm synchronization
I picked plates that were full of gravid adults. I washed worms off plates using
M9 (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml 1 M MgSO4, H2O to 1 liter). After the
worms were spun down by centrifugation, I discarded the supernatant and resuspended
the worms in bleach solution (300mM NaOH, 20% bleach). I checked the worms every
1min or less till most of the worms were lysed. I then spun down the eggs and debris and
discarded the bleach solution. I further washed the eggs three times with M9 and
resuspended the eggs in M9 after the last washing. At last, I distributed eggs onto new
plates and grew them at 200 until they reached L3.
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Worm lysate preparation
I used lysates from four different worm strains including N2, lin-39(n1880), him8(e1489) and zim-1(tm1813) and I prepared the worm lysates in two ways. One way was
to pick 100 L3 worms from synchronized plates onto the lid of an Eppendorf tube with 30
μl of M9. I put the lids with L3 worms in M9 back into the tubes and spun down the
worms from the lids to the bottoms of the tubes. I took 15 μl of M9 out and added 15 μl
of 2XSDS loading buffer to lyse the worms. The other method I used was to synchronize
the worms, allow them to grow to the L3 stage and collect them all.

I washed

synchronized L3 worms off plates with M9. I spun down the worms and discarded the
supernatant M9. Then I added 2X SDS loading buffer (0.5M Tris-HCl (pH 6.8), 4.4%
(w/v) SDS, 20% (v/v) glycerol, 2% (v/v) 2-mercaptoethanol, and bromophenol blue in
distilled/deionized water.) and mixed it well. Lysates from both methods were heated at
950 for 10min. After a short spinning, I loaded the samples into the wells of a gel.

Western blotting
I ran the four worm lysates with pre-stained protein marker on 12% SDS-PAGE
gel. I then transferred proteins from the gel to a Nitrocellulose membrane at 100V for 1.5
hours. Histone proteins are 15KD. I cut the membrane that included the histones and
blocked the membrane with TBST (10mM Tris-HCl pH 8.0, 150mM NaCl, 0.05%
Tween20) containing 5% nonfat milk for 2 hours at room temperature (RT). I further
incubated the membrane with anti-H3K4Me2 antibody (1:4000) (borrowed from other
lab) overnight at 40 while shaking it. After thoroughly washing the membrane three
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times with TBST, I incubated the membrane with anti-rabbit HRP secondary antibody
(1:2500) (Catalog No. A0545; Sigma) at RT for 1 hour, followed by washing three times.
Immunoblotting bands were detected using ECL plusTM reagents (Cat No.RPN2132; GE
healthcare) according to the manufacturer’s protocol and scanned by the Machine Storm
860 (GE healthcare). To make sure the loading was consistent; I incubated the same
membrane with two different antibodies by stripping the first antibody off the membrane
and re-probing with the second antibody. To strip off the H3K4Me2 antibody, I first prewarmed the stripping buffer (100mm β-mercaptoethanol, 2% SDS, 62.5mm Tris-HCl,
pH6.8) at 550 for 10mins. I soaked membrane in the pre-warmed stripping buffer at 550
for 20mins, with occasional shaking, followed by thorough washing with a large volume
of TBST three times. I reblocked the membrane with TBST containing 5% non fat milk
at RT for 1 hour, incubated with anti-H3 primary antibody (1:1500) (Catalog No. ab1791;
Abcam) at RT for 2 hours followed by incubation with anti-rabbit HRP (1:2500) (Catalog
No. A0545; Sigma) at RT for 1 hour. Signals were detected and scanned as before.
Quantification was performed by scanning the membrane directly and measuring band
intensities with ImageQuant 5.1 software. For each sample, I first got the band intensities
for both H3K4Me2 and H3 signals and calculated the ratio of H3K4Me2 signal to H3
signal. The ratio of H3K4Me2/H3 for N2 worms was set as 1. I divided the ratio of
H3K4Me2/H3 for other worms by that of N2 to get the value for other worms by which
to compare the H3K4Me2 level in different strains.
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dpy-30 RNAi construct
PCR was performed to amplify the cDNA of dpy-30 using wild type worm lysate
by Wendy Hanna-Rose. I further digested the pPD129.36 and DPY-30 PCR products
using Not I and Pst I, extracted the 2720bp fragment from the pPD136.29 digestion
reaction and the 296bp fragment from the DPY-30 reaction, and ligated the above two
fragments together to get the dpy-30 RNAi construct, pH36. The construct was tested by
digestions of other enzymes before using.

RNAi of dpy-30
I transformed pHS36, the dpy-30 RNAi construct, into HT115 (DE3) competent
cells. HT115 is an RNase III-deficient E. coli strain with IPTG-inducible T7 polymerase
activity (Timmons et al. 2001). I inoculated one colony into LB with 50 μg/ml ampicillin
and shaked the solution at 370 incubator overnight. I spotted the dpy-30 RNAi solution
onto RNAi plates and let them dry at RT for 4 days. I put several lin-39(n2110) and lin39(n2110); him-8(e1489) young adults onto the dpy-30 RNAi plate to grow. I transferred
worms onto new dpy-30 RNAi plates every 3-4 days to make sure RNAi worked all the
time. I picked individual L4 or young adult worms from dpy-30 RNAi plates onto a
standard NGM plate to score the Egl phenotype. In the meantime, I scored lin-39(n2110)
and lin-39(n2110); him-8(e1489) worms on standard NGM plates for a control. I also
made gfp RNAi plates and put lin-39(n2110); him-8(e1489) worms onto gfp RNAi plates
to score the Egl phenotype at the same time for a control.
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Genetics
Generation of tm1466; lin-39(n2110)/egl-13(ku207); him-8(e1489)

I first

crossed him-8(e1489) males with mIs13 hermaphrodites and selected for GFP Him
animals in the F2 generation to get mIs13; him-8(e1489). Next, I crossed mIs13; him8(e1489) males with lin-39(n2110); him-8(e1489) hermaphrodites to get mIs13/+; lin39(n2110)/+; him-8(e1489) males that I further mated into tm1466. I picked green
hermaphrodite cross progeny which were mIs13/tm1466; lin-39(n2110) or +/+; him8(e1489)/+ to self-fertilize. At last, I selected non-GFP, Egl and Him animals for tm1466;
lin-39(n2110); him-8(e1489) and selected non-GFP, Egl and non-Him for tm1466; lin39(n2110).
Generation of tm1629; lin-39(n2110); him-8(e1489) I first crossed him-9(e1489)
males with inIs179(ida-1::GFP) hermaphrodites and selected GFP positive and Him
animals in the F2 generation for inIs179(ida-1::GFP); him-8(e1489). I further crossed
inIs179(ida-1::GFP); him-8(e1489) males with lin-39(n2110); him-8(e1489) to get
inIs179(ida-1::GFP)/+; lin-39(n2110) /+; him-8(e1489) males, which I used to mate into
tm1629. Next, I picked green cross-progeny which were inIs179(ida-1::GFP)/tm1629;
lin-39(n211) or+/+; him-8(e1489) to self-fertilize. At last, I selected non-GFP, Egl and
Him animals for tm1629; lin-39(n2110); him-8(e1489) and selected non-GFP, Egl and
non-Him animals for tm1629; lin-39(n2110).
Generation of lin-39(n211); gfl-1(gk321) I crossed mIs11/+ males with lin39(n2110) to get mIs11/+; lin-39(n2110)/+ males. I further crossed the above males
with gfl-1(gk321), picked the green cross-progeny which were mIs11/gfl-1(gk321); lin-
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39(n211) or +/+ to self-fertilzie, and selected non-GFP and Egl animals for lin-39(n211);
gfl-1(gk321).
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Chapter
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SIGNIFICANCE OF FINDINGS AND PERSPECTIVE
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C. elegans HIM-8 binds to the X chromosome pairing center to mediate X
chromosome meiotic synapsis (Phillips et al. 2005). Our lab recently identified a novel
role for HIM-8 in regulating the Sox domain protein EGL-13 (Nelms and Hanna-Rose
2006). Here, I further demonstrate that HIM-8 negatively modulates the activity of a
group of transcription factors with impaired DNA-binding domains; that this modulation
function is shared by other ZIM proteins which belong to the same zinc finger protein
family as HIM-8; and that this suppression might be mediated by chromatin modification.
Additionally, the suppression of HIM-8 on a variety of transcription factors in different
tissues demonstrates indirectly that HIM-8 functions in the soma.

Mechanism of HIM-8 suppression
HIM-8 has more global effects on gene activity than might be expected from its
primarily X-specific activity in meiosis. ZIM proteins behave similarly to HIM-8 where
examined (in modulation of EGL-13 and SPTF-3). We have several hypotheses on how
HIM-8/ZIM proteins mediate their effects. Based on the fact that increasing the level of
mutant EGL-13 protein could mimic the suppression (Nelms and Hanna-Rose 2006), it is
possible that eliminating or reducing HIM-8/ZIM activity leads to up-regulation of
mutant EGL-13, or other suppressed mutant transcription factors, and more mutant
proteins results in increased function (Nelms and Hanna-Rose 2006). However, we did
not detect increased egl-13 transcripts in the suppressed animals using RT-PCR (Nelms
and Hanna-Rose 2006). This up-regulation model also predicts that lin-15(n765) and
sur-6(ku123) which benefit from increased gene dose would be suppressed by him-8
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mutants. However, my data show mutation of him-8 has no effect on lin-15(n765) or sur6(ku123). Together with other data, we clearly rule out the up-regulation model.
My work shows that, in addition to EGL-13, HIM-8 modulates the activity of a
variety of transcription factors that are encoded on different chromosomes including
autosomes and that the suppression of HIM-8 is shared by other ZIM proteins which
control pairing and synapsis of autosomes. These data strongly argue against an Xchromosome-specific function for HIM-8 in suppression. Instead, the suppression of
HIM-8 on genes in multiple chromosomes suggests a global effect of HIM-8. Among the
genes I tested, only transcription factors with compromised DNA-binding activity can be
suppressed.

HIM-8 has no effects on null alleles of transcription factors and non-

transcription factors. Thus the HIM-8 suppression is specific to missense mutations
affecting the DNA-binding ability of transcription factors.
The DNA-binding-domain specific model suggests that suppression might be due
to the altered interaction between the mutant transcription factors and the DNA targets. I
further investigated the hypothesis that him-8 mutations open the chromosome structure
to allow more access of the mutant transcription factors to the DNA target. My data
show that him-8(e1489) mutants exhibit higher level of H3K4 methylation, indicating
that the chromatin in the mutant animals is modified to a more accessible status somehow.
It is possible that this chromatin modification plays a role in HIM-8 suppression. By
impacting chromatin structure, HIM-8 affects the accessibility of mutant transcription
factors to the DNA target and further affects transcription. This is my current model.
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However, how HIM-8 regulates chromatin modification is not clear. My work
did not clarify the role of DPY-30 in HIM-8 suppression. It leaves open the possibility
that DPY-30 might function as an H3K4 HMT to mediate HIM-8 suppression.
My work suggests an additional mechanism for HIM-8 suppression. HIM-8
might mediate chromatin modification similarly to the RNAi-dependent H3K9
methylation and heterochromatin formation. This hypothesis opens a new direction to
explore the mechanism of HIM-8 in regulating transcription.
How HIM-8 mediates global effects is yet to be discovered. Mutant HIM-8 with
zinc fingers impaired loses the ability to bind the pairing center of the X chromosome.
The mutant HIM-8 is expressed in the periphery of the nuclear envelope in a diffused
manner instead of concentrating in one place (Phillips et al. 2005). The diffused mutant
HIM-8 might thus obtain the chance to interact with more chromosomes or the changed
expression pattern of HIM-8 might change the whole nuclear organization, thus leading
to global effects. This model depends on that the mutant HIM-8 is also localized in the
nuclear envelope of the somatic cells and has the same expression pattern in the soma as
in the germiline. We will need to investigate the expression pattern of HIM-8 in the
soma to test this model. However, we know the mutant HIM-8 should be expressed in
the soma since it is functional. It is also possible that the mutant HIM-8 interacts with
chromosomes directly to mediate chromatin modification and subsequent suppression.
The work on HIM-8 provides another example to support the relationship
between nuclear structure and gene expression.

The chromatin is remodeled to

orchestrate the regulated and regulatory mechanisms under diverse circumstances. More
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work on HIM-8 will help us to understand the rules that govern the nuclear architecture
and how chromatin remodeling affects gene regulation.

The breadth of HIM-8/ZIM suppression
My work shows a broad ability of HIM-8 and ZIM proteins in modulating
transcription factors and this modulation might result from their ability to modify
histones and chromatin structure. Histones are subject to a variety of modifications and
each modification represents a distinct chromatin status, which determines the
availability of the chromatin to execute DNA-based tasks. It is possible that mutations in
the zinc finger region of him-8/zims lead to H3K4 methylation, which then serve as a
“mark” to open the chromosome. More opened chromosome allows more access of the
DNA-binding proteins to the DNA target. As with those transcription factors we tested,
they might have lower affinity to DNA because of the mutations in their DNA-binding
domains.

With a more open structure of chromatin available however, the mutant

transcription factors may still bind to DNA better, leading to higher effective activity and
therefore suppressed mutant phenotypes. This model predicts that any factors whose
function rely on the status of the chromatin will benefit from the open chromatin and the
phenotype of those mutants will be suppressed by him-8 and zim mutants.

DNA

replication and DNA repair are chromatin-templated activities. Factors functioning in
those processes are expected to be regulated by HIM-8 and ZIM proteins as well. The
chromatin modification model leaves open the possibility that more factors other than
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transcription factors can be suppressed by HIM-8/ZIM proteins. Non-null alleles of those
factors should be used to test the effects from him-8/zim genes.

Expression pattern of HIM-8
Previous studies showed that HIM-8 is prominently localized at or close to the
pairing center of the X chromosome in meiotic cells. It is also observed at the periphery
of meiotic nuclei (Phillips et al. 2005). Those results are obtained from looking at the
dissected gonad. The expression pattern of HIM-8 in the soma is unknown. My data
shows HIM-8 suppresses several transcription factors that function in multiple somatic
tissues, suggesting HIM-8 is expressed in multiple places in the soma. him-8 resides in
an operon. I used the 2kb region upstream of the first gene in the operon, zim-1, as the
him-8 promoter and made transcriptional GFP fusions with or without NLS (nuclear
localization signal). I injected the constructs at 20 ng/μl and 75 ng/μl and got multiple
lines carrying the array. But none of them showed any GFP signal. It is possible that the
2kb region is not long enough or the 2kb region is not the correct promoter. This
approach should be continued by looking for the real promoter of him-8. Alternatively,
an antibody against HIM-8 would be a valuable tool to obtain direct evidence on HIM-8
localization.
Another indirect approach is to express HIM-8 where the suppressed transcription
factors are expressed and check if restoration of HIM-8 could eliminate the suppression
by him-8 mutants. I generated transgenic animals bearing the extrachromosomal array of
HIM-8 cDNA driven by lin-11 promoter. LIN-11 is dynamically expressed in different
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vulval cells including the primary lineage. The expression starts from L3, begins to get
weak by mid-L4 and disappears by late L4 (Gupta et al. 2003). In the tail, LIN-11 is only
expressed in two neurons, PHA and PVQ, which are not male specific (Hobert et al.
1998). I crossed that array into egl-38(gu22)him-8(e1489) animals, creating a strain with
HIM-8 expression in the vulva but no expression in the male tail. I then examined how
expression of HIM-8 in the vulva affects the phenotypes in two different tissues, the
vulva and the male tail. The Mab phenotype of the egl-38(gu22)him-8(e1489) was not
changed, as expected (data not shown). However, the vulva phenotype was not affected
either. EGL-38 is expressed in vulF cell in the vulva from mid-L4 to late L4 (Inoue et al.
2005) which does not overlap completely with LIN-11 expression. Thus, it is possible
that the HIM-8 expression driven by lin-11 promoter is not enough or too late to reverse
the effect. To more effectively test this model, we will need promoters that match the
expression pattern of the EGL-38 better. We can also choose other promoters to test
other suppressed transcription factors. The broad ability of HIM-8/ZIM proteins in
regulating transcription factors and possibly other factors promotes the study of HIM-8
expression in the soma.
Mutant HIM-8 is still expressed but absent from meiotic chromosomes in him8(e1489) mutants, resulting in the failure of the X chromosomes to pair (Phillips et al.
2005). Thus, the expression and localization of HIM-8 in the pairing center of the X
chromosome is important for HIM-8’s function in meiosis. him-8(e1489) mutants still
suppress the activity of the transcription factors and him-8(e1489) mutants exhibit higher
level of H3K4Me2, indicating that the mutant HIM-8 is still expressed and functional in
the soma. Whether the mutant HIM-8 is mislocalized in the soma is unknown. It is
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possible that HIM-8 expression is differently regulated in the germline and the soma, thus
the expression pattern of HIM-8 in the soma is different. Alternatively, HIM-8 functions
via different mechanisms in the germline and the soma. Thus, the localization of HIM-8
in the pairing center of the X chromosome is not critical for HIM-8 suppression. My
work makes it necessary to study the expression pattern of HIM-8. More knowledge on
HIM-8 expression pattern and its regulation will better our understanding of the
mechanism of HIM-8 suppression.
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CIS-REGULATORY CONTROL OF EGL-26 EXPRESSION
IN vulE
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ABSTRACT
egl-26 acts in the primary vulval lineage to specify the morphology of vulF.
However, EGL-26::GFP expression is restricted to the apical membrane of vulE (HannaRose and Han 2002). I used deletion analysis to isolate a 200bp region in the egl-26
promoter that is both necessary and sufficient for EGL-26 expression in vulE. I did not
identify any transcription factor binding site that is critical for vulE-specific expression in
this region, but I found an SP1 binding site in this 200bp region might be important for
vulF-specific expression.

INTRODUCTION
C. elegans’ vulva serves as a model system to study organogenesis, the formation
of functional organs. The vulva is a toroidal structure that connects the uterus and the
outside environment to allow passage of eggs and sperms. The formation of the vulva
arises from 22 cells and undergoes a series of ordered events including migration,
invagination and cell fusion (Gleason et al. 2002; Sharma-Kishore et al. 1999). A great
feature of this system is its dispensability to viability, allowing the study of individual
genes functioning in this system. The vulva consists of seven toroids (vulA, B1, B2, C,
D, E and F) that originate from three vulval precursor cells (VPCs). vulE and F are from
P6.p primary cell lineage (Gleason et al. 2002; Sharma-Kishore et al. 1999). The others
are from P5.p and P7.p secondary cell lineage. egl-26 is a gene that acts in the primary
vulval lineage to specify morphology of vulF (Hanna-Rose and Han 2002).
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egl-26 was first identified in 1983 (Trent et al. 1983) and was further
characterized by Hanna-Rose and Han (Hanna-Rose and Han 2002). Mutation of the egl26 gene causes the vulF cell at the apex of the vulva to adopt an abnormal morphology,
resulting in a blockage between the vulval and uterine lumens and an egg-laying defect.
But interestingly, an egl-26 transcriptional GFP fusion with a nuclear localization signal
shows that the GFP signal is from the nuclei of vulE (Hanna-Rose and Han 2002) in the
primary vulval lineage. EGL-26 belongs to the NlpC/P60 superfamily (Anantharaman
and Aravind 2003). Enzymes in this family are usually associated with the membrane
(Anantharaman and Aravind 2003; Hughes and Stanway 2000). EGL-26 does not have a
predicted transmembrane domain, but EGL-26::GPF expression is concentrated at the
apical membrane (Hanna-Rose and Han 2002). How EGL-26 expressed in vulE controls
the morphology of the neighboring vulF remains unknown. More knowledge on EGL-26
expression pattern and its regulation will better our understanding of the mechanism of
EGL-26 action.
Previous studies show that Serine 275 plays a role in membrane localization of
EGL-26 and the membrane localization is important for EGL-26 function (Hanna-Rose
and Han 2002; Estes et al. 2007). A mutation of S275 to phenylalanine or glutamate
changes the membrane localization to a diffused, cytoplasmic localization which fails to
rescue the phenotype of egl-26(ku211) (Estes et al. 2007). Addition of a CAAX motif to
tether EGL-26(S275F)::GFP back to the membrane, though not specifically to the apical
membrane, results in an increased activity of the protein and a partial rescue of the
phenotype of egl-26(ku211) ( Maurer-Stroh; Estes et al. 2007). However, the regulation
of EGL-26 expression in vulE has not been studied yet. My goal was to identify the cis-
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regulatory sequences that determine the vulE-specific EGL-26 expression. I used the
deletion analysis of the egl-26 promoter to identify regions that are critical for EGL-26
expression in vulE.

RESULTS

Isolation of a 400bp region that is necessary for EGL-26 expression in vulE
Analysis from transgenic animals that bear the egl-26::gfp translational fusion
(pWH15) shows that the GFP signals are present in multiple places including the vulva,
and that expression near the vulva and the uterus becomes obvious during L4 stage
(Hanna-Rose and Han 2002).

An egl-26::gfp transcriptional fusion with a nuclear

localization signal (pWH22) clearly shows that EGL-26 is expressed in vulE cell (HannaRose and Han 2002). I wanted to isolate the region in the egl-26 promoter that is
necessary for EGL-26 expression in vulE. Two constructs were previously made with
deletions of the first 1/3 (pRK1) and the first half (pRK2) of the egl-26 promoter. I
examined transgenic animals bearing those two constructs for GFP expression in vulE.
psEx32 containing pRK1 were 45% (n=31) GFP positive. psEx33 containing pRK2,
though with a larger deletion of the promoter region, were 86% (n=28) GFP positive in
vulE. In addition, pxEx33 lost GFP expression in the uterus (Figure A.1).
I continued to dissect the second half of the promoter region by deletion analysis
to look for regions that determine the EGL-26 expression in vulE. pHS4 contains the
region starting from 792bp upstream of egl-26 ATG. pHS5 is the corresponding egl-26
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translational GFP fusion with the same region of the promoter as pHS4 and is used for
functional analysis. psEx47 containing pHS4 still drives GFP expression in vulE, but it
showed no expression in the uterus. psEx41 containing pHS5 showed similar expression
pattern to pWH15-containing transgenic animals with GFP signal in the apical membrane
of vulE (Figure A.1). EGL-26 driven by this region is functional since psEx41 could
rescue the phenotype of egl-26(ku228). psEx41; egl-26(ku228) were 76% (n=29) Egl+
and were significantly different from egl-26(ku228) which were only 21% (n=24) Egl+
(Table A.1).
Figure A.1
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Figure A.1: Deletion analysis of pWH22. The region from 792 to 400bp upstream of egl26 ATG is necessary for GFP expression in vulE. GFP expression in the uterus is lost
after the region from 3755 to 2937 is deleted. GFP expression is lost in vulB when only
400bp upstream of egl-26 is left.
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pHS9 contains the fragment 400bp upstream of egl-26 ATG and psEx53 bearing
pHS9 lost GFP expression in vulE, vulB and the uterus. pHS11 is the construct that
deletes the 400bp alone with other regions intact and pHS17 is the corresponding
translational GFP fusion. psEx55 containing pHS11 showed GFP expression everywhere
except in vulE. psEx68 containing pHS17 exhibited an expression pattern that was only
absent in vulE, compared to pWH15 (Figure A.2). pxEx68 increased the Egl+ percentage
of egl-26(ku228) animals from 18% (n=39) to 32% (n=53). However, this difference is
not significant (Table A.1). Thus, the region located between 792 to 400bp upstream of
egl-26 ATG is necessary for EGL-26 expression in vulE. Deletion of that region resulted
in elimination of EGL-26 expression in vulE (Figure A.1).
Figure A.2
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psEx68

Figure A.2: Deletion of the 200bp region eliminates GFP expression in vulE. (A) and (C)
are DIC images. (B) and (D) are fluorescence images. Top panel: psEx55 bearing pHS11
with that 400bp region deleted (Figure A.1) loses GFP expression in vulE. The GFP
signals are from vulB and vulD in the image. Lower panel: psEx68 bearing pHS17shows
similar EGL-26 expression pattern to pWH15 except in vulE.
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Deletion of the region from 3755 to 2937bp upstream of egl-26 ATG removed
EGL-26 expression from the uterus. In addition, more animals show expression of EGL26 in vulE with that region deleted. Animals robustly expressed EGL-26 in vulB except
when the promoter region was deleted leaving only the 400bp upstream of egl-26 intact
(Figure A.1).
Table A.1
Table A.1: Functional analysis of the array of the egl-26 translational GFP fusion

construct

GFP+

GFP-

Egl+%

n

Egl+%

n

pHS5

76

29

21

24

pHS17
pHS17

32

53

18

39

pHS19

86

35

19

31

pHS32

100

21

VISTA analysis narrows the region down to 200bp
VISTA is a tool to visualize global DNA sequence alignments of arbitrary length
(Mayor et al. 2000). It facilitates identification of similarity and enables the visualization
of alignments of various lengths at different levels of resolution (Mayor et al. 2000). I
used VISTA to compare the egl-26 promoter between C. elegans and C. briggsae. The
result showed a 200bp region in the promoter that is highly conserved between these two
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species. This 200bp region is within the 400bp region that I previously isolated (Figure
A.3).
Figure A.3

41
4176
76
4216
42
16

42
4234
34

Figure A.3: VISTA analysis of egl-26 promoter. Top panel: VISTA analysis of the
homologous upstream sequences in C. elegans and C. briggsae. The pink peak identified
by the pink square is the 200bp that is necessary for GFP expression in vulE. Lower
panel: VISTA identification of potential transcription factor binding sites which are
concentrated in two regions that are highlighted by pink. This region was divided into
two from between these two areas.
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Isolation of 200bp region that is sufficient to drive EGL-26 expression in vulE
Figure A.4
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Figure A.4: Identification of the region that is sufficient to drive GFP expression in vulE.
The region from 799 to 586bp or the region from 759 to 589bp upstream of egl-26 is
sufficient for GFP expression in vulE.
To identify regulatory sequences in the egl-26 promoter that drive vulE-specific
expression, I tested the ability of different fragments to drive GFP expression from the
heterologous pes-10 minimal promoter (Seydoux and Fire 1994; Kirouac and Sternburg
2002). pHS8 contains the fragment from 2038 to792bp upstream of egl-26, with no
overlapping with the previously isolated 200bp region. psEx49 carrying pHS8 drove
GFP expression in the uterus, but no GFP in vulE. psEx60 bearing pHS13 which is the
region from 799 to 5bp upstream of egl-26 exhibited GFP expression in vulE, but not in
the uterus. egl-26(ku228) with this array showed 86% (n=35) Egl+ and it is significantly
different from animals without this array which were 19% (n=31) Egl+ (Table A.1).
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More detailed dissection of this region showed an even smaller fragment from 799 to
586bp upstream of egl-26 was still able to drive vulE-specific GFP expression. This
region is consistent with the previously identified region (Figure A.4; Figure A.5).
Figure A.5

E

F

psEx58

G

H

psEx96

Figure A.5: GFP expression in vulE driven by regions from 799 to 586bp and 759-586
upstream of egl-26.

Isolation of potential transcription factor binding site in the egl-26 promoter
I used VISTA to look for potential transcription factor binding sites. Most of the
potential transcription factor binding sites are concentrated in two regions within the
200bp region. Thus, I further divided the 200bp region into two halves, with each half
containing a region that is enriched with potential binding sites (Figure A.3). psEx95
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carrying pHS23 which contains the region from 799 to 734bp upstream of egl-26 could
not drive GFP expression. psEx96 harboring pHS24 that covers sequence from 759 to
589bp upstream of egl-26 drove GFP expression in vulE, though the signal was weak
(Figure A.5). In the region between 759 to 589bp, there is a potential SP1 binding site.
We happened to have the mutant strain with SP1 binding site mutated. I decided to
mutagenize that site to investigate its effects on GFP expression. I did the mutagenesis
under the native promoter context. psEx103 bearing pHS31 which contains the same
region as pHS4 but with CCG mutated to AAT still retained GFP expression in vulE. All
of the 16 animals checked were GFP positive in vulE.

This was higher than

psEx47(pHS4)which were 63% GFP positive in vulE (n=35). Additionally, when the
SP1 binding site was mutated, GFP expression in vulF was turned on and GFP expression
in vulB was reduced from 86% (n=35) to 19% (n=16) (Figure A.6). pHS32 is the
translational GFP fusion corresponding to pHS31. psEx102 bearing pHS32 exhibited
GFP expression in the apical membrane of vulE and vulF. egl-26(ku228) with this array
showed much enhanced egg-laying ability. 21 animals were scored and all of them laid
eggs.
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Figure A.6
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Figure A.6: Site mutagenesis of the potential SP1 binding site changes the GFP
expression pattern.

Deletion analysis of daf-6 promoter
daf-6 is another gene with expression in vulE and vulF in the vulva during L4
stage (Perens and Shaham 2005). I did the same deletion analysis of daf-6 promoter to
identify regions that are necessary and sufficient for DAF-6 expression in vulE. Since
daf-6 and egl-26 are both expressed in vulE, it is possible that they possess similar
upstream cis-regulating sequences.
VISTA analysis of daf-6 promoter between C. elegans and C. briggsae showed
two peaks that are conserved between these two species (Figure A.7). These two peaks
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are 300bp apart. pHS21 deletes a big region that covers these two peaks. psEx88
carrying pHS21 completely lost GFP expression in both vulE and vulF. pHS22 contains
a region that includes the two peaks in the context of pes-10 minimal promoter. psEx94
bearing this array was able to drive GFP expression in vulE and vulF. More detailed
analysis showed both of the two peaks are required for proper expression of DAF-6 in
vulE and vulF, as shown by psEx99 bearing pHS27. Each peak alone or the valley region
between the two peaks failed to drive GFP expression in either vulE or vulF, as
demonstrated by psEx97, 98, 101 or 104 which bears pHS25, 26, 29 or 33, respectively
(Figure A.8).
Figure A.7

Figure A.7: VISTA analysis of homologous upstream sequence of daf-6 in C. elegans
and C. briggsae. The two pink peaks identified by the pink square are conserved in the
two species.
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Figure A.8
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Figure A.8: Analysis of daf-6 promoter. Both of the two peaks are required for DAF-6
expression in vulE and vulF.

BLAST does not find any similarity between the cis-regulatory sequences identified
from the two promoters
I identified cis-regulating sequences from both promoters. I wondered if they
share some extent of similarity since they are both expressed in the same cell at around
the same time. A shared sequence between these two genes might define a sequence that
determines vulE expression specifically. However, BLAST didn’t find any interesting
result.
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Table A.2
Table A.2: Transgenic lines and the constructs they bear
egl-26

daf-6

strain

construct

strain

construct

psEx32

pRK1

psEx88

pHS21

psEx33

pRK2

psEx94

pHS22

psEX47

pHS4

psEx97

pHS25

psEx41

pHS5

psEx98

pHS26

psEx53

pHS9

psEx101

pHS29

psEX55

pHS11

psEx104

pHS33

psEx68

pHS17

psEx99

pHS27

psEx49

pHS8

psEx58

pHS12

psEx60

pHS13

psEX66

pHS18

psEx79

pHS19

psEx95

pHS23

psEx96

pHS24

psEx103

pHS31

psEx102

pHS32

DISCUSSION
In this study, I used sequential deletion of a full-length egl-26 promoter reporter
and VISTA analysis to isolate a region, 799-586, that is necessary for GFP expression in
vulE. By placing different regions of egl-26 promoter upstream of a minimal GFP
reporter, I confirmed that this region is also sufficient to drive vulE-specific expression.
Mutation of the SP1 binding site in this 200bp region did not affect the vulE-specific
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expression, but turned on GFP expression in vulF, indicating the importance of this
binding site to vulF-specific expression. By looking at the GFP expression pattern in
other vulval cells and in the uterus driven by different regions of egl-26 promoter, I found
regions that might regulate GFP expression in vulB and the uterus. In daf-6, I identified a
region that controls vulE and vulF expression, but BLAST didn’t indicate any similarity
to regions isolated from egl-26 promoter. My goal was to look for vulE-specific cisregulatory sequence and I did the deletion based on the availability of restrictive sites. It
is possible that I missed some important regulatory sequences.

cis-regulatory sequence for vulE-specific EGL-26 expression
Deletion analysis of the egl-26 promoter narrowed down to a 400bp region that is
necessary for EGL-26 expression in vulE. This region is located 400bp upstream of egl26 ATG. Deletion of this region resulted in an abolishment of GFP expression in vulE,
as demonstrated by psEx53 and psEx55 carrying pHS4 and pHS11, respectively.
Because of the lack of restrictive site within that region, it is difficult to make smaller
fragment to test the minimal necessity for vulE expression.

The conserved region

between C. elegans and C. briggsae analyzed by VISTA is around 200bp and it is within
the 400bp region I isolated that is necessary for EGL-26 expression in vulE. This 200bp,
799-586bp upstream of egl-26 ATG, is sufficient to drive GFP expression in vulE, as
tested by placing it upstream of the pes-10 minimal promoter. EGL-26 expression driven
by that region is also functional, since it rescued the egg-laying defect of the egl26(ku228) mutants. Further dissection of the 200bp region showed a smaller region, 759-
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589 could still drive GFP expression in vulE with a weaker signal.

However, the

sequence from 799-734 failed to drive GFP expression in vulE. It is possible that the
region 799-734 itself is not enough to drive GFP expression, but it might boost the
expression coming from 759-589.

cis-regulatory sequence for EGL-26 expression in vulB and the uterus
EGL-26 is also expressed in vulB and the uterus, as demonstrated by the GFP
reporter driven by the full-length egl-26 promoter. Expression of EGL-26 in vulB and
the uterus appeared to be regulated in a more complicated manner and there might be
multiple regulatory sequences dispersed in the whole promoter region based on my
results.
psEx32 bearing pRK1 with the first 1.2kb deleted still have GFP expression in the
uterus. psEx33 carrying pRK2 which deletes another 800bp from 3755 to 2937 lost GFP
expression, suggesting the sequence within 3755-2937 might positively regulate GFP
expression in the uterus. pRK2 which covers the region 2937bp upstream of egl-26 ATG
could not drive GFP expression. However, pHS8 with a smaller region from 2038 to 792
was sufficient for GFP expression in the uterus, as demonstrated by psEx49. Thus, it is
possible that the 2038-792 region contains positive regulators while the 2937-2038 region
contains negative regulators. The sequence from 2038 to 792 is able to drive GFP
expression in the uterus independently. However, when repressors from 2937-2038 are
present, they suppress the positive regulation from sequence 2038-792, causing an
abolishment of GFP signal in the uterus. Thus, there might be at least three regions in the
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promoter controlling GFP expression in the uterus differently. When they are all present,
the signal from the positive regulators is more powerful, causing GFP expression in the
uterus.
GFP was robustly expressed in vulB till I deleted most of the egl-26 promoter
sequence. pHS9 deleted 392bp more from pHS4 and that deletion removed GFP signal
from vulB, indicating the region 792-400bp regulated GFP expression in vulB positively.
Mutagenesis of the SP1 binding site within this region decreased the percentage of
animals showing GFP in vulB dramatically, indicating the importance of this site in
regulating GFP expression in vulB. pHS11 retains most of the egl-26 promoter sequence
except region 792-400 and it showed GFP expression in vulB, indicating that there must
be other vulB-specific regulatory sequences in regions other than 792-400.

cis-regulatory sequences for EGL-26 expression in vulF
I characterized a 200bp region that is both necessary and sufficient for EGL-26
expression in vulE. I then looked for potential transcription factor binding sites in that
region. I first mutagenized the SP1 binding site. Instead of eliminating vulE GFP
expression, mutation in the SP1 binding site within the 792-400bp region caused more
animals to express GFP in vulE. In addition, mutation of the SP1 binding site turned on
the GFP expression in vulF. psEx47 animals carrying pHS4 which contains the same
region without mutation of SP1 binding site showed no GFP in vulF. After mutation in
SP1 binding site, 100% of animals were GFP positive in vulF. Thus, it is possible that
the SP1 binding site represses vulF expression normally. After SP1 binding site is
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mutated, vulF expression is de-repressed. sptf-3(gu85) is the mutant with mutations in
the SP1 binding site. kuIs36 is an integrated transgenic line carrying full-length egl-26
promoter reporter. I made sptf-3(gu85); kuIs36, trying to test genetically if mutation of
SP1 binding site affects the expression pattern of kuIs36 in vulF. The problem is kuIs36
has expression in vulF already. I did the site mutagenesis in the context of pHS4 which
showed no expression in vulF. To test the function of Sp1 binding site genetically, we
probably need to look at sptf-3(gu85); psEx47.

No similarity between vulE-specific sequences isolated from egl-26 and daf-6
We usually assume that the cell-specific genes expressed in a certain cell type are
likely to be regulated coordinately and thus possess similar upstream cis-regulatory
sequences (Davidson 2001). However, this is not always true in C. elegans (Gilleard et
al. 1997; Moilanen et al. 1999). I didn’t find any similar regulatory sequences shared by
daf-6 and egl-26 by BLAST. One way to test that is to switch the isolated regulatory
sequences between these two genes. For example, we can insert vulE-specific sequence
from egl-26, 799-586, into pHS21, the daf-6 construct with GFP expression eliminated,
to see if that can replace the function of the daf-6 vulE-specific sequence to restore GFP
expression in vulE or vice versa.
In summary, I have isolated a 200bp region from egl-26 promoter and a 750bp
region from daf-6 promoter that controls vulE-specific expression.

In addition, I

identified a potential SP1 binding site within the 200bp region from egl-26 promoter that
is important for vulF-specific expression. Identification of cis-regulatory sequence will
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help to identify trans-acting regulators and further better our understanding of gene
regulation.

METHODS

Maintenance and culture of C. elegans
All C. elegans strains, unless otherwise stated, were grown at 20° on standard
NGM plates, according to common procedures (Brenner 1974)

Generation of C. elegans egl-26 promoter GFP constructs
The original pegl-26::GFP reporter construct, pWH22, was made by Wendy
Hanna-Rose, and it contains 4974bp of the promoter region upstream of egl-26ATG. I
deleted different regions in the promoter region by double digestions to make constructs
under the native promoter context. The original egl-26 translational GFP pWH15 was
made by Wendy-Hanna-Rose, and it contains 4974bp of the promoter region, the coding
sequence of EGL-26 followed by the coding sequence of GFP. I made different deletions
in the promoter region to test the function of the corresponding transcriptional constructs
under the native promoter context.
I also made constructs under pes-10 promoter. I cut the regions of interest from
egl-26 promoter or amplified the regions of interest by PCR using pWH22 as a template.
I cloned different fragments of egl-26 promoter into the minimal promoter pes-10,

107
pPD107.94 (Harfe and Fire 1998) by using restriction sites engineered into the primers. I
tested each construct by digestions using different enzymes. SP1 binding site was altered
by site mutagenesis and I sequenced the region of interest to make sure only the SP1
binding site was mutated.
F pWH22 (forward primer for pHS12, 13 and 23, add XbaI site)
5’ TGCTCTAGAGTCAAAAACGCGTTTCCTCGCATC 3’
F2 pWH22 XbaI (forward primer for pHS24)
5’ TGCTCTAGACACTAGTTTCGGCTATTCC 3’
R1 pWH22 AgeI (reverse primer for pHS12)
5’ AAACCGGTACGAGGAGAAACGGTCTGTAC 3’
R2 pWH22 AgeI (reverse primer for pHS13)
5’ AAACCGGTTCCCATTCTCAATTAGAGAGAGTGCAG 3’
R3 Pwh22 AgeI (reverse primer for pHS23)
5’ AAACCGGTGGAATAGCCGAAACTAGTG 3’
F mutagenesis (SP1 binding site mutagenesis forward primer)
5’ CCTACACATGCATACACAAATATTGTTTCCA 3’
R mutagenesis (SP1 binding site mutagenesis reverse primer)
5’ GGAAATGGAAACAATATTTGTGTATGCATGTG 3’

Generation of C. elegans daf-6 promoter GFP constructs
The original daf-6 construct (pDaf-6pro-Kaede) contains 3063bp upstream of daf6. I made daf-6 transcriptional GFP fusion constructs, both under daf-6 native promoter
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context and pes-10 heterologous promoter context, to identify regions in daf-6 promoter
that are necessary and sufficient for DAF-6 expression in vulE. Primers used are listed
below:
F peak1 XbaI
5’ TGCTCTAGAGTAGAAACAAAAGATAGGATC 3’
R peak1 AgeI
5’ CCACCGGTGGAAAACACGAAAACATGAAGAAAATGGTG 3’
F peak2 XbaI
5’ CTAGTCTAGACCGAATCACAAGCCGTTTTAGGCG 3’
R peak2 Nsil
5’ CCAATGCATCGGCTCTGTACAATGAGTGGAGG 3’
F valley XbaI
5’ TGCTCTAGACGTTTACCCTCAACTTTCCTTGTC 3’
R valley Nsil
5’ CCAATGCATTGCGCACGATCACACCAACG 3’

Generation of the transgenic lines
I generated the transgenic animals by standard DNA microinjection techniques
(Mello and Fire 1995). All constructs were microinjected into the gonad of the unc-119
animals at a concentration of 20 ng/μl, together with unc-119(+) at 60 ng/μl and
pBluecript at 20 ng/μl.

I identified transgenic animals that stably transmitted the

extrachromosomal arrays by selecting non-unc F1 animals to new plates and examining
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their progeny for production of non-unc animals. For each reporter construct, at least two
independent transgenic lines were analyzed, which showed similar GFP expression
pattern.

Analysis of strains containing reporter constructs
I grew transgenic animals at 200 to L4 stage. I picked non-unc L4 animals and
mounted them on 5% noble agar pads to observe GFP expression pattern using Nomarski
differential interference contrast optics and fluorescence microscopy.

Functional analysis of the egl-26 translational GFP fusion
I crossed the transgenic animals bearing the egl-26 translational GFP fusion into
egl-26(ku228); him-5(e1490). I picked GFP positive, Egl and non-Him animals in the F2
generation to obtain egl-28(ku228) carrying the array. I collected both GFP positive
animals which were egl-28(ku228) with the array and GFP negative animals which were
egl-28(ku228) alone from the same GFP positive mother to score and compare egg-laying
between these two groups. Sometimes I injected the construct directly into egl-26(ku228)
and picked GFP positive and Egl for transgenic lines.
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Analysis of homologous upstream sequences in C. elegans and C. briggsae
I used VISTA to identify homologous upstream sequences conserved between C.
elegans and C. briggsae. I also used VISTA to predict transcription factor binding sites
in the egl-26 promoter region of C. elegans.
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