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ABSTRACT 
 

 

Targeting X Repression:  

Recruitment, Binding and Function of the C. elegans Dosage Compensation Complex 

 

by 
 

Rebecca Ruth Pferdehirt 
 

Doctor of Philosophy in Molecular and Cell Biology 
 

University of California, Berkeley 

Professor Barbara J. Meyer, Chair 

 

 In organisms that use chromosome-counting mechanisms to determine sex, the 
chromosome-wide regulatory mechanism of dosage compensation equalizes X-linked gene 
products between males (1X) and females (2X).  In C. elegans, dosage compensation is carried out 
by a multi-subunit dosage compensation complex (DCC) that resembles condensin, a conserved 
complex involved in chromosome compaction, resolution and segregation. This DCC binds both 
X chromosomes of XX animals to decrease X transcript levels by about two-fold.  The DCC binds 
to at least two classes of cis-acting regulatory elements on X.  rex sites autonomously recruit the 
DCC, even when detached from X, where as dox sites are fully bound only when attached to X. 
Here, I report important advances in our understanding of how DCC binding is targeted to the X 
chromosome, and how it regulates X-linked gene expression once bound.   
 
 In chapter 2, I describe experiments that redefine our understanding of DCC composition, 
binding and function.  DPY-30 is identified as a bona-fide component of both the repressive DCC 
and the activating MLL/COMPASS complex, which localizes to DCC binding sites across the 
genome. I define fundamental differences in the molecular requirements for DCC binding to rex 
and dox sites, and describe the relationship between DCC binding at these two classes of sites. 
Finally, I show for the first time that C. elegans dosage compensation acts at least at the level of 
transcription.  
 
 In chapter 3, I report the discovery of the first post-translational modification involved in 
C. elegans dosage compensation.  The small ubiquitin-like molecule SUMO is required for proper 
targeting of the DCC to the X chromosome and for repression of dosage compensated genes on X.  
I show that multiple components of the DCC are modified by SUMO in a manner dependent on 
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genes on X.  I show that multiple components of the DCC are modified by SUMO in a manner 
dependent on the proteins that recruit the DCC to X.  I propose that SUMOylation of the DCC is 
essential for sex-specific assembly of the complex on X and thus, for repression of X-linked 
genes. 
 
 Finally, in chapter 4, I describe a role for members of the putative TIP60 histone 
acetyltransferase complex in C. elegans dosage compensation.  TIP60 complex components are 
required for repression of dosage compensated gene expression on X, and cause synergistic 
lethality when combined with weak dosage compensation mutations.  The precise mechanism of 
TIP60 activity in dosage compensation is still unclear, however, as DCC localization to the X 
chromosome in genome-wide binding assays is only mildly perturbed.  The involvement of a 
histone acetyltransferase complex suggests that histone modification may be one of the 
regulatory mechanisms controlling C. elegans dosage compensation. 
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The essential process of dosage compensation regulates X-chromosome gene expression 
 
 Like most good things in life, moderation in gene expression level is key to an 
organism’s well being.  In general, diploid organisms can tolerate variations in copy number of a 
single gene.  For example, mutations that have no phenotype when present in only one of two 
genomic copies (recessive) are much more prevalent than mutations where loss of only one copy 
is sufficient to alter phenotype (haplo-insufficient).  However, this tolerance for variation in gene 
dose does not usually extend to large domains or entire chromosomes.  The vast majority of 
human chromosomal aneuploidies are not compatible with life and therefore most humans 
carrying aneuploidies do not develop past early embryogenesis.  The few aneuploidies that are 
found in adult humans cause developmental defects or mental retardation and are either in the 
most gene-poor autosomes (21, 18 and 13), or are only viable when mosaic and present in only 
non-essential cells (Hassold and Hunt 2001).  However, one exception to the cell’s aversion to 
chromosomal aneuploidy is found in sex chromosomes.  In mammals, where males are XY and 
females are XX, females lack the male’s single Y chromosome.  The Y chromosome is 
responsible for determining sex and contains very few genes, none of which are vital, accounting 
for its dispensability in females.  On the other hand, females have double the load of X 
chromosomal genes compared to the male’s single dose.  To resolve this imbalance, mammals 
and other organisms that determine sex by chromosome-based methods have developed the 
chromosome-wide mechanism of dosage compensation to equalize gene expression between the 
two sexes (Straub and Becker 2007). 
  
 Dosage compensation is an essential process in most organisms where the process has 
been studied thus far, and is a paradigm for regional gene regulation.  Failure to dosage-
compensate results in embryonic lethality, exemplifying the importance for balance of gene 
products on a chromosomal level.  However, the mechanism of dosage compensation appears to 
have evolved independently, as the strategies employed to equalize sex chromosome gene 
expression vary widely (Figure 1). While nematodes reduce gene expression from both of the 
hermaphrodites two X chromosomes by approximately half, mammals randomly inactivate one 
of the female’s two X chromosomes.  Fruit flies have devised an opposite strategy; they increase 
expression of the male’s single X chromosome to equal that of the female’s two Xs.  Thus, while 
the end result of balancing gene expression is essential, the precise mechanism employed to 
achieve this balance is less important. 
  
 Despite differences in exact mechanism, most dosage compensation strategies involve 
specific targeting of a regulatory complex or other trans-acting factors to discrete regions along 
the X chromosome of one sex to ultimately alter chromosome-wide levels of gene expression.  
However, the precise mechanisms responsible for targeting chromosome-wide sex-specific 
regulation are not well understood in any organism. Progress towards this goal in the nematode 
C. elegans is a primary topic of this thesis, and is discussed in Chapters 2, 3 and 4.     
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Targeting dosage compensation in mammals 
 
 In mammals such as mice and humans, females have two X chromosomes and males 
have both a single X and Y chromosome.  Mammals compensate for the difference in X 
chromosome dose between sexes by transcriptionally silencing one of the female’s two X 
chromosomes in each of the female embryo’s cells (Lyon 1961; Lucchesi et al. 2005; Wutz and 
Gribnau 2007).  Thus, female mammals are genetic mosaics with respect to X chromosome gene 
expression, and both males and females are functionally monosomic for most genes on X.   
 
 Mammalian X chromosome inactivation occurs in at least two steps: chromosome 
counting and chromosome choice.  First, in an initial “counting” step, cells measure the number 
of X chromosomes in order to determine that only one X chromosome is actively expressed in 
each female cell, and any additional X chromosomes are inactivated (Kay et al. 1994).  The X 
chromosome number is contributed by DNA elements contained within a locus on the X 
chromosome known as the X-inactivation center (Xic) (Figure 2A).  Specifically, DXPas34, Tsix 
and Xite all contribute to communicating the X-chromosome dose, as deletions of any of these 
regions cause abnormal numbers of X chromosomes to become inactive (Clerc and Avner 1998; 
Morey et al. 2004; Lee 2005; Vigneau et al. 2006).  Recent experiments point to Xic pairing as a 
possible strategy for communicating X-chromosome dose, although the precise mechanism is 
still unknown (Royce-Tolland and Panning 2008).  
  
 After the number of X chromosomes to be inactivated is determined, the choice of which 
X to inactivate (Xi) and which to leave transcriptionally active (Xa) must be made.  The choice 
of X inactivation is also governed by genes from within the Xic locus, including several long 
non-coding RNAs (Figure 2A).  In fact, transgenes carrying the Xic are capable of inducing 
autosomal silencing when present in cis, indicating this region is sufficient to convey 
chromosomal identity with respect to dosage compensation (Lee et al. 1996; Lee and Jaenisch 
1997). While the Xic contains several DNA elements essential for X inactivation, a large 17 kb 
non-coding RNA within the Xic called Xist (X inactive specific transcript) is thought to be the 
master regulator of this process.  Once an X chromosome is chosen for inactivation, Xist 
becomes upregulated on that chromosome, coating the chromosome in cis and resulting in its 
eventual silencing (Brockdorff et al. 1992; Brown et al. 1992; Penny et al. 1996; Marahrens et al. 
1997; Wutz et al. 2002).   
   
 The regulation of Xist expression and therefore chromosome inactivation choice is 
complicated and involves both positive and negative control of Xist by several other DNA 
elements from the Xic 3’ of Xist (Figure 2B).  Tsix, a long non-coding RNA in the Xic is 
transcribed antisense to Xist and acts to negatively regulate Xist in cis (Lee 2005).  Tsix is clearly 
important for Xi choice, as deletion of the Tsix promoter causes non-random inactivation of the 
X bearing the mutation (Lee and Lu 1999).  However, the precise mechanism of Xist repression 
by Tsix is not entirely clear.  Interestingly, it seems that active transcription of Tsix in an 
antisense direction through the Xist locus is required for Xist repression, rather than the Tsix 
transcript itself (Luikenhuis et al. 2001).  Perhaps there is a battle for RNA Polymerase 
occupancy within this region and the balance of sense and antisense transcription from each X 
chromosome defines the level of Xist expression, and therefore which chromosome is chosen for 
inactivation.  Tsix expression is, in turn, regulated by another noncoding element in the Xic, Xite.  
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Xite interacts physically with Tsix’s promoter and promotes Tsix expression on the future active 
X-chromosome (Ogawa and Lee 2003; Tsai et al. 2008b).   
  
 Several inputs contribute to positive regulation of Xist expression.  The short RNA 
embedded within Xist, RepA, recruits Polycomb proteins to upregulate Xist expression (Zhao et 
al. 2008; Hoki et al. 2009).  In addition, the ubiquitin E3 ligase Rnf3 appears to positively 
regulate Xist, as over-expression of Rnf3 is sufficient to induce Xist expression in XY cells, and 
yet mutation of Rnf3 does not significantly reduce Xist expression in XX cells (Jonkers et al. 
2009).  Recently, a third positive regulator of Xist expressed within the Xic was discovered, the 
noncoding RNA Jpx (Tian et al. 2010).  Elevated expression of Jpx positively promotes Xist 
expression in cis and thus inactivation of the X chromosome on which it resides.  Thus, current 
models for Xi choice involve regulation of Xist expression by two parallel pathways involving 
noncoding RNAs.  Tsix represses Xist on the Xa, whereas Jpx activates Xist on the Xi.  It is 
likely the dynamic balance of these RNA-based activator and repressors that ultimately 
determines X-inactivation chromosome choice (Figure 2B).   
 
 The balance of noncoding RNA distribution may be, at least in part, regulated by physical 
interactions between the two X chromosomes.  Early in embryogenesis the Xics of the two X 
chromosomes briefly colocalize within the nucleus (Xu et al. 2006). It is thought that following 
this physical interaction, the two Xic alleles may separate from each other asymmetrically, 
perhaps carrying unequal amounts of regulatory factors.  This asymmetry may then allow for 
increased Xist expression from one X chromosome and ultimately mark its fate as the Xi.   
  
 The inactive X chromosome was originally identified due as a darkly-stained, highly 
condensed Barr body present at the periphery of female interphase nuclei (Barr and Bertram 
1949).  In more recent years, the many differences between the Xi and Xa have been described 
with more molecular detail.  Once chosen for inactivation, the Xi chromatin becomes heavily 
modified and remodeled. Upon Xist upregulation, a series of early changes in chromatin 
modification take place.  The active chromatin mark of histone acetylation is dramatically 
reduced across the Xi, leaving chromatin less open for polymerase binding and gene expression 
(Keohane et al. 1996).  A series of repressive histone modifications also occur on Xi 
nucleosomes during this early stage, including trimethylation of H3K27 and ubiquitination of 
H2AK119 by the polycomb complexes PRC2 and PRCs, and methylation of H3K9 and H4K20 
(Heard et al. 2001; Mermoud et al. 2002; Silva et al. 2003; de Napoles et al. 2004; Kohlmaier et 
al. 2004; Plath et al. 2004).  How these early repressive marks are targeted to the inactive X 
chromosome and what precise function they have in X repression remains to be determined. 
   
 After initial Xi silencing, a second set of epigenetic changes are imposed on the inactive 
X.  CpG islands become methylated on the inactive X, while the rest of the Xi becomes 
hypomethylated compared to the Xa (Mohandas et al. 1981; Hellman and Chess 2007).  In 
addition, the histone H2A on the inactive X is replaced with its variant macroH2A (Costanzi and 
Pehrson 1998).  Finally, DNA replication timing is altered such that the Xi replicates later than 
the Xa during S phase of the cell cycle (Taylor 1960) (Morishima et al. 1962).  Again, how these 
late epigenetic changes are targeted along the Xi and whether any are actually essential for 
promoting X inactivation is not well understood.  Perhaps the multiple layers of repressive 
epigenetic modifications ensure global X inactivation by providing redundancy in repression.   
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Targeting dosage compensation in the fruit fly  
  
 Like mammals, the fruit fly Drosophila has both X and Y sex chromosomes:  XY 
animals are male, and XX animals are female.  However, Drosophila has evolved a completely 
opposite approach to equalize X-linked gene expression between the two sexes.  The Drosophila 
male increases expression of genes on its single X chromosome by approximately two-fold, such 
that it equals that of the female’s two X chromosomes.  Despite differences in dosage 
compensation mechanism between flies, mammals and, worms, many similarities exist in the 
strategies employed to fine-tune X gene expression.   
  
 Drosophila dosage compensation is mediated by a multi-subunit complex termed the 
MSL (Male Specific Lethal) complex.  The MSL complex consists of a core of five proteins, as 
well as one of two noncoding RNAs, roX1 or roX2 (Franke and Baker 1999).  All MSL complex 
components are transcribed in both males and females, but in females translation of the 
component msl2 is blocked by the protein SXL, preventing complex formation in females 
(Bashaw and Baker 1995; Kelley et al. 1995).  In addition to MSL2, the MSL complex also 
contains a MYST family histone acetyltransferase (MOF), an ATP-dependent DEX-box 
RNA/DNA helicase (MLE) and two male specific proteins MSL1 and MSL3 (Hilfiker et al. 
1997; Lee et al. 1997; Morales et al. 2004).  Thus, as in other organisms, Drosophila dosage 
compensation has co-opted components from other global gene regulatory complexes, such as 
MOF, for sex-specific gene regulation. 
  
 Early immunofluorescence experiments revealed that the MSL complex localizes to 
hundreds of sites along the male salivary gland polytene X chromosome (Demakova et al. 2003).  
msl1 and msl2 were shown to be required for MSL complex binding to all sites on X (Lyman et 
al. 1997).  However, a limited number of sites (~35-40) retain binding of MSL1 and MSL2 in 
mutants for msl3, mof or mle.  These msl3/mof/mle-independent sites were proposed to be the 
highest affinity binding sites for the MSL complex.  Interestingly, two high affinity sites overlap 
with the location of the roX1 and roX2 loci.  roX1 or roX2 inserted into autosomal locations not 
only recruits the MSL complex components to the sites of insertion, but also occasionally 
resulted in spreading of roX RNAs and MSL components to the surrounding endogenous 
autosomal DNA (Kelley et al. 1999; Park et al. 2002).   The presence of both sites of high 
binding affinity that autonomously recruit the MSL complex and those of lower affinity that are 
dependent on X suggested a two step model of MSL targeting, involving recruitment to primary 
recruitment sites followed by spreading to secondary sites of binding.   
  
  More recent ChIP-chip or ChIP-Seq experiments combined with analysis of recruitment 
has permitted refinement of the recruitment and spreading model (Alekseyenko et al. 2008; 
Straub et al. 2008).  It is currently believed that the MSL complex initially assembles in males at 
a number of primary recruitment sites, including the locus of the two roX genes, and then spreads 
to several different classes of secondary cis-acting regulatory sites along the X chromosome.  
Depending on the threshold imposed, approximately 130-300 “Chromosome Entry Sites” (CES) 
have been identified that can autonomously recruit the MSL complex and are enriched in non-
coding parts of active genes.  Forty of these entry sites are defined as “High Affinity Sites” 
(HAS), because they can be bound even by partial MSL complexes (Lyman et al. 1997).  These 
high-affinity binding sites contain a rather weak degenerate GA-rich DNA consensus motif that 
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may aid in recruitment when clustered (Gilfillan et al. 2007; Alekseyenko et al. 2008; Straub et 
al. 2008).  However, not all HAS contain motifs, and many motifs along the X chromosome are 
not bound, suggesting that cis-acting DNA sequences are unlikely to be the sole determinant for 
MSL recruitment to HAS.   MSL binding beyond these high affinity sites to the remaining entry 
sites requires full complex assembly and function of the enzymatic components MOF and MLE 
(Gu et al. 2000).  It is also possible that MSL binding is established in a cell type-specific 
manner, as MSL binding at some high affinity sites differs depending on cell type examined 
(Straub et al. 2008).  Thus, it is likely that multiple inputs, including DNA sequence and 
elements of chromatin structure associated with transcriptional activity all contribute to MSL 
recruitment to the X chromosome. 
 
 The MSL complex not only binds to high affinity recruitment sites on the male X 
chromosome, it also binds to the 3’ ends of active genes on X in a sequence-independent manner 
(Sass et al. 2003).  These secondary binding sites strongly correlate with dosage compensated 
genes, indicating that the MSL complex is likely to act, at least in part, at a local level rather than 
at only over a large chromosomal territory (Hamada et al. 2005; Alekseyenko et al. 2006). While 
the precise mechanism of MSL “spreading” from recruitment sites to active genes on X is not 
well understood, recent experiments have begun to shed light on how this secondary binding 
may be regulated.  Full binding to these secondary transcriptionally active sites requires 
proximity in cis to the sequence-dependent entry sites (Gorchakov et al. 2009). MSL complex 
dissemination to active genes is known to occur up to 50-100 kb from the nearest recruitment 
site, thus it is likely that some mechanism of long-range interaction is involved in this MSL 
“spreading” activity (Straub et al. 2008; Gorchakov et al. 2009).   
 
 One possibility for targeting MSL binding to active genes is via an interaction between 
the chromodomain of MSL3 and hisone H3 trimethylated on lysine 36 (H3K36me3) (Sural et al. 
2008). The distribution of H3K36me3 correlates highly with the 3’ enrichment of MSL subunits 
at active genes on X, but H3K36me3 is not dependent on dosage compensation (Larschan et al. 
2007).  However, mutation of the MSL3 chromodomain does disrupt spreading of the complex to 
active genes and some studies have reported reduced MSL binding in mutants of the H3K36 
methyltransferase Set2 (Larschan et al. 2007).  Thus, H3K36me3 and likely other features 
common to active transcription may act to direct MSL complex spreading from high affinity 
recruitment sites to active genes, where it implements dosage compensation. 
 
 As in mammals, Drosophila dosage compensation has been associated with a series of 
chromatin modifications.  The MSL component MOF is an H4K16 acetyltransferase and is 
responsible increasing levels of histone H4 acetylated at lysine 16 at the 3’ end of dosage 
compensated genes on the male X chromosome (Bone et al. 1994).  Acetylated H4K16 is 
thought to weaken inter-nucleosomal interactions, thus facilitating nucleosomal eviction by RNA 
Polymerase and enhancing the rate of transcriptional elongation (Smith et al. 2001).  However, 
MOF also participates in gene activation throughout the genome in a non sex-specific manner 
(NSL complex).  Unlike the MSL complex, which is enriched at the 3’ end of genes, NSL-
associated MOF is enriched at the 5’ end of genes. The global gene activation potential of MOF 
appears to be constrained by its association with the male-specific MSL complex to direct 3’ 
binding and to permit only the 2-fold increase in transcription on X that is necessary for dosage 
compensation (Prestel et al. 2010).  In addition, the general chromatin assembly complexes ACF 
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and CHRAC and the nucleosome repositioning complex NURF are essential for proper male X 
morphology.  Loss-of-function mutations in the ATPase common to all three complexes, ISWI, 
alter male X salivary gland polytene chromosomes into disorganized chromatin masses with no 
morphological features (Deuring et al. 2000; Corona et al. 2002).  Interestingly, loss-of-function 
or over-expression of the structural heterochromatin components Su(var)3-7 and HP1 results in a 
polytene X chromosome phenotype similar to that of ISWI mutation, despite the general role for 
these proteins in heterochromatin formation and gene repression (Spierer et al. 2005).  Other than 
H4K16 acetylation, it is not clear what role these chromatin modifications play in the mechanism 
of Drosophila dosage compensation. However, the involvement of multiple chromatin modifying 
or remodeling complexes in male X chromosome structure suggests that the male X chromosome 
has unique chromatin features that render it more sensitive to alterations than autosomes or 
female X chromosomes, and may be essential for dosage compensation.   
 
 Although increased transcriptional elongation has long been suggested as a mechanism 
for Drosophila dosage compensation (Lucchesi 1998), recent experiments confirmed this 
hypothesis.  Measurement of engaged RNA Polymerase II (RNAPII) by global run-on 
sequencing (GRO-Seq) revealed increased RNAPII at the 3’ ends of genes on the male X 
chromosome compared to autosomes in a manner dependent on MSL2 and positively correlated 
with H4K16ac (Larschan et al. 2011), while no such enrichment was found at the 5’ ends of 
genes.  Thus, it is likely that H4K16 acetylation of nucleosomes on X by the MSL complex 
reduces the steric hinderance to the progression and/or processivity of elongating RNAPII.  
 
 
Targeting dosage compensation in nematodes 
 
 In the nematode Caenorhabditis elegans (C. elegans), embryos with two X chromosomes 
(XX) develop as self-fertilizing hermaphrodites, and embryos with a single X chromosome (XO) 
develop as males.  Like mammals, dosage compensation in C. elegans takes place in XX animals 
rather than on the male’s single X.  However, dosage compensation in C. elegans has evolved 
such that both hermaphrodite X chromosomes are active, but the expression level is reduced by 
approximately two-fold (Meyer and Casson 1986).  Thus, reduced expression of genes on both 
hermaphrodite X chromosomes combined equals that of the male’s single X.  The mechanism of 
C. elegans dosage compensation is most similar to that in Drosophila, in that a multi-subunit 
complex is recruited in a sex-specific manner to multiple classes of binding sites on X to mediate 
subtle changes in gene expression.  However, until the work described in this thesis, relatively 
less was known about how dosage compensation is specifically targeted to the X chromosome in 
C. elegans and what mechanism(s) are employed to alter X transcript level. 
 
 The process of dosage compensation in C. elegans is ultimately initiated with sex 
determination.  C. elegans determine sex by a chromosome-counting mechanism that calculates 
the X-chromosome number relative to the ploidy of the animal (X:A ratio) (Nigon 1949; Madl 
and Herman 1979).  Animals with an X:A ratio of 1/2 or 2/3 develop as males, where as a ratio 
of 1 or 3/4 become hermaphrodites.  The number of X chromosomes is communicated by a set of 
genes on the X chromosome called X-Signal Elements (XSEs), while ploidy is sensed by 
Autosomal Signal Elements (ASEs) encoded on autosomes (reviewed in (Meyer 2010)).  XSEs 
and ASEs act by repressing or activating the master switch gene xol-1 (XO lethal), respectively.  
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xol-1 encodes a GHMP kinase family member that specifies the male fate when active and the 
hermaphrodite fate when inactive (Miller et al. 1988; Carmi et al. 1998; Luz et al. 2003).  xol-1 
not only specifies sex, it also controls dosage compensation.  Low levels of xol-1 promotes onset 
of dosage compensation, and thus, inappropriate repression of xol-1 in XO animals causes 
reduced X-linked gene expression and lethality (Figure 3B).  Thus, genes essential for dosage 
compensation can be discovered by identifying mutations that rescue this XO-specific xol-1 
lethality. 
 
 Genetic screens for either suppressors of XO lethality or for XX-specific lethal 
mutations, combined with biochemical experiments, identified a dosage compensation complex 
(DCC) that mediates XX-specific gene repression.  The C. elegans DCC is composed of at least 
10 protein subunits, some of which are specific to dosage compensation and some that are shared 
with other gene regulatory complexes (Figure 3A) (reviewed in (Meyer 2010)).  Three DCC 
components SDC-1, SDC-2 and SDC-3 act in both sex determination and dosage compensation 
(SDC).  SDC-2 is unique in that it is only expressed in XX embryos and thus conveys sex-
specificity to dosage compensation (Dawes et al. 1999).  SDC-2 expression in early embryos is 
pivotal for assembly of the DCC onto the X chromosome, as SDC-2 is the only DCC component 
that can bind X independently of all other subunits and ectopic expression of SDC-2 in XO 
embryos causes inappropriate assembly of the DCC onto the male’s single X chomosome 
(Figure 3B).  All other DCC components are maternally loaded and present diffusely throughout 
the early embryo’s nuclei (< 30 cells) until the onset of SDC-2 zygotic expression.  SDC-2 does 
not act alone in targeting DCC assembly onto X, it acts in concert with the zinc-finger protein 
SDC-3 and DPY-30, a protein which is shared between the repressive DCC and the 
transcription-activating MLL/COMPASS complex (DeLong et al. 1993; Klein and Meyer 1993; 
Davis and Meyer 1997; Dawes et al. 1999; Chu et al. 2002).  A fifth DCC subunit, DPY-21 is a 
novel protein unique to the DCC (Yonker and Meyer 2003).   
  
 The second half of the DCC is homologous to the condensin complex, highly conserved 
complexes involved in regulation of chromosome compaction and resolution during mitosis and 
meiosis (condensin II), and in regulation of meiotic crossover number and distribution 
(condensin I) (Tsai et al. 2008a; Csankovszki et al. 2009).  The SMC protein MIX-1 is unique in 
that it is shared between the DCC, condensin I and condensin II, whereas DPY-26, DPY-28 and 
CAPG-1 are only shared with condensin I.  Finally, a tenth DCC subunit, DPY-27, is an SMC 
protein that dimerizes with MIX-1 and yet is the only condensin-like subunit that is unique to the 
DCC (Chuang et al. 1994).  Thus, it is likely that DPY-27 plays an important role in directing the 
dosage compensation-specific activity of the other condensin-like DCC subunits.  
 
 Before this current work, we lacked in depth understanding of how the DCC is targeted to 
the X chromosome and of the mechanisms by which it reduces gene expression once bound. 
Genome-wide ChIP-chip experiments had identified discrete, dispersed DCC binding sites on all 
chromosomes, although binding is highly enriched on the X chromosome, both in number and 
intensity (Jans et al. 2009).  Binding sites on X were assayed for DCC recruitment ability 
through an in vivo extra-chromosomal array assay.  This approach identified two classes of cis 
acting elements on X:  rex sites (recruitment element on X) autonomously recruit the DCC, even 
when separated from X, where as dox sites (dependent on X) only fully bind the DCC when 
attached to X (Csankovszki et al. 2004; McDonel et al. 2006; Jans et al. 2009).  rex and dox sites 
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differ in more ways than just their autonomous recruitment ability.  Approximately 40 rex sites 
were identified by initial recruitment experiments, but an estimated 100-200 rex sites are 
distributed across the X chromosome.  Analysis of rex site sequences revealed a 12 base pair 
DNA consensus motif that is GC-rich, is enriched on the X chromosome compared to autosomes 
(MEX, motif enriched on X) and is found clustered in rex sites.  MEX motifs are functionally 
important for DCC binding, as mutation of MEX motifs disrupts DCC recruitment to rex sites 
(McDonel et al. 2006).  However, MEX motifs cannot be the only determinants of recruitment to 
rex sites, as not all rex sites contain high scoring MEX motifs.  
 
 dox sites differ from rex sites in multiple ways, aside from their inability to recruit the 
DCC when detached from X (Jans et al. 2009).  Unlike rex sites, dox sites are primarily found in 
the promoters of highly expressed genes and no significant consensus motif has been identified 
as important for binding.  dox sites are 5-10 fold more prevalent on the X chromosome than rex 
sites, and are bound with a lower level of occupancy.  rex and dox sites are interspersed 
throughout the X chromosome, and are often separated by at least several kb.  Comparison of 
DCC binding sites (rex and dox) with genes that respond to dosage compensation revealed that 
there is no strong correlation between sites of DCC binding and sites of DCC action (Jans et al. 
2009).  The DCC binds to both dosage compensated and non-compensated genes, and yet some 
genes of both classes are free of DCC binding.  Thus, DCC binding to genes is neither necessary 
nor sufficient for dosage compensation of that gene and dosage compensation must work, at least 
in part, at a distance. The participation of condensin complex components in the DCC suggests 
that dosage compensation in C. elegans might repress gene expression by altering X 
chromosome structure.  
  
 Despite our in-depth knowledge of the proteins that compose the DCC and recent 
identification of the genome-wide DCC binding sites, we lack precise understanding of how the 
DCC is targeted to the X chromosome and how it represses X-linked gene expression once 
bound.  The main focus of this thesis is to discover the mechanisms that regulate DCC 
recruitment, binding and function.  In Chapter 2, I describe the trans-acting factors that regulate 
DCC recruitment to rex sites and binding to dox sites, and investigate how binding at the two 
classes of sites is related.  The mechanism of dosage compensation is also addressed in this 
chapter, and I show for the first time that dosage compensation reduces gene expression on X by 
regulating transcription.  In Chapter 3, I describe discovery of the first post-translational 
modification essential for regulating dosage compensation:  the small ubiquitin-like molecule 
SUMO.  I show that SUMOylation is required for targeting the DCC to the X chromosome and 
that multiple DCC components are modified by SUMO.  Finally, in Chapter 4, I further describe 
a role for the C. elegans Tip60-like histone methyltransferase complex in dosage compensation. 
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FIGURE 1.  Dosage compensation strategies have evolved widely 
 
Despite achieving the same goal, the strategies employed to equalize sex-linked gene 
expression vary widely.  In mammals, one of the female’s two X chromosomes is 
randomly inactivated, thus reducing total X-linked gene expression down to the level of 
the male’s single X.  Fruit flies have evolved an opposite approach and instead increase 
expression of the male’s single X chromosome by approximately two-fold, thus reaching 
the expression level of the female’s two X chromosomes.  Dosage compensation in 
nematodes involves components of the strategies employed by both mammals and fruit 
flies, in that expression of genes on both hermaphrodite X chromosomes is reduced by 
approximately half, such that the total X-expression level equals that of the single X 
chromosome in males. 
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FIGURE 2.  Targeting X-inactivation in mammals 
 
(A.)  Depiction of the X-inactivation center (Xic) locus and the non-coding RNAs 
encoded within.  Rnf12 is a coding region that is 500 kb away from the Xic. 
 
(B.)  Model for epistasis of Xist regulation.  The noncoding genes Xite and Tsix 
negatively regulate Xist expression, whereas Jpx and RepA activate Xist.  The coding 
gene Rnf12 also weakly positively regulates Xist expression.  Arrows indicate positive 
regulation, while blunt arrows indicate negative regulation. 
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FIGURE 3.  Dosage compensation in Caenorhabditis elegans 
 
(A) Schematic of the C. elegans dosage compensation complex (DCC).  The DCC is a 
complex of at least 10 proteins which binds to the X chromosomes of XX hermaphrodites 
to reduce gene expression by approximately two-fold.  The DCC is composed of both 
components that are specific to the DCC such as SDC-1, SDC-2, SDC-3, DPY-21 and 
DPY-27 and also components that are shared with other large multisubunit complexes.  
For example, DPY-30 is shared with the MLL/COMPASS gene-activating complex, and 
MIX-1, DPY-26, DPY-27 and DPY-28 are shared with one or both C. elegans condensin 
complexes. 
 
(B.) Assembly of the DCC onto X is controlled by a genetic pathway that controls both 
sex determination and dosage compensation in which the repression of xol-1 activity in 
XX animals permits activation of the hermaphrodite-specific gene sdc-2.  sdc-2 turns on 
the hermaphrodite pathway of sexual differentiation in collaboration with sdc-1 and sdc-3 
by repressing the male sex-determination gene her-1, and sdc-2 triggers loading of the 
DCC onto X chromosomes in concert with sdc-3 and dpy-30. 
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An MLL/COMPASS subunit functions in the C. elegans dosage compensation complex 
to target X chromosomes for transcriptional regulation of gene expression 

 
 
 
 
 
 

 This chapter was published as An MLL/COMPASS subunit functions in the C. elegans 
dosage compensation complex to target X chromosomes for transcriptional regulation of gene 
expression in Genes and Development, Volume 25, Number 5, in March 2011.  This paper was a 
collaboration between Will Kreusi and myself. Specifically, I was responsible for the DPY-30 
immunofluorescence data (Figure 1A), DCC ChIP-chip in wild-type embryos (Figure 2) and 
DCC or MLL/COMPASS ChIP-chip in dosage compensation mutants (Figures 3&4).  I also 
contributed the DCC ChIP-chip in X:autosome fusion strain (Figure 5) and all Polymerase II 
ChIP-chip data (Figure 7).  Will and I shared in testing the predicted rex sites for recruitment 
ability and in much of the data analysis. 
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ABSTRACT 
  
 Here we analyze the essential process of X-chromosome dosage compensation (DC) to 
elucidate mechanisms that control the assembly, genome-wide binding, and function of gene 
regulatory complexes that act over large chromosomal territories. We demonstrate that a subunit 
of C. elegans MLL/COMPASS, a gene-activation complex, acts within the dosage compensation 
complex (DCC), a condensin complex, to target the DCC to both X chromosomes of 
hermaphrodites for chromosome-wide reduction of gene expression. The DCC binds to two 
categories of sites on X: rex sites that recruit the DCC in an autonomous, sequence-dependent 
manner, and dox sites that reside primarily in promoters of expressed genes and bind the DCC 
robustly only when attached to X. We find that DC mutations that abolish rex-site binding 
greatly reduce dox-site binding but do not eliminate it. Instead binding is diminished to the low 
level observed at autosomal sites in wild-type animals. Changes in DCC binding to these non-rex 
sites occur throughout development and correlate directly with transcriptional activity of 
adjacent genes. Moreover, autosomal DCC binding is enhanced by rex-site binding in cis in X-
autosome fusion chromosomes. Thus, dox and autosomal sites have similar binding potential but 
are distinguished by linkage to rex sites. We propose a model for DCC binding in which low-
level DCC binding at dox sites is dictated by intrinsic properties correlated with high 
transcriptional activity. Sex-specific DCC recruitment to rex sites then enhances the magnitude 
of DCC binding to dox sites in cis, which lack high affinity for the DCC on their own. We also 
show that the DCC balances X-chromosome gene expression between sexes by controlling 
transcription. 

22



 
INTRODUCTION 

 
 Regulation of gene expression in multi-cellular organisms requires diverse strategies that 
operate over dramatically different distances along chromosomes. Local control of gene 
expression involves recruitment of specific transcription factors or chromatin modifying 
enzymes to the particular gene targets they regulate. For example, the Drosophila homeodomain 
protein Even-skipped represses local transcription by interfering directly with recruitment of the 
basal transcription machinery to the promoters it binds (Li and Manley 1998). Long-range gene 
control mechanisms involve changes in chromosomal structure or nuclear location to reposition 
genes and thereby regulate gene expression within large chromosomal domains or across entire 
chromosomes (Schoenfelder et al. 2010). For example, in !-globin-expressing cells, the 
promoters of !-globin genes become spatially clustered with distant cis regulatory elements to 
create an active chromatin hub that selectively turns on these specific genes within a large sub-
chromosomal domain (Carter et al. 2002; Tolhuis et al. 2002). Long-range regulatory strategies 
must contend with the challenges of targeting regulatory proteins to sites throughout the genome 
and coordinating communication among the regulatory proteins to mediate expression at a 
distance. 
 
 In the current study, we analyzed the essential process of dosage compensation to 
understand the complex mechanisms that regulate gene expression across large chromosomal 
territories. Dosage compensation has evolved to fine-tune gene expression across an entire 
chromosome, in part by co-opting molecules and mechanisms employed by other regulatory 
processes that act either locally or over long range. The need for dosage compensation arises in 
organisms that use chromosome-based mechanisms to determine sex (e.g. XX female and XY or 
XO male) (Charlesworth 1996). The potential imbalance in X-chromosome gene expression 
created by the disparity in X dose between the sexes must be offset by a chromosome-wide 
mechanism of gene regulation to prevent sex-specific lethality. Strategies to achieve this balance 
in expression differ. Fruit flies double expression of the male’s single X chromosome (Gelbart 
and Kuroda 2009), mammals inactivate one of the female’s two X chromosomes (Payer and Lee 
2008), and nematodes halve expression of both hermaphrodite X chromosomes to equal that of 
the male’s single X (Meyer 2010). Regardless of mechanism, these different dosage 
compensation strategies all rely on the specific targeting of regulatory complexes to discrete 
regions along the X chromosome of one sex to alter gene expression chromosome-wide. 
 
 The C. elegans dosage compensation complex (DCC) is composed not just of 
components unique to the DCC, some of which confer both X- and sex-specificity to dosage 
compensation, but also of components shared with other molecular machines. Four C. elegans 
dosage compensation proteins function both in the DCC and in condensin complexes, highly 
conserved complexes shown to mediate chromosome compaction, resolution, and segregation in 
mitosis and meiosis and to control crossover recombination between homologous meiotic 
chromosomes (Csankovszki et al. 2009; Mets and Meyer 2009; Meyer 2010). A fifth DCC 
component, DPY-27, is homologous to condensin SMC proteins, yet is specific to the DCC 
(Chuang et al. 1994). The direct participation of DCC components in condensin complexes that 
restructure chromosomes suggests that the mechanism of dosage compensation involves changes 
in chromosome structure. DCC binding on X could alter higher-order chromosome structure to 
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control interactions of gene promoters with dispersed cis regulatory elements and ultimately 
achieve repression across the X chromosome. Beyond C. elegans dosage compensation, some 
condensin components participate in other forms of gene regulation:  transcriptional silencing of 
Drosophila homeotic genes (Lupo et al. 2001) and yeast mating-type loci (Bhalla et al. 2002), 
position-effect variegation in flies (Dej et al. 2004; Cobbe et al. 2006), and T-cell development in 
mice (Gosling et al. 2008; Wood et al. 2010). Thus, lessons learned from C. elegans dosage 
compensation will enhance our general understanding of gene regulation and chromosome 
structure. 
  
 Recent experiments provided insight into the mechanism by which the DCC is targeted to 
X chromosomes and the means by which the DCC influences gene expression once bound. The 
DCC binds to two distinct classes of cis-acting regulatory elements on X:  rex sites (recruitment 
element on X) recruit the DCC in an autonomous manner, even when detached from the X 
chromosome (McDonel et al. 2006; Jans et al. 2009), whereas dox sites (dependent on X) bind 
the DCC robustly only when attached to X (Jans et al. 2009). Analysis of rex sites revealed a 12 
bp DNA consensus motif that is enriched on X (MEX, Motif Enriched on X) and is essential for 
binding at most, but not all rex sites (Jans et al. 2009). The MEX motif confers much of the X 
specificity to DCC binding. Unlike rex sites, dox sites lack a specific DNA motif and are instead 
enriched in the promoters of highly expressed genes (Jans et al. 2009). Although the DCC is 
greatly enriched on X chromosomes, it also binds to sites throughout the genome, which, like 
dox sites, occur in promoters of expressed genes (Jans et al. 2009). These autosomal sites occur 
at a lower density than dox sites and have less DCC binding. Prior studies have shown that 
binding of the DCC to a gene on X does not determine whether that gene is dosage compensated, 
as genes can be dosage compensated without the DCC bound nearby, and DCC-bound genes 
may not be compensated (Jans et al. 2009). Thus, DCC must act over long distances to modulate 
expression of the genes that lack DCC binding, and it may act locally to regulate expression of 
the genes it binds. 
 
 In this study, we addressed fundamental questions about the composition, binding, and 
functioning of the DCC. We first asked whether the DCC shares components with other 
dedicated gene regulatory complexes and if so, whether an overlap exists in the DNA binding 
sites of regulatory complexes that share proteins. Pivotal for the dosage compensation process is 
the protein DPY-30, the C. elegans ortholog of a subunit of the conserved MLL/COMPASS gene 
regulatory complexes, which catalyze the trimethylation of histone H3 at lysine 4 (H3K4me3) at 
5’ ends of genes and contribute to local gene activation (Hsu et al. 1995; Miller et al. 2001; Nagy 
et al. 2002). We examined the capacity in which DPY-30 functions in dosage compensation, 
including whether DPY-30 is a physical component of the DCC or whether it acts separately in a 
regulatory fashion to control the expression of genes that implement dosage compensation. We 
then explored the mechanism by which the DCC is assembled onto X. Although two classes of 
cis-acting X regulatory elements had been identified, the molecular requirements for DCC 
recruitment to rex sites and DCC binding to dox sites had not been determined. Models had been 
proposed in which DCC occupancy of dox sites is dependent on DCC recruitment to rex sites 
(Jans et al. 2009), but the relationship between DCC binding at the two classes of sites had not 
been tested directly. Lastly, we assessed the specific aspect of gene regulation controlled by the 
dosage compensation process. While C. elegans dosage compensation had been shown to reduce 
the overall level of transcripts from X-linked genes in XX animals (Meyer and Casson 1986), it 
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was not known whether this reduction reflected an effect on transcription, or instead an effect on 
mRNA stability and/or mRNA processing. 
  
 Here we report key discoveries advancing our understanding of DCC composition, 
binding, and function. We show DPY-30 to be a subunit of two distinct regulatory complexes:  
the MLL/COMPASS gene activating complex and the DCC gene repressing complex. 
Remarkably, the DCC and MLL/COMPASS complexes bind to the same sites genome-wide, but 
have opposite effects on gene regulation. DPY-30 is critical for the recruitment of the DCC to X. 
We describe fundamental differences in the principles by which the DCC recognizes and binds 
rex, dox, and autosomal sites. DCC binding to rex sites requires not just DPY-30, but also SDC-
2, SDC-3, key components of the C. elegans dosage compensation regulatory hierarchy that 
triggers DCC binding specifically to X in XX embryos. dox sites also lack robust DCC binding 
ability in the absence of these recruitment proteins, but unlike rex sites, they retain intrinsic, low-
level DCC binding ability that is similar in level to DCC binding at autosomal sites in wild-type 
animals. Our data support a model in which the location of both dox and autosomal sites is 
dictated by intrinsic DCC binding properties that are correlated with transcriptional activity. 
Proximity to rex sites in cis then greatly influences the magnitude of this binding. Indeed, even 
DCC binding to autosomes can be enhanced when rex sites are attached in cis by fusion of an X 
chromosome to an autosome (See also Ercan et al. 2009). Changes in DCC binding at both dox 
and autosomal sites occur throughout development and are positively correlated with changes in 
gene expression, further suggesting that dox and autosomal sites are similar in character and only 
differentiated by the proximity of rex sites in cis to dox sites. These combined results hint at 
possible evolutionary origins of the worm dosage compensation mechanism. Finally, we show 
that C. elegans dosage compensation reduces X-chromosome transcript levels specifically by 
regulating transcription. 
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MATERIALS AND METHODS 

Nematode strains   
Nematode strains used in this study are as follows: 
TY125, wild-type XX (N2) 
sdc-2 partial loss-of-function: TY0810, sdc-2(y93,RNAi) X  XX 
sdc-2 null: TY2222, her-1(hv1y101) V; xol-1(y9) sdc-2(y74) unc-9(e101) X  XO 
TY2205 her-1(e1520) sdc-3(y126) V; xol-1(y9) X  XO 
TY2470 unc-32(e189) dpy-27(y167) III; flu-2(e1003) xol-1(y9) X  XO 
TY1119 dpy-30(y130ts) V  XX 
TY2095 dpy-30(y228ts) V, yEx90[rol-6 + HA-dpy-30] XX 
TY4573 sdc-2(y74) X, yEx992[flag-sdc-2 + myo2::gfp] XX 
YA0936 VL:XR fusion chromosome (ypT28) XX 
 
Nematode culture   
All worms for embryo ChIP-chip analysis were grown on NG agar plates with concentrated 
HB101 at 20°C, except for dpy-30(y130ts), which was grown at the permissive temperature of 
15°C, then shifted to the restrictive temperature of 20°C for the final 72 h before collecting by 
bleaching. Fed L1 worms were obtained by growing N2 animals on NG agar plates as above, 
then gravid hermaphrodites were bleached and their embryos were hatched off in M9 for 24 h at 
20oC. Synchronous L1s were then placed in S medium at a density of 10 worms/µL and fed with 
10 mg/mL HB101 for 3 h at 20oC in liquid culture. 
 
sdc-2 mutant embryos were prepared for Polymerase ChIP-chip experiments by growing sdc-
2(y93) XX animals on Ahringer feeding library bacteria (Kamath et al. 2003) bearing an sdc-2 
plasmid. Feeding bacteria were prepared by seeding 1L LB cultures with a single colony, growth 
overnight at 37°C, induction of RNA synthesis for 2 h with 5 mM IPTG, pelleting, and 
resuspension in 1 vol (w/v) of LB with 20% glycerol. 
 
ChIP extract preparation   
Embryo extracts were prepared as described previously (Jans et al. 2009) except HA-tagged 
DPY-30 (TY2095) ChIP extracts were pre-cleared with protein G sepharose. L1 fed worms were 
crosslinked in 2% formaldehyde in M9 for 30 min at 20oC and quenched with 100 mM Tris-HCl 
(pH 7.5). Samples were then washed twice with M9, once with Homogenization Buffer (50mM 
HEPES-KOH (pH 7.6), 0.5% NP-40, 140mM KCl, 1mM EDTA, 5mM DTT, 1mM PMSF, PI 
inhibitor cocktail (EMD Biosciences)) and snap frozen. Samples were ground in liquid nitrogen 
by mortar and pestle, resuspended in 1 vol (w/v) of Homogenization buffer and snap frozen. 
Samples were sonicated to a range of 200bp-1kb using a Heat System XL2020 Sonicator with a 
Misonix 419 tip for 2x15 sec at 10%, then 8x30 sec at 8%. Extracts were centrifuged at 20,000xg 
for 15 min at 4oC and the supernatant was pre-cleared with protein A sepharose for 30 min. 

 
Antibodies   
Rabbit polyclonal antibodies against DPY-27 (rb699), SDC-3 (rb1079), SDC-2 (rb3778), DPY-
26 (rb1450) and SMC-4 (rb2655) were as described previously (Chuang et al. 1994; Lieb et al. 
1996; Davis and Meyer 1997; Hagstrom et al. 2002; McDonel et al. 2006). Rabbit polyclonal 
antibodies against DPY-30 were from SDIX (4511.00.02) or were raised against peptide N-
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LREKDRYNAENQNPAGQQ-C (rb106). Rabbit polyclonal antibodies against ASH-2 were 
raised against peptide N-LDHPPRVKREDDDDVKDIKKEIKQEI-C (rb590). Other antibodies 
included anti-RNA Polymerase II (CTD), both Clone 8WG16 (Covance MMS-126R)  and a 
rabbit polyclonal (David Bentley), anti-Phospho Ser2 or Ser 5 RNA Pol II antibodies (Bethyl 
Lab A300-654A or A300-655A, respectively), and mouse monoclonal antibodies against HA 
(Covance, Clone HA.11; MMS-101R) or !-tubulin (Sigma, Clone DM1a; T6199). 

 
Immunoprecipitations and Western Blots   
Embryo extracts for immunoprecipitation (IP) reactions were made as for ChIP, but without a 
crosslinking step. IP experiments were performed by incubating 3 µg of the indicated antibody 
with approximately 3 mg of embryo extract from dpy-30 mutants carrying a transgene encoding 
a rescuing HA-DPY-30 protein (TY2095) for 2 h at 4oC. Antibodies were collected for 30 min 
with Protein G Dynabeads (Invitrogen), and samples were washed 4 times with 50mM HEPES-
KOH (pH 7.6), 150mM KCl, 0.05% NP-40, 1mM EDTA, 1mM DTT, 1mM PMSF. 
Immunoblots were performed using mouse anti-HA (1:1000), rabbit anti-SDC-3 (1:2000), rabbit 
anti-SDC-2 (1:1000) and rabbit anti-ASH-2 (1:4000). 
 
To determine H3K4me3 levels and antibody specificity, synchronous L1 larvae were placed on 
Ahringer feeding library bacteria bearing a plasmid to the indicated gene. Gravid hermaphrodites 
were then bleached and embryos were boiled in 2X Laemmli buffer and run on SDS-PAGE gels. 
Immunoblots were performed using mouse anti-!-tubulin (1:1000), rabbit anti-ASH-2 (1:4000), 
and two rabbit anti-DPY-30 antibodies (both at 1:1000). 

 
Chromatin immunoprecipitation reactions   
Embryo ChIP experiments were performed as previously described (Jans et al. 2009) with 
changes that following. ChIPs using 5 µg of SDIX DPY-30 antibody were incubated for 4 h. 
HA-tagged DPY-30 ChIP used 5 mg total nucleic acid and 15 µg HA antibody. 5 µg of antibody 
was used for all Polymerase and DPY-26 ChIPs, while 10 µg of antibody was used for all other 
ChIPs. ChIPs from fed L1s were also performed as described in Jans et al. (2009) with the 
following changes. The equivalent of 2 mg of nucleic acid of extract was incubated with DPY-27 
antibody for 4 h. 
 
ChIP-chip platform and data analysis   
ChIP-chip experiments were hybridized to 2.1 million feature high-density (HD2), isothermal 
(tm = 76°C) tiling arrays from Nimblegen, covering both the X chromosome and all autosomes 
of WormBase release WS180 (Design ID #6737). Median probe spacing is 40 bp and probe 
length varies in length from 50 to 75 bp, with repeat masking. Initial SDC-3, DPY-27 and DPY-
26 ChIPs in wild type embryos were hybridized at Nimblegen, while repeats of these and all 
other ChIPs were hybridized at the Fred Hutchinson Cancer Research Center Genomics Facility. 
Ratio GFF and annotation files were supplied by Nimblegen or the Fred Hutchinson Cancer 
Research Center Genomics Facility. Data were analyzed and peaks were called using 
NimbleScan software and viewed using SignalMap software as previously described (Jans et al. 
2009). 
 
All ChIP-chip experiments were performed in duplicate except HA-DPY-30, RNA Pol II CTD 
phospho-Ser5 in wild type and sdc-2 embryos, and RNA Pol II CTD phospho-Ser2 in wild type 
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and sdc-2 embryos. In all ChIP-chip profiles, the locations of genes are as annotated in 
WormBase release WS180. For all analyses in which peaks are compared to the transcriptional 
start sites (TSS) the position of each TSS corresponds to the Start position for each gene in 
WS180. 
 
Gene expression arrays and data analysis 
Embryo microarray expression data were previously published (Jans et al. 2009). For fed L1 
expression data, three samples were collected and frozen in 100 µl aliquots. RNA was prepared 
and hybridized to Affymetrix C. elegans Genome Microarrays as previously described (Jans et 
al. 2009). All array normalization, analysis, and determination of expressed genes by MAS5 
analysis were performed as previously published (Jans et al. 2009). 
 
Comparison of DPY-27 binding and expression in Embryos and Fed L1s 
For comparison with gene expression, the dynamic range of embryo and fed L1 ChIP-chip 
experiments were normalized using STATA SE 9.2 (StataCorp LP). After normalization, the 
third largest ChIP-chip probe score for the promoter (-2 kb to the TSS) was determined for every 
gene in both developmental states. Only genes that were larger than 500 bp and determined to be 
expressed (through MAS5 analysis of microarray data) in either embryos or fed L1s were 
examined further. For each of these genes, the fed L1 promoter score was subtracted from the 
embryo promoter score, and the fed L1 expression value was subtracted from the embryo 
expression value. Genes were arranged by increasing difference in the promoter scores and a 
moving average of 100 genes with a step size of 1 was determined and plotted. In Supplemental 
Fig. S14D,E, no moving average was taken and the data is displayed as scatterplots. 
 
modENCODE data 
The modENCODE data for early embryo H3K4me3 ChIP-chip and L3 H3K27me3 ChIP-chip 
were obtained from the Strome and Ahringer lab projects, respectively, on the modENCODE 
website http://www.modencode.org (Celniker et al. 2009). 
 

28



 
RESULTS 

 
DPY-30 functions in two distinct gene regulatory complexes, the MLL/COMPASS gene 
activating complex and the DCC gene repressing complex 
  
 Like other genes with an indispensable role in dosage compensation, dpy-30 was 
identified in a genetic screen for suppressors of the XO-specific lethality caused by mutation of 
xol-1, the gene that prevents the dosage compensation machinery from reducing gene expression 
from the male's single X chromosome (Hsu and Meyer 1994). Mutations in dpy-30 cause XX-
specific lethality characteristic of mutations in other dosage-compensation genes (Hsu and 
Meyer 1994) and prevent all DCC components except SDC-2 from assembling onto the 
hermaphrodite X chromosomes, as assayed by immunofluorescence experiments (Klein and 
Meyer 1993; Hsu et al. 1995; Chuang et al. 1996; Lieb et al. 1996; Davis and Meyer 1997; Lieb 
et al. 1998; Dawes et al. 1999; Yonker and Meyer 2003). In contrast to most other dosage 
compensation genes, C. elegans dpy-30 functions in other developmental processes, as revealed 
by defects in vulval development, male mating behavior and aging in dpy-30 mutants, suggesting 
that dpy-30 might also function in a second gene regulatory capacity (Hsu and Meyer 1994; 
Greer et al. 2010). Indeed, studies in yeast and mammals identified DPY-30 homologs as 
components of MLL/COMPASS complexes, which contain a histone methyltransferase subunit 
and are recruited to the 5’ end of actively transcribed genes to achieve trimethylation of lysine 4 
on histone H3 (H3K4me3) (Miller et al. 2001; Roguev et al. 2001; Shilatifard 2008). The 
H3K4me3 mark is a signature of active chromatin. 
  
 The pleiotropic effects of dpy-30 mutations in XO and XX animals, together with other 
cytological and genetic results, led to the view that DPY-30 might function indirectly in dosage 
compensation, perhaps by activating a hermaphrodite-specific DCC loading factor. First, DPY-
30 has a diffuse nuclear localization pattern rather than the X-specific sub-nuclear pattern 
characteristic of other DCC components (Hsu et al. 1995). Second, partial rescue of XX-specific 
lethality caused by dpy-30 mutations could be achieved by elevating levels of SDC-3, another 
DCC component essential for proper assembly of the DCC onto X (Davis and Meyer 1997). 
Generation of DPY-30-specific antibodies raised against two different epitopes permitted us to 
re-evaluate the functions of DPY-30 and to show that DPY-30 localizes to hermaphrodite X 
chromosomes as a genuine member of the DCC, but is also a member of the MLL/COMPASS 
complex. 
 
 Examination of the sub-nuclear localization of DPY-30 with immuno-staining using the 
new antibodies and confocal microscopy confirmed that DPY-30 exhibits a more diffuse nuclear 
localization pattern than other DCC components. However, in contrast to prior studies, our 
current study shows that DPY-30 is enriched on the X chromosomes of embryos and co-localizes 
with the DCC (Fig. 1A). Consistent with the enrichment of DPY-30 on X, DPY-30 antibodies 
co-immunoprecipitate (co-IP) DCC subunits SDC-2 and SDC-3 (Fig. 1B), indicating that DPY-
30 is a DCC component.  
 
 DPY-30 also associates physically with the C. elegans homolog of the MLL/COMPASS 
subunit ASH-2, consistent with its diffuse nuclear localization (Fig. 1B). DPY-30 and C. elegans 
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ASH-2 co-IP in a reciprocal manner from embryonic extracts with affinity purified antibodies. In 
contrast, ASH-2 antibodies fail to co-IP SDC-3 and only very weakly co-IP SDC-2, suggesting 
that ASH-2 interacts with DPY-30 in a complex that is distinct from the DCC. Furthermore, 
reduction of dpy-30 or ash-2 activities through RNAi greatly reduces the level of H3K4me3, 
whereas complete loss of sdc-2 activity does not alter H3K4me3 levels (Fig. 1D) (Simonet et al. 
2007; Greer et al. 2010). These results show that the effect of DPY-30 on histone modification 
occurs through its participation in a C. elegans MLL/COMPASS complex rather than in the 
DCC and that disruption of dosage compensation does not affect H3K4me3 levels. Thus, DPY-
30 acts both in a chromosome-wide gene repression complex and a genome-wide gene activation 
complex (Fig. 1C). 

 
 

DPY-30 binds to all DCC binding sites throughout the genome, yet the level of DPY-30 
binding at autosomal sites is higher than that for other DCC components   
  
 DPY-30 has the binding profile on X expected for a DCC component. The profile was 
determined by chromatin immunoprecipitation followed by hybridization to genome-wide tiling 
arrays (ChIP-chip) using two combinations of protein extracts and antibodies:  protein extracts 
from wild-type embryos and antibodies raised to the endogenous DPY-30 protein, or extracts 
from a dpy-30 null mutant strain expressing a rescuing Hemagglutinin (HA)-tagged DPY-30 
protein and HA antibodies. The DPY-30 binding profiles derived from both antibodies closely 
resemble each other and strongly resemble those of other DCC components (Fig. 2A-C). Most 
DPY-30 binding sites are located in promoters and are more prevalent in expressed than non-
expressed genes, as is typical of DCC subunits (Fig. 3B,D). DPY-30 is present at nearly all rex 
(97%) and dox (99%) sites. Greater than 98.5% of peaks on X called in either the HA-DPY-30 or 
DPY-30 ChIP-chip experiments correspond to peaks called in DPY-27 or SDC-3 ChIP-chip 
experiments. Thus, not only is DPY-30 essential for dosage compensation, it functions as part of 
the DCC and binds to virtually all sites on X occupied by the DCC. 
 
 The DCC also binds to autosomes, but autosomal sites occur at a lower density (one-
fifth) than sites on X and bind less DCC (Jans et al. 2009). Autosomal sites, like dox sites, reside 
primarily in the promoters of expressed genes (Fig. 2C, Fig 3D). DPY-30 binding sites on 
autosomes overlap robustly with DCC binding sites (Fig. 2C). However, the level of DPY-30 
binding to sites on autosomes is similar to the level of binding to sites on X, unlike the binding of 
DCC-specific components such as DPY-27, which exhibit greater occupancy of sites on X than 
autosomes. This conclusion was derived from both the distribution of ChIP-chip probe scores 
across X and autosomes (Fig. 2D) and the ratio of average autosomal peak scores to average X 
peak scores. The autosome to X ratio is 1.1 for DPY-30, but 0.51 for DPY-26, 0.6 for SDC-2, 
and 0.69 for DPY-27. We propose that the higher level of DPY-30 binding to autosomes might 
reflect an association with the MLL/COMPASS complex. 

 
 

Genome-wide binding profile of MLL/COMPASS subunit ASH-2   
 
 To assess whether DPY-30’s participation in MLL/COMPASS accounts for the 
quantitative differences in autosomal binding between DPY-30 and other DCC subunits, we 
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determined the genome-wide binding profile of ASH-2 (Fig. 2A-C). Like DPY-30, ASH-2 binds 
preferentially to the promoters of expressed genes (Fig 3A), and the distribution of ChIP-chip 
probe scores for ASH-2 is very similar for X chromosomes and autosomes. Furthermore, the 
ratio of average autosomal peak scores to average X peak scores is greater for ASH-2 (0.97) than 
for DCC subunits (~0.60), supporting the view that DPY-30's participation in both 
MLL/COMPASS and the DCC contributes to the level of DPY-30 autosomal binding. 
 
 The binding profiles of ASH-2 and DPY-30 do differ in significant ways, however. On 
X, ASH-2 binds to fewer rex sites than DPY-30 (53% versus 97%, respectively), and the rex 
sites not bound by ASH-2 are typically in intergenic regions rather than in promoters (Fig. 2A, 
B). On autosomes, binding of both ASH-2 and DPY-30 is strongly biased toward the promoters 
of expressed genes, but ASH-2 binds to ~10% more sites per autosome than DPY-30 (Fig. 2E,F). 
The unique ASH-2 sites occur mostly in coding regions, suggesting that ASH-2 may participate 
in distinct complexes with and without DPY-30 (Fig. 2E,F, Fig. 3C). The disparity between 
ASH-2 and DCC binding profiles suggests that binding of DPY-30 and DCC subunits would 
have overlapping yet distinct responses to recruitment factors like SDC-2 that direct DCC 
loading onto X. 

 
 

Targeting the DCC to X:  Different principles govern DCC binding to rex and dox sites 
 
 Precise knowledge of DCC binding sites provides the opportunity to determine, with 
molecular resolution, the contributions of individual genes in the dosage compensation hierarchy 
toward binding of the DCC to X and to reveal the relationship between DCC binding at rex sites 
and dox sites. Until the current study, the hierarchy that governs the selective binding of the DCC 
to hermaphrodite X chromosomes had been inferred only from genetic and immunofluorescence 
data (Fig. 1E). SDC-2, a novel 350 kDa protein with a large coiled-coil domain, is the pivotal 
hermaphrodite-specific determinant that confers both sex-specificity and X-specificity to DCC 
binding (Nusbaum and Meyer 1989; Dawes et al. 1999). SDC-2 is produced only in XX embryos 
and triggers assembly of DCC subunits onto X. In sdc-2 XX mutants, DCC components fail to 
load fully onto X, and hermaphrodites die from overexpression of X-linked genes (Dawes et al. 
1999). Ectopic production of SDC-2 in XO embryos causes inappropriate DCC assembly onto 
the single X, which kills males (Dawes et al. 1999). Although SDC-2 can bind X independently 
of other DCC components, SDC-2 collaborates with the zinc-finger protein SDC-3 and the 
DCC/COMPASS component DPY-30 to achieve full DCC binding onto X (reviewed in Meyer 
2010). 
 
 ChIP-chip experiments probing genome-wide binding of DCC components in embryos 
mutant for different dosage compensation genes permitted us to determine whether SDC-2, 
SDC-3, and DPY-30 proteins are equally important for binding at all sites on X, and whether 
rules for binding at rex and dox sites differ. On X chromosomes, the overall binding of DPY-27 
and SDC-3 in either sdc-2 or sdc-3 null mutant embryos, as assessed by the distribution of ChIP-
chip probe scores, was dramatically decreased (Fig 4A, Fig. 5A,B). More detailed analysis 
showed that DCC binding at rex sites was nearly eliminated in both null mutants:  DPY-27 
binding was retained on only 6% of rex sites in sdc-2 mutants and 13% of rex sites in sdc-3 
mutants (Fig. 4B-D). Similarly, SDC-3 binding was retained on only 3% of rex sites in sdc-2 
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mutants. DCC binding at dox sites was more complex:  DPY-27 binding was greatly reduced in 
sdc-2 and sdc-3 mutants but not eliminated (Fig. 4B-D). DPY-27 binding was greatly depleted at 
62% of dox sites in sdc-2 mutants and 48% of dox sites in sdc-3 mutants (Fig. 4B-D). Of the dox 
sites that retained binding, the average peak scores were substantially reduced (Fig. 4C). The 
level of DPY-27 protein was not changed in sdc-2 mutants (Fig. 6A), indicating that reduced 
binding was not due to reduced protein levels.  
 
 Similar results were obtained for SDC-3: 82% of dox sites had little or no SDC-3 binding 
in sdc-2 mutants, and the average peak score of dox sites that retained SDC-3 was reduced (Fig. 
4C). SDC-3 stability depends in part on SDC-2 (Davis and Meyer 1997), and the level of SDC-3 
protein was reduced somewhat in sdc-2 mutants, but the reduced level is unlikely to cause a 
preferential reduction in binding to higher affinity sites (rex) than lower affinity sites (dox). (Fig. 
6A).  
 
 We conclude that rex-site binding has a nearly absolute requirement for SDC-2 and SDC-
3. In contrast, maximal binding at all dox sites requires SDC-2 and SDC-3, but binding at many 
dox sites can occur at reduced level in an SDC-independent manner. That is, dox sites have an 
inherent ability to bind some DCC subunits independently of the genetic hierarchy that governs 
sex-specific DCC loading onto X. The inability to eliminate dox-site binding while retaining rex-
site binding prevents us from assessing the specific role of dox sites in DC. 

 
 

DCC binding on autosomes is similar to SDC-independent binding at dox sites on X 
 
 DPY-27 binding on autosomes changed very little compared to that on X in sdc-2 and 
sdc-3 mutant embryos, as assessed by ChIP-chip profiles (Fig. 7), the distribution of ChIP-chip 
probe scores (Fig. 5A,B), or the average peak scores. The average DPY-27 autosomal peak score 
in wild-type embryos was 0.58 compared to 0.60 in sdc-2 mutants and 0.55 in sdc-3 mutants. 
Furthermore, in sdc-3 (Fig. 4A) and sdc-2 (Fig. 5B) mutants, the density of DPY-27 binding on 
X and the level of occupancy at bound sites mimicked that on autosomes, suggesting that SDC-
independent binding at dox sites on X is governed by similar principles as DCC binding to 
autosomes. 
 
 The similarity in DCC binding at autosomal sites in wild-type embryos and dox sites in 
sdc-2 mutant embryos suggested that this intrinsic, low-level DCC binding might reflect the 
general binding properties of mitotic condensin in interphase chromosomes. Indeed, the mitotic 
condensin-specific subunit SMC-4, a paralog of the DC-specific protein DPY-27, has a profile of 
X and autosomal binding in wild-type embryos that closely resembles the pattern for DPY-27 
and SDC-3 in sdc-2 mutant embryos (Fig. 7A,B). We inferred that the SMC-4 binding is on 
interphase chromosomes because the embryo population was skewed to post-mitotic animals. 
We found that of dox sites that retain some DPY-27 binding in sdc-2 null mutants, 91% also 
have SMC-4 binding in wild-type embryos. Similarly, of dox sites that have SMC-4 binding in 
wild-type embryos, 89% retain DPY-27 binding in sdc-2 null mutants. Moreover, in sdc-2 
mutants, 78% of all DPY-27 autosomal peaks and 93% of the strongest DPY-27 autosomal peaks 
(score > 0.75) correspond to sites of SMC-4 binding in wild-type embryos.   
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 In summary, rex and dox sites have different requirements for DCC recruitment and 
binding. rex sites have an absolute requirement for SDC-2 and SDC-3, whereas dox sites have 
both SDC-dependent and independent binding ability. The DCC has low, intrinsic binding 
capability at promoters of expressed genes throughout the genome (dox and autosomal sites) 
without SDC proteins, but the robust binding of the DCC to X at both rex and dox sites requires 
SDC-2 and SDC-3. The low-level, intrinsic promoter binding of the DCC may reflect the 
inherent binding ability of condensin complexes in general. Whether this low-level binding 
affects gene expression is not known. 
 
 
The shared DCC and MLL/COMPASS component DPY-30 is essential for DCC binding to 
rex sites 
 
 Immunofluorescence studies showed that DPY-30, like SDC-2 and SDC-3, is essential 
for the assembly of other DCC components onto X. However, the dual roles of DPY-30 in 
dosage compensation and in gene activation through an MLL/COMPASS complex led to 
speculation that DPY-30, unlike SDC-2 and SDC-3, might specifically control dispersal of the 
DCC from rex sites to dox sites (Ercan and Lieb 2009). We addressed this hypothesis directly by 
determining the binding of SDC-3 and DPY-27 in dpy-30 mutant embryos through ChIP-chip 
experiments (Fig. 4B,C, Fig. 5C). We found DCC binding in dpy-30 mutants to be similar to that 
in sdc-2 or sdc-3 mutants. DPY-27 and SDC-3 binding at all rex sites was nearly abolished in 
dpy-30 mutants. At dox sites, binding was nearly eliminated at 60% of sites for DPY-27 and 78% 
of sites for SDC-3. dox sites that retained binding showed reduced binding for both proteins (Fig. 
4C). The loss of rex-site binding argues against a selective role for DPY-30 in directing DCC 
binding to dox sites, and instead establishes that DPY-30, like SDC-2 and SDC-3, is essential for 
binding to rex sites and for optimal, but not all, binding at dox sites. 
 
 
DPY-30 binding to rex sites is facilitated by both DCC and MLL/COMPASS complexes 
 
 To clarify the contributions of MLL/COMPASS and DC complexes in DPY-30 binding 
to rex sites, we analyzed DPY-30 and ASH-2 binding in sdc-2 mutants by ChIP-chip 
experiments. Unlike other DCC components, DPY-30 is retained on a subset of rex sites and 
almost all dox and autosomal sites in sdc-2 mutants (Fig. 8A-C). While DPY-30 is retained on 
only 13% (2/15) of rex sites located in intergenic regions, it is retained on 47% (9/19) of rex sites 
located in promoters or coding regions of genes in sdc-2 mutants. Unlike binding of other DCC 
subunits, DPY-30 binding to rex and dox sites was not perturbed by an sdc-3 mutation (Fig. 8A-
C). The partial SDC-2-dependence of DPY-30 binding at some rex sites is consistent with DPY-
30’s participation in the DCC. In contrast, the SDC-2-independent DPY-30 binding might reflect 
DPY-30’s association with MLL/COMPASS at a rex site rather than an association with the 
DCC. Finally, the ability of DPY-30 to bind rex sites independently of SDC-3 suggests that 
SDC-2 alone can mediate DPY-30 binding to rex sites rather than acting in concert with SDC-3. 
 
 A specific prediction of these results is that the MLL/COMPASS-specific component 
ASH-2 should bind in wild-type embryos to rex sites that retain DPY-30 binding in sdc-2 
mutants and not to rex sites that lose DPY-30 binding in sdc-2 mutants. Moreover, ASH-2 
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binding to rex sites (as well as dox and autosomal sites) should not be perturbed by mutation of 
sdc-2. These predictions were met (Fig. 8A-C). Eighty-five percent (11/13) of intergenic rex sites 
with reduced DPY-30 binding in sdc-2 mutants lack ASH-2 binding in wild-type embryos. All 
genic (9/9) and intergenic (2/2) rex sites with robust DPY-30 binding in sdc-2 mutants have 
robust ASH-2 binding in wild-type embryos. Lastly, ASH-2 binding is retained in sdc-2 mutants 
at all rex sites strongly bound by ASH-2 in wild-type embryos. We conclude that DPY-30 binds 
to rex sites as part of the DCC but can also bind to a subset of rex sites as part of the 
MLL/COMPASS complex. It is currently unknown whether MLL/COMPASS and the DCC bind 
simultaneously to this subset of rex sites. 
 
 
Condensin components are required for DCC stability and binding but not for X-
chromosome recognition 
  
 Five subunits of the DCC are either shared with or homologous to condensin, a 
pentameric protein complex essential for the compaction and resolution of chromosomes during 
mitosis and meiosis (Meyer 2010). Prior immunofluorescence experiments suggested that 
disruption of the DCC-specific condensin-like subunit DPY-27 caused other condensin subunits, 
and SDC-3, to be unstable and be degraded (Chuang et al. 1996; Davis and Meyer 1997). 
Nonetheless, SDC-2 can still bind to X chromosomes in dpy-27 mutants, implying that DPY-27 
may not be essential for the DCC to recognize X (Dawes et al. 1999). To assess the importance 
of DPY-27 in DCC binding to X, we measured SDC-3 binding in dpy-27 null mutant embryos 
using ChIP-chip analysis. In the absence of DPY-27, SDC-3 binding was reduced equally at both 
rex and dox sites, yet not eliminated at either. Only 30% of rex sites and 27% of dox sites 
exhibited severe reduction of SDC-3 binding in dpy-27 mutant embryos (Fig. 4C). Of rex and 
dox sites still bound by SDC-3, the average intensity in binding was changed only modestly in 
dpy-27 mutant versus wild-type embryos (Fig. 4C). These results indicate that DPY-27, and 
perhaps other DCC condensin subunits, are required for DCC stability and full DCC binding at 
both rex and dox sites, but DPY-27 is unlikely to participate in DNA sequence-specific 
recognition of rex sites. 
 
 
Prediction of rex sites   
  
 Analysis of DCC binding in dosage compensation mutants provided a new way to predict 
rex sites that made their identification dramatically less labor intensive. Previously, DCC binding 
sites on X identified by ChIP-chip were classified by their ability to recruit the DCC when 
detached from X in an in vivo extrachromosomal array recruitment assay (Jans et al. 2009). The 
abundance of DCC binding sites on X, coupled with the low ratio of rex to dox sites, indicated 
that a more informed, efficient strategy was needed to identify rex sites, as less than 10% of 
DCC binding sites on X have been surveyed thus far. 
  
 Differential DCC binding at rex sites versus dox sites in embryos mutant for sdc-2, sdc-3, 
and dpy-30 suggested that additional rex sites might be predicted as sites having greatly 
diminished DCC occupancy in dosage compensation mutants. However, because binding at dox 
sites is also reduced in these mutants, albeit less, we needed to impose an additional criterion to 
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predict rex sites. dox sites are located preferentially in the promoters of highly expressed genes, 
which are typically marked by the modified histone H3K4me3. Thus, one class of rex sites 
should not only exhibit severely reduced DCC binding in sdc-2 mutants, they should also lack 
enrichment for H3K4me3 [data from (Gerstein et al. 2010; Liu et al. 2010)]. Indeed, 37% of 
known rex sites and only 2% of known dox sites fulfill these criteria.  
  
 As proof of principle, 4 of 37 peaks that fulfilled these stringent conditions were tested 
for recruitment in our extrachromosomal array assay (Fig. 9A-C). All four recruited the DCC 
(rex-39 to rex-42), verifying the utility of this method for new rex site prediction (Fig. 9B,C). As 
a control, we assayed a fifth site that had severely reduced DCC binding in sdc-2 mutants but 
also had the H3K4me3 mark. That site (dox-50) failed to recruit, as expected (Fig. 9C). The 
addition of 37 new rex sites brings the number of rex sites (tested and predicted) to 75 (Table 1). 
  
 Previously identified rex sites often have a 12 base pair consensus motif (called the MEX 
motif) that is enriched on the X chromosome (Jans et al. 2009). MEX motifs with a strong match 
to the consensus motif (p value of " e-10) are present in 74% of tested rex sites. Analysis of the 
newly predicted rex sites revealed that 16 of the 24 most highly bound sites (67%) contain such 
MEX motifs (Table 1). This enrichment for MEX motifs in predicted rex sites is a further 
indication that these are bona fide rex sites. 
 
 
Proximity to rex sites enhances DCC binding to autosomal sites 
  
 The discovery of autonomous (rex) and dependent (dox) DCC binding sites on X 
suggested a model by which the DCC loads onto X:  The DCC binds to rex sites, which facilitate 
DCC binding to dox sites distributed along X (Jans et al. 2009). Such a model makes two 
predictions. First, binding to dox sites should be dependent, at least in part, on the proteins 
responsible for recruiting the DCC to rex sites. Second, attachment of rex sites to autosomes 
should enhance DCC binding to autosomal sites. 
 
 The first prediction was met by our finding that DCC binding to nearly all rex sites and 
the majority of dox sites was essentially eliminated by mutations in sdc-2, sdc-3, or dpy-30, and 
binding to the remaining dox sites was substantially reduced (Fig. 3C). The residual DCC 
binding on X in mutant embryos resembled DCC binding on autosomes in wild-type embryos, 
both in the density of bound sites and the level of occupancy at the sites (Fig. 4A, Fig. 5A-C). In 
wild-type embryos, for example, the average number of called DPY-27 peaks per Mb was 270 
on X compared to 60 on autosomes (ratio of 4.5), but in sdc-2 mutants, the average number of 
DPY-27 peaks on X and autosomes was the same, 52 peaks per Mb (ratio of 1.0). Furthermore, 
the distribution of DPY-27 ChIP-chip probe scores on autosomes in wild-type embryos 
overlapped extensively with the DPY-27 probe scores on X chromosomes in sdc-2, sdc-3, and 
dpy-30 mutants but not with probe scores on X chromosomes in wild-type embryos. In summary, 
reduction of DCC binding to rex sites by dosage compensation mutations resulted in elimination 
of DCC binding at the majority of dox sites on X and caused the residual DCC binding at the 
remainder of dox sites to resemble DCC binding on autosomes in wild-type embryos. 
Furthermore, as documented above, DCC binding to autosomes was not significantly perturbed 
by disruption of sdc-2, sdc-3 or dpy-30, consistent with the DCC having low, intrinsic binding 
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capability at both dox sites and autosomal sites that is independent of DCC binding to rex sites 
(Fig. 5A-C). 
 
 The second prediction, namely that attaching rex sites to autosomes should increase 
autosomal DCC binding, was met in ChIP-chip experiments probing DPY-27 binding in a strain 
carrying a fusion of chromosomes X and V (ypT28) (Lowden et al. 2008). Fusion of X to V 
enhanced DCC binding on the autosomal portion of the fusion over a 2 Mb region from the 
fusion breakpoint. Binding decreased progressively as distance from the breakpoint increased 
(Fig. 10A, Fig. 11A,B). Two types of DCC binding were found on the V portion of the X:V 
fusion chromosome: enhanced binding at sites also bound by the DCC on the wild-type 
chromosome V, and new sites of binding. The new sites occurred preferentially in the promoters 
of active genes, as is typical of both dox sites and autosomal sites, and most showed a low level 
of binding below the level of peak detection in wild type. Of the 224 peaks called in the first 2 
Mb of chromosome V in the X:V fusion chromosome, 96 were also called on the wild-type 
chromosome V, and the average peak score rose by 0.26 on the fusion chromosome. 
Furthermore, 78% (49 of 63) of the largest peaks (score > 0.75) on V in the fusion chromosome 
were represented by smaller peaks on the wild-type V chromosome. In contrast, DCC binding 
along X in the X:V fusion chromosome appeared unchanged from that on the wild-type X (Fig. 
11C,D). Increased DCC binding to sites on V in the X:V fusion was confirmed in a separate 
assay:  ChIP followed by quantitative real-time PCR (Table 2).  
 
 Thus, DCC binding at autosomal sites can be enhanced by the proximity of rex sites 
attached in cis, consistent with the model that DCC binding to rex sites confers X-chromosome 
specificity to DC and facilitates DCC binding along X at dox sites (Fig. 10B). Fulfillment of both 
predictions indicates that the proximity of rex sites in cis to dox sites accounts for the preference 
in DCC binding to dox versus autosomal sites. 
 
 The increase in DCC binding to autosomal territories located on X-to-autosome fusion 
chromosomes was also seen by Ercan et al. (2009) with ChIP-chip experiments. However, in 
their study, DCC binding to wild-type autosomes seemed negligible, and DCC binding to 
autosomal territories adjacent to X was interpreted as the establishment of new DCC binding 
sites. Comparisons of DCC binding to autosomes in their and our data sets, which are presented 
in Fig. 12A-D and analyzed in the discussion, support our results that DCC binding occurs even 
on wild-type autosomes. 
 
Dynamic binding of the DCC:  changes in DCC binding at dox and autosomal sites 
throughout development correlate directly with changes in transcriptional activity of 
adjacent genes   
  
 DCC binding at dox and autosomal sites is strongly correlated with expression of nearby 
genes (Jans et al. 2009). In embryos, 76% of DCC binding sites on X and autosomes are within 
promoters or coding regions of expressed genes, and for both X and autosomal sites, the higher 
the level of gene expression, the greater the probability of a DCC binding site (Jans et al. 2009). 
Of sites on X, rex and dox sites differ in that dox sites are typically in genes but rex sites are not. 
If the transcriptional state of a gene on X or an autosome influences DCC binding, then the 
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pattern of DCC binding should change dynamically throughout development, as genes are turned 
on and off. 
 
 We profiled DCC binding to rex, dox, and autosomal sites in response to changes in gene 
activity by correlating the level of DCC binding with gene expression levels in embryos and in 
synchronous, fed L1 larvae. Larvae were synchronized by hatching into medium without food 
and then fed for three hours. DCC binding to rex sites remained constant across the two 
developmental stages (Fig. 13B). In contrast, DCC binding at X-linked promoters and defined 
dox sites was positively correlated with changes in gene expression. Genes expressed more 
highly in embryos than in fed L1 larvae had greater DCC occupancy in promoters of embryos. 
Genes expressed more highly in fed L1 larvae than embryos had higher binding in larvae, 
regardless of the initial embryonic expression level. The positive correlation was evident from 
ChIP-chip profiles (Fig. 13A), scatter plots (data not shown), and plots of moving averages (Fig. 
13C). The statistical significance of the correlation was shown by both Pearson’s and 
Spearman’s statistical tests (Table 3). 
 
 A previous study reached a similar conclusion about the dynamic properties of DCC 
binding on X through comparisons of RNA Pol II binding and DCC binding defined by ChIP-
chip experiments in embryos and L3 larvae (Ercan et al. 2009). However, the study also 
concluded that the rare DCC binding to autosomal sites did not respond to changes in gene 
expression during development. In contrast, our study shows the opposite:  DCC binding to 
promoters of autosomal genes, like DCC binding to promoters on X, is positively correlated with 
changes in gene expression throughout development. The positive correlation was evident from 
ChIP-chip profiles (Fig. 13A), scatter plots (data not shown) and plots of moving averages (Fig. 
13A), with statistical significance shown by Pearson’s and Spearman’s tests (Table 3). As an 
example, of 517 autosomal genes that were expressed at least 4-fold higher in embryos than in 
fed L1 larvae and also had a DCC peak in one or both developmental stages, 76% have a DCC 
peak solely in embryos and only 7% have a DCC peak solely in fed L1 larvae. 
 
 Several lines of evidence presented in this chapter have shown that DCC binding to dox 
and autosomal sites is governed by similar principles:  levels of occupancy are correlated with 
levels of gene expression, and occupancy is enhanced by proximity to rex sites in cis.  
 
 
Dosage compensation acts at the level of transcription 
 
 We showed previously that DC in C. elegans equalizes X-chromosome gene expression 
between the sexes by a mechanism that reduces transcript levels from both hermaphrodite X 
chromosomes (Meyer and Casson 1986). Not known was whether the reduction in transcripts 
occurs through the regulation of transcription or is instead imposed by a post-transcriptional 
mechanism. We addressed this question by measuring the genome-wide binding of RNA 
polymerase II (RNA Pol II) in wild-type and sdc-2 mutant XX embryos to determine whether the 
elevated X transcript levels caused by disrupting DC correlate with an increase in RNA Pol II 
occupancy and hence a change in transcription.  
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 RNA Pol II occupancy was first measured through ChIP-chip experiments using an 
antibody (8WG16) raised against the unphosphorylated form of the C-terminal heptapeptide 
repeat domain (CTD) in the largest RNA Pol II subunit. This antibody primarily recognizes RNA 
Pol II bound at promoters in pre-initiation complexes but also cross-reacts with phosphorylated 
forms of polymerase engaged in transcription initiation or elongation. In wild-type embryos, we 
found the level of RNA Pol II binding at a gene to be directly correlated with the expression 
level of the gene (Fig. 14A,B). The expected, positive correlation validates our ChIP-chip 
experiments. On autosomal genes, we found the binding of RNA Pol II to be changed only 
modestly in sdc-2 mutant embryos compared to wild-type embryos, as demonstrated by ChIP-
chip profiles (Fig. 15A) and the distribution of probe scores (Fig 16C). In contrast, RNA Pol II 
binding increased across the X chromosome in both gene promoters and coding regions of sdc-2 
mutants (Fig. 16A-C, consistent with the elevation in X-chromosome transcript levels. These 
results provide the first indication that DC in C. elegans acts at the level of transcription. 
 
 Transcriptional regulation occurs at different steps. The DC process could impede RNA 
Pol II binding, transcription initiation, the transition from initiation to elongation, or the 
elongation rate. To assess the step of transcription controlled by the DC process, we performed 
ChIP-chip analysis of RNA Pol II in wild-type and sdc-2 mutant embryos, using antibodies that 
recognize the CTD phosphorylated on either Ser5 (phospho S5) or Ser2 (phospho S2). Phospho 
S5 is a hallmark of initiating RNA Pol II, but it also persists on the CTD during the early steps of 
elongation. Phospho S2 marks elongating RNA Pol II committed to making full-length mRNAs 
(Buratowski 2009).  
 
 ChIP-chip binding profiles of all three forms of RNA Pol II were surprisingly similar to 
each other in wild-type embryos (Fig. 16A), although some expected enhancement was seen of 
phospho S5 in the promoter and phospho S2 in the coding region (Fig. 16A). The probe scores at 
genes for all the experiments correlated directly with the expression levels of the genes (Fig. 
14A,B In sdc-2 mutants, profiles and probe scores for phospho S5 and phospho S2 showed a 
significant increase on X-linked genes, but not autosomal genes, when compared to those in 
wild-type embryos (Fig. 16A,B, Fig. 15A-C). We conclude that DC regulates transcription and 
that more RNA Pol II is recruited to the promoter and coding regions of genes on X in DC 
mutants. The coordinate increase in phospho S5 and phospho S2 in sdc-2 mutants would be 
expected from a general increase in RNA Pol II recruitment and prevents us from determining 
whether DC mutations only increase RNA Pol II recruitment or also permit more RNA Pol II to 
be released from the promoter and thereby increase either the proportion or rate of elongating 
polymerases.  
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DISCUSSION 
 

 Our work has revealed mechanisms by which the C. elegans DCC assembles, binds to 
discrete sites throughout the genome, and regulates gene expression across the X chromosome. 
We showed that the DCC co-opted a subunit from MLL/COMPASS, a gene activating complex 
that modifies chromatin, to target the DCC to X and thereby reduce X-chromosome-wide gene 
expression. We also defined distinct targeting principles that govern DCC binding to two classes 
of sites on X. This knowledge enabled us to predict additional DCC recruitment sites on X and to 
refine a model for genome-wide DCC binding. In this model, the location of dox and autosomal 
sites is dictated by intrinsic DCC binding properties correlated with regions of high 
transcriptional activity. Sex-specific, sequence-dependent DCC recruitment to rex sites then 
increases the magnitude of DCC binding to sites in cis that lack robust DCC binding ability by 
themselves. Three lines of evidence support this model. First, in DC mutants that exhibit 
complete loss of rex-site binding, dox-site binding is reduced, but only to the low level 
comparable to autosomal binding in wild-type animals. Second, attachment of rex sites in cis to 
an autosome increases autosomal DCC binding near the site of fusion. Third, changes in DCC 
binding at dox and autosomal sites during development are positively correlated with changes in 
expression of nearby genes. Thus, dox and autosomal sites have similar intrinsic DCC binding 
ability, and the higher preference for binding to dox sites is dictated primarily by their linkage to 
rex sites in cis. Our studies also showed that the DCC reduces gene expression on X by 
regulating transcription. 
 
 
A role for DPY-30 in two distinct complexes with opposing effects on transcription   
 
 Having found that DPY-30 participates not only in the DCC to establish DCC binding on 
X, but also in MLL/COMPASS to activate genes, we dissected DPY-30's role in regulating DCC 
binding to rex and dox sites. Others had speculated that DPY-30 might specifically control DCC 
spreading from rex sites to dox sites, but not binding to rex sites (Ercan and Lieb 2009). Our 
finding that dpy-30, like sdc-2 and sdc-3, is essential for DCC binding to both rex and dox sites 
argues against a selective role for dpy-30 in directing DCC binding only to dox sites.  
 
 Our binding data also suggest how DPY-30 might function in DCC recruitment and in 
MLL/COMPASS binding. DPY-30 requires SDC-2, but not SDC-3, for binding to rex sites, 
while SDC-3 requires both DPY-30 and SDC-2 for rex-site binding, and DPY-27 requires all 
three. In contrast, SDC-2 binds to rex sites without other DCC subunits. These data implicate 
SDC-2 as the initial DCC protein to recognize and bind X chromosomes. DPY-30 then likely 
assists SDC-3 to interact stably with SDC-2 and thereby recruits DPY-27 and other DCC 
components to X. Consistent with this model, over-expression of sdc-3 can partially rescue the 
DC defects of dpy-30 mutants (Davis and Meyer 1997), perhaps by enhancing the interaction 
between SDC-3 and SDC-2 in the absence of DPY-30.  
 
 If DPY-30 stabilizes protein-protein interactions within the DCC, it may serve a similar 
role for MLL/COMPASS. In both yeast and worms, DPY-30 is essential for the production of 
H3K4me3, even though it does not catalyze the trimethylation reaction itself (Schneider et al. 
2005). Mass-spectrometric analysis suggested that each yeast COMPASS complex contains at 
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least three DPY-30 molecules (Schneider et al. 2005). Perhaps DPY-30 facilitates interactions 
among MLL/COMPASS subunits and thereby promotes complex assembly and catalytic 
activity. 
 
 The binding sites for DCC and MLL/COMPASS are remarkably similar along X 
chromosomes and autosomes. However, differences exist. All DPY-30 sites overlap with DCC 
sites, but not all sites for ASH-2, an MLL/COMPASS subunit, coincide with DPY-30 or DCC 
sites. ASH-2 only binds to a subset of rex sites, primarily those located in the promoters of 
genes. Some ASH-2 sites lack DPY-30 binding and are strongly enriched in the coding regions 
of genes, unlike DPY-30 sites, which are in promoters. The DPY-30-independent ASH-2 binding 
sites suggest that ASH-2 may function in other complexes. Precedent exists in other organisms: 
ASH-2 homologs interact with the H3K27 demethylase Jmjd3 (De Santa et al. 2007). 
 
 
Targeting the DCC to X:  the connection between DCC binding at rex and dox sites   
 
 The existence of two classes of DCC binding sites on X -- one class (rex) that can 
autonomously recruit the DCC when removed from X and a second (dox) whose high-level DCC 
binding depends on its association with X -- led to a model in which the DCC is recruited to X 
chromosomes via rex sites and disperses to dox sites in cis (Jans et al. 2009). In the current study, 
we tested this model directly and refined it through two experimental strategies. First, we 
assessed genome-wide binding of DCC components in mutants defective for key components of 
the dosage compensation regulatory hierarchy shown previously to be required for DCC binding 
to X by low resolution immunofluorescence experiments. We found that rex sites absolutely 
require the recruitment proteins SDC-2, SDC-3, and DPY-30 for DCC binding. Most dox sites 
lack robust DCC binding without these recruitment proteins, but many retain an intrinsic, low-
level binding comparable to that observed on wild-type autosomes. These results indicate that 
dox sites have an inherent, low-level DCC binding capability, but full dox-site binding requires 
the DCC recruitment proteins and presumably their binding to rex sites. Since rex and dox sites 
can be separated by distances as large as 90 kb (Jans et al. 2009), long-range communication 
between rex and dox sites appears to be important for full DCC binding to dox sites. Second, we 
tested whether rex sites can influence DCC binding over long distance by asking whether the 
low-level DCC binding at sites on autosomes could be enhanced by proximity in cis to rex sites. 
To do so, we examined genome-wide DCC binding in a strain carrying a fusion of X to 
chromosome V. DCC binding sites on autosomes occur at lower density than dox sites on X and 
have less DCC occupancy. We found that DCC binding on V in the X:V fusion chromosome was 
increased across a 2 Mb region near the point of fusion. In this 2 Mb region on V, 43% of 
binding sites were also present on wild-type chromosomes but showed enhanced DCC binding 
on the fusion chromosome. Some new sites of binding arose, and most showed a level of binding 
just below the level of peak calling on wild-type autosomes. These results show that rex sites can 
have strongly positive effects on DCC binding over a long range. The results also indicate that 
the intrinsic binding of the DCC at dox and autosomal sites is similar in character, and the 
difference in DCC binding between X and autosomes is dictated primarily by the proximity in 
cis of rex sites, which facilitate binding to dox sites on X. 
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 Increased autosomal DCC binding on X-to-autosome fusion chromosomes has also been 
reported by Ercan et al. (2009). However, in this study the vast majority of DCC binding on the 
autosomal portions of X-to-autosome fusion chromosomes was interpreted as new sites of 
binding since they found very few DCC binding sites on wild-type autosomes. Since we detected 
significant DCC binding on wild-type autosomes, we compared our DPY-27 ChIP-chip data sets 
from wild-type autosomes with the DPY-27 ChIP-chip data sets from X:II fusion chromosomes 
in Ercan et al. (2009) and from wild-type autosomes in Ercan et al. (2007) following the same 
normalization and peak-calling methods used in their study (Fig. 12A-D). None of the 65 DPY-
27 sites called by Ercan et al. (2009) in the first 2.5 Mb on II near the X:II fusion site were called 
as peaks in the wild-type chromosome II data set from Ercan et al. (2007). However, we found 
that of these 65 DPY-27 peaks, 13 were called as peaks in our wild-type chromosome II. Of 
those not called as peaks, 71% showed appreciable binding by visual inspection in our wild-type 
chromosome II profiles. The significant overlap in DCC binding locations on II between our 
wild-type chromosome II data set and the X:II fusion data set from Ercan et al. (2009) suggests 
that many of the binding sites called by Ercan et al. (2009) as new sites of DCC binding instead 
represent increased binding at sites already bound at a lower level on wild-type autosomes, yet 
were below the threshold of detection in their assay. Although the interpretations of both studies 
support the view that proximity in cis to rex sites strengthens dox site binding, they differ in 
important mechanistic interpretations. Our data support a model in which the location of binding 
for both dox and autosomal sites is dictated by intrinsic binding properties that are correlated 
with transcriptional activity (see below), and proximity in cis to rex sites greatly influences the 
magnitude of this binding. The alternative model by Ercan et al. (2009), which is less supported 
by our data, is that rex sites create adjacent DCC binding sites de novo. 
 
 
DCC binding at dox and autosomal sites is dynamic and positively correlated with changes 
in gene expression on both X and autosomes   
 
 We have shown by analysis of DCC binding on wild-type chromosomes in dosage 
compensation mutants as well as on X-to-autosome fusion chromosomes, that DCC binding to 
promoters on both the X and autosomes is governed by similar rules and that the primary 
difference between the levels of binding on X and autosomes is the presence in cis of rex sites 
exclusively on the X chromosome. Both dox and autosomal sites are found preferentially in the 
promoters of expressed genes in embryos, but it was not known to what extent transcriptional 
activity of adjacent genes facilitated this intrinsic binding. We found that changes in DCC 
binding within the promoters of genes on both X and autosomes throughout development are 
positively correlated with changes in expression of the genes. 
 
 The comparison of DCC binding across developmental stages showed that a promoter is 
able to switch from little or no DCC binding when the gene is inactive to significant DCC 
binding as a gene becomes active. Also, binding of the DCC to promoters can be transient:  when 
a gene is reduced in expression, DCC occupancy at its promoter is also reduced. Additionally, 
the comparison showed that both dox and autosomal sites respond similarly to changes in 
transcription. These results further validate our autosomal DCC binding sites, ones that were 
infrequently detected in two other studies (Ercan et al. 2007; Ercan et al. 2009). The results also 
suggest that the low-level intrinsic binding seen at dox sites in DCC mutants and at autosomal 
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sites in wild-type animals is dependent on the transcriptional activity of the adjacent gene. While 
this binding is positively correlated with the sites of active transcription, the aspect of 
transcription that might be necessary for binding is not known. For example, the binding could 
be mediated by general transcription factors, or binding could rely on features of chromatin 
structure such as histone marks or chromatin accessibility associated with regions of active 
transcription. Defining the features of transcriptionally active genes that contribute to intrinsic 
DCC binding at promoters is an important next step. 
 
 
DCC binding to promoters on X and autosomes  
 
 ChIP analyses have identified 5’ ends of active genes as common sites for transcription 
factor (TF) binding, raising the concern that features of promoters, such as open chromatin, 
cause spurious results. We think this premise is unlikely to account for the prevalence of DCC 
sites in promoters, because the level of DCC binding is not static: it changes in response to 
linkage of rex sites in cis and to the level of transcription.  Furthermore, over 1000 5’ autosomal 
sites with strong DCC binding do not correspond to HOT (high-occupancy target) regions bound 
by numerous C. elegans TFs (Gerstein et al. 2010), and 33% of autosomal HOT regions lack 
DCC peaks. 
 
 We do not ascribe DC function to the low-level DCC binding at dox and autosomal sites 
that occurs without DCC-bound rex sites in cis. The lack of gene DC in sdc-2 mutants and the 
concomitant elimination of rex-site binding suggests that the residual low-level DCC binding at 
dox sites has little, if any, impact on gene expression. We interpret the residual binding as an 
indication of specific, but lower affinity binding. No known condition eliminates dox-site 
binding while retaining rex-site binding; thus, we cannot assess the specific contribution to DC 
of fully-bound dox sites. However, mutant analyses establish that rex sites are pivotal.   
 
 
Evolution of DCC binding on X   
 
 The presence of DCC binding sites across the genome that respond similarly to changes 
in gene expression and to proximity of rex sites in cis hints at potential evolutionary implications 
for DCC composition and binding. Low-level, non-sex-specific binding of a condensin-like 
complex at gene promoters might have preceded the evolution of sex chromosomes and dosage 
compensation. Indeed, the mitotic/meiotic condensin-specific subunit SMC-4, a paralog of the 
dosage-compensation-specific protein DPY-27, has a profile of X and autosomal binding on 
interphase chromosomes that closely resembles the pattern for DPY-27 binding in an sdc-2 
mutant (Supplemental Fig 7A,B). Through the creation of a DCC-specific condensin subunit 
(DPY-27) and a gene like SDC-2 that selectively recruits the DCC to X in a sex-specific manner, 
subunits of condensin could have been co-opted by dosage compensation to become enriched on 
the X chromosome in a sex-specific and sequence-dependent fashion to regulate gene expression 
over long distances by altering chromosome structure. This theory for the evolution of the 
nematode DCC could help explain why the DCC is bound to genes that escape dosage 
compensation and similarly why dosage compensated genes often lack DCC binding nearby. 
 

42



The XX-specific recruitment protein SDC-2 binds to both rex and dox sites   
 
 Teasing apart the principles for DCC binding at rex and dox sites requires accurate 
knowledge of where each DCC component binds on wild-type X chromosomes and whether 
DCC complexes bound at rex and dox sites are heterogeneous in composition. We previously 
identified genome-wide binding sites of the hermaphrodite-specific DCC recruitment protein 
SDC-2 by ChIP-chip and observed SDC-2 binding to both rex and dox sites at similar levels as 
SDC-3. As all SDC-2 antibodies we have generated thus far do not IP or ChIP SDC-2 very 
efficiently, we used a strain expressing FLAG-tagged SDC-2 from an extrachromosomal array 
rescuing sdc-2 and anti-FLAG antibodies. A recent study by Ercan et al. (2009) reported ChIP-
chip profiles of SDC-2 using two antibodies raised to different regions of SDC-2 and found 
SDC-2, unlike SDC-3, primarily bound to rex sites with little accumulation at known dox sites or 
other gene promoters on X. They concluded that SDC-2 and SDC-3 differ in their role for 
promoting DCC binding at dox sites. They speculated that the disparity between their and our 
SDC-2 ChIP-chip results could be explained by our tagged-SDC-2 protein being overexpressed 
from a multi-copy extrachromosomal array. We have shown this speculation to be invalid by 
western blot assays of SDC-2 protein levels in wild-type embryos and in the tagged strain we 
used for ChIP-chip (Fig. 6B). The accumulation of SDC-2 was indistinguishable between the 
two strains. This result argues strongly against our FLAG-SDC-2 ChIP-chip binding results 
being artificially elevated due to SDC-2 over-expression, and instead suggests that the lower 
levels of SDC-2 binding seen by Ercan et al. (2009) across X, but particularly at dox sites, was 
due to inefficient ChIP by their SDC-2 antibodies. This distinction is important, as interpretation 
of DCC binding in sdc-2 mutants is partially dependent on precise knowledge of where SDC-2 
binds normally. 
 
 
Dosage compensation regulates transcription   
 
 While it has long been known that C. elegans dosage compensation regulates the 
abundance of X-linked transcripts in XX animals, it was not known whether this regulation 
occurred at the level of transcription or instead was imposed post-transcriptionally. Here we 
report that binding of phosphorylated and unphosphorylated forms of RNA Pol II, representing 
the initiating and elongating forms of RNA Pol II, is dramatically increased throughout the 
promoter and coding regions of genes on X chromosomes in dosage compensation mutants. 
Therefore, we conclude that dosage compensation regulates gene expression transcriptionally, at 
least in part by regulating recruitment of RNA Pol II to genes across X. Given the coordinate 
increase in RNA Pol II phosphorylated at both Ser5 and Ser2 in dosage compensation mutants, 
we could not determine whether subsequent steps such as the release from transcription initiation 
or the rate of transcription elongation are also specifically regulated. 
 
 Instead of using polymerase itself as a marker for transcription, one could assess how the 
DCC regulates transcription on X by mapping histone modifications associated with different 
steps of the transcriptional process. Trimethylation of histone H3 at lysine 4 (H3K4me3) is 
associated with initiating polymerases, while trimethylation of histone H3 at lysine 36 
(H3K36me3) is associated with elongating polymerase. ChIP-chip of H3K4me3 and H3K36me3 
in L3 larvae revealed potentially interesting differences for these modifications on X versus 
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autosomes. H3K4me3 is equally distributed on genes throughout the genome, while genes on X 
are depleted for H3K36me3 compared to those on autosomes (our reanalysis of data from 
Kolasinska-Zwierz et al. 2009). This disparity hints that in addition to reducing RNA Pol II 
recruitment, dosage compensation might also act to reduce the amount or rate of elongating 
polymerases on X, thereby reducing gene expression. For this hypothesis to be validated, 
however, it would be essential to assay H3K36me3 levels at genes on X in DCC mutants and 
find a preferential increase in H3K36me3 over H3K4me3 in DCC mutants. 
 
 
Comparison of DCC binding in nematodes and flies   
 
 Flies and nematodes have evolved opposite strategies for regulating X-linked gene 
expression. While nematodes reduce gene expression of the hermaphrodite’s two X 
chromosomes, flies increase gene expression of the male’s single X chromosome (Gelbart and 
Kuroda 2009). Despite this fundamental difference, similarities have emerged in the principles 
that govern the X chromosome binding of the dosage compensation complexes in these two 
organisms. Similar to the recruitment of the worm DCC to X chromosomes via rex sites, the fly 
MSL (male-specific lethal) complex is recruited to X via ~150-300 chromatin entry sites in a 
sequence-dependent manner using a motif enriched on X (Alekseyenko et al. 2008; Straub et al. 
2008). A second sequence-independent mode of binding also exists for both organisms (Kind 
and Akhtar 2007; Larschan et al. 2007; Kind et al. 2008). The latter class of binding is strongly 
correlated with high levels of gene expression, suggesting transcription-related features may 
facilitate this additional binding on X. However, this sequence-independent MSL binding on X is 
enriched at the 3’ end of fly genes (Alekseyenko et al. 2006; Gilfillan et al. 2006; Legube et al. 
2006), while sequence-independent DCC binding on both X and autosomes is enriched at the 5’ 
end of worm genes (Ercan et al. 2007; Jans et al. 2009). Full binding to transcriptionally active 
sites in both organisms requires proximity in cis to the sequence-dependent recruitment/entry 
sites (Gorchakov et al. 2009; this study). Finally, both fly and worm dosage compensation 
complexes have co-opted components from other regulatory complexes. The worm DCC 
recruited condensin subunits and a subunit of the gene activating MLL/COMPASS complexes, 
which catalyzes H3K4me3. The fly MSL complex recruited the H4K16 acetyltransferase protein 
MOF, which functions in a more global transcription activation complex present on X and 
autosomes in females and autosomes in males (Hilfiker et al. 1997; Akhtar and Becker 2000; 
Smith et al. 2000). The global gene activation potential of MOF appears to be constrained by its 
association with the male-specific MSL complex to permit only the 2-fold increase in 
transcription on X that is necessary for dosage compensation (Prestel et al. 2010). Thus, an 
emerging theme in the evolution of dosage compensation strategies is the adaptation of 
components from other regulatory complexes already involved in genome-wide control 
mechanisms for the selective purpose of X-chromosome gene regulation by the addition of one 
or more sex-specific proteins. 
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TABLE 1.  New rex sites predicted by DCC ChIP-chip in sdc-2 mutants and 
H3K4me3 ChIP-chip in wild-type embryos. 
 
Table shows the genomic location and MEX motif values for new rex sites predicted by 
ChIP-chip experiments.  Predicted rex sites were identified as large DPY-27 ChIP-chip 
peaks with dramatically reduced DPY-27 binding in sdc-2 mutant embryos, and no 
overlapping H3K4me3 peak.  Predicted rex sites that have since been verified as bona 
fide rex sites are indicated on the last column.!
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FIGURE 1.  DPY-30 participates in two gene regulatory complexes:  the DCC and 
MLL/COMPASS. 
 
(A) DPY-30 exhibits both diffuse nuclear localization and enrichment on X co-localized 
with DCC components.  Confocal images of an XX embryo co-stained with 4,6-
diamidino-2-phenylindole (DAPI, blue), antibodies against DPY-30 (green in merge), 
and SDC-3 (red in merge).  DPY-30 and SDC-3 co-localize.  The diffuse nuclear 
localization of DPY-30 supports a function in addition to dosage compensation.  Inset is 
an enlarged nucleus.  Scale bar, 5 m. 
 
(B) DPY-30 interacts with members of the DCC and the MLL/COMPASS component 
ASH-2. Immunoprecipitation (IP) and western blot (WB) analysis using embryo extracts 
confirm association of DPY-30 with the DCC components SDC-2 and SDC-3 as well as 
the MLL/COMPASS component ASH-2.  IP of ASH-2 fails to recover SDC-3 and very 
weakly recovers SDC-2, indicating that DPY-30 likely functions in two distinct 
complexes. 
 
(C) Schematics of the C. elegans DCC and C. elegans MLL/COMPASS complexes with 
known components identified (in color).  DPY-30 (red) is shared between both 
complexes. 
 
(D) C. elegans DPY-30 and ASH-2 are required for trimethylation of histone H3 at lysine 
4 (H3K4me3), consistent with their participation in MLL/COMPASS.  Shown are 
western blots of either RNAi empty vector control (L4440), dpy-30(RNAi), ash-
2(RNAi), wild-type or sdc-2(null) mutant embryos blotted with antibodies to histone H3 
or H3K4me3.  H3K4me3 is undetectable in embryos depleted of DPY-30 or ASH-2, 
while H3 levels are unaffected.  H3K4me3 levels are not reduced in sdc-2 mutant 
embryos, confirming that participation of DPY-30 in MLL/COMPASS, and not the DCC, 
is responsible for H3K4me3 and that disruption of dosage compensation does not affect 
H3K4me3. 
 
(E) Assembly of the DCC onto X is controlled by a genetic pathway that controls both 
sex determination and dosage compensation in which the repression of xol-1 activity in 
XX animals permits activation of the hermaphrodite-specific gene sdc-2.  sdc-2 turns on 
the hermaphrodite pathway of sexual differentiation in collaboration with sdc-1 and sdc-3 
by repressing the male sex-determination gene her-1, and sdc-2 triggers loading of the 
DCC onto X chromosomes in concert with sdc-3 and dpy-30 (Meyer 2010). 
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FIGURE 2.  The DPY-30 binding profile on X and autosomes is coincident with the 
DCC profile but the level of DPY-30 binding on autosomal sites is higher than other 
DCC components. 
 
(A-C) Representative ChIP-chip profiles of five DCC components (DPY-30, DPY-27, 
DPY-26, SDC-3, SDC-2) and one MLL/COMPASS component (ASH-2) on the X 
chromosome and an autosome.  The location of genes is indicated below the ChIP 
profiles, and the direction of transcription is indicated by arrows.  Both endogenous 
DPY-30 and a rescuing, HA-tagged DPY-30 bind to all previously identified DCC 
binding sites on X and autosomes.  The ASH-2 binding profile is similar to that of the 
DCC, but differs in an important way at rex sites.  ASH-2 binds to most rex sites within 
promoters of genes but rarely at intergenic rex sites. 
 
(A) DPY-30, but not ASH-2, binds to the intergenic rex-42 site.  ASH-2 binds the nearby 
dox site. 
 
(B)  DPY-30 and ASH-2 bind to rex-37, a site overlapping divergent promoters. 
 
(C) On autosomes, the location of DPY-30 binding sites are indistinguishable from those 
of other DCC components.  ASH-2 binding is coincident with DPY-30 and DCC 
components, except for a  small number of ASH-2-specific binding sites (see E and F). 
 
(D) Histograms depicting the distribution of DPY-27, DPY-30, or ASH-2 ChIP-chip 
probe scores across the X chromosome and autosomes in wild-type XX embryos.  Probe 
scores were grouped into bins with a step size of 0.06 (log2 scale), and the percentage of 
total probes in each bin was graphed on the Y-axis.  DPY-27 binds more strongly to the 
X chromosome than to autosomes, as shown by the higher average probe intensity.  
Consistent with DPY-30 functioning in both the DCC and MLL/COMPASS complexes, 
DPY-30 binding is more evenly distributed across X and autosomes than DPY-27 
binding, with a slight enrichment on X.  ASH-2 binding is also more equally distributed 
between X and autosomes, with a slight enrichment on autosomes, consistent with its 
more singular role in the MLL/COMPASS complex. 
 
(E) ASH-2 binds to a small set of sites independently from DPY-30 and other DCC 
components, consistent with its participation in a separate complex.  Unique ASH-2 
peaks were defined as those not overlapping with DPY-30, DPY-27, DPY-26, SDC-3, or 
SDC-2 binding sites.  The distance from the center of the unique or non-unique peaks to 
the nearest transcriptional start site (TSS) was determined.  These distances were grouped 
into 250-bp bins, and the percentage of peaks within each bin was calculated for each 
category (negative X-axis values correspond to peaks that lie upstream of the TSS).  The 
unique ASH-2 peaks occur 3’ of the TSS, within the coding region, while the peaks that 
overlap with DCC binding sites are enriched within promoters. 
 
(F) ChIP-chip binding profile of a unique ASH-2 binding site.  ASH-2 binds within the 
coding region of the gene, unlike DPY-30 or other DCC components (data not shown).
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FIGURE 3.  Like the DCC, DPY-30 and ASH-2 are found preferentially in 
promoters of expressed genes on both X and autosomes.  
 
(A,B) Shown is the distribution of DPY-30 or ASH-2 peaks relative to the distance from 
the transcriptional start site (TSS) of expressed (blue line) or non-expressed (red line) 
genes.  For each gene, DPY-30 or ASH-2 peaks with centers within +/- 5 kb of a TSS 
were mapped to the nearest TSS.  Genes with peaks were then grouped in 250-bp bins 
relative to the TSS-to-peak distance.  The percentage of genes in each bin was calculated 
relative to all genes in that class (expressed or non-expressed) within the +/- 5 kb interval.  
TSS locations were obtained from Wormbase release WS180.  ASH-2 peaks were found 
in 7577 expressed and 716 non-expressed genes.  DPY-30 peaks were found in 7914 
expressed and 502 non-expressed genes. Both DPY-30 and ASH-2, like DCC 
components, preferentially bind to the promoters of expressed genes versus non-
expressed genes. 
 
(C,D) Shown is the distribution of DPY-30 or ASH-2 peaks relative to the distance from 
the TSS of all genes on X or autosomes. Peaks were mapped to the nearest TSS, within a 
+/- 5 kb interval around the TSS.  Peaks were then grouped in 250-bp bins relative to the 
TSS-to-peak distance, and the percentage of peaks within each bin was calculated relative 
to all peaks within in the +/- 5 kb interval.  DPY-30 and ASH-2 binding is enriched at 
promoters of genes on both X and autosomes.  Some DPY-30-independent ASH-2 peaks 
were identified within the coding regions of genes, suggesting that ASH-2 may 
participate in protein complexes without DPY-30. This DPY-30-independent ASH-2 
binding is demonstrated by the shoulder present 3’ of the TSS in the ASH-2 binding 
distribution, but absent in the DPY-30 distribution. 
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FIGURE 4.  Differential requirements for DCC binding to rex and dox sites. 
 
(A) Histograms show distribution of DPY-27 ChIP-chip probe scores across the X 
chromosome and autosomes in wild-type versus sdc-3 mutant embryos.  Probe scores 
were grouped in bins with a step size of 0.06 (log2 scale), and the percentage of total 
probes in each bin was graphed on the Y-axis.  The probe score distribution of the X 
chromosome in sdc-3 mutant embryos is greatly reduced compared to that in wild-type 
embryos and closely resembles that of wild-type autosomes (see Fig. 2D).  Additional 
histograms of probe intensities from DPY-27 ChIP-chip experiments for other DCC 
mutants are shown in Supplemental Fig. S4. 
 
(B) ChIP-chip profile of DPY-27 binding in wild-type XX embryos compared to embryos 
mutant for dpy-30, sdc-3 or sdc-2.  rex-site binding is nearly eliminated in these mutants, 
whereas dox-site binding is greatly reduced but present. 
 
(C) Histograms showing quantification of DPY-27 and SDC-3 binding at rex and dox 
sites in wild-type versus DCC mutant embryos.  For the histogram, the height of the bar 
corresponds to the percentage of bound rex and dox sites with a peak score of 0.75 or 
better in DCC mutants. The average peak scores shown in parentheses below the 
histogram were calculated from the scores of all called peaks at rex and dox sites.  DCC 
binding to rex sites is dependent on SDC-2, SDC-3 and DPY-30, whereas a low-level dox 
site binding is independent of these proteins. 
 
(D) Graphical representations of DPY-27 ChIP-chip probe intensities along 5 kb regions 
centered on representative rex and dox sites (green line) in wild-type versus sdc-2 mutant 
embryos further show that binding to rex sites is eliminated and binding to dox sites is 
severely reduced.  Additional graphical representations of probe intensities from SDC-3 
and DPY-27 ChIP-chip experiments for other DCC mutants are shown in Supplemental 
Fig. S5. 
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FIGURE 5.  DCC binding on X in DCC mutants resembles that on autosomes in 
wild-type embryos. 
 
(A-C) Histograms showing the distribution of DPY-27 ChIP-chip probe scores across the 
X chromosome and autosomes in wild-type embryos compared to sdc-3, sdc-2, or dpy-30 
mutant embryos.  Probe scores were grouped in bins with a step size of 0.06 (log2 scale), 
and the percentage of total probes in each bin was graphed on the Y-axis.  In each 
mutant, the probe score distribution of the X chromosome more closely resembles that of 
autosomes than X chromosomes in wild-type embryos.  These results support the model 
that low-level intrinsic binding to dox sites in the absence of DCC binding to rex sites 
mimics DCC binding to autosomes, and proximity in cis to rex sites is required for full 
occupancy of dox sites. 
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FIGURE 6.  Quantification of levels of DCC subunits in wild-type and mutant 
strains.  
 
(A) SDC-3 and DPY-27 accumulate in sdc-2 null mutant embryos.  Shown are western 
blots probing levels of SDC-3 and DPY-27, relative to -tubulin loading controls, in 
wild-type versus sdc-2 null mutant embryo extracts.  SDC-3 is present at reduced levels 
in sdc-2 mutant embryos, while DPY-27 is present at comparable levels in both 
genotypes.   
 
(B) SDC-2 is present at wild-type levels in a strain expressing rescuing FLAG-tagged 
SDC-2 off an extrachromosomal array.  Shown is a western blot of equivalent amounts of 
either wild-type embryo extract, or extract from embryos expressing FLAG-tagged SDC-
2 in an sdc-2 null mutant background.  SDC-2 protein levels are comparable in the two 
genotypes, indicating the extent of binding to rex and dox sites observed in FLAG-SDC-2 
ChIP-chip is not due to over-expression of SDC-2. 
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FIGURE 7.  Autosomal binding of DPY-27 and SDC-3 is unchanged in DCC 
mutants and similar to that of SMC-4.  
 
(A) Representative ChIP-chip profiles of DPY-27, SDC-3 and SMC-4 binding on 
chromosome I in wild-type and DCC mutant strains.  Compared to DPY-27 and SDC-3 
binding on X chromosomes (Figs. 3 and 4 and Supplemental Fig. 5), the binding on 
autosomes is relatively unchanged in DCC mutants. In addition, the binding profile of the 
condensin component SMC-4 is very similar to that of the DCC on autosomes, 
suggesting common binding sites for condensin-like complexes.  The location of genes is 
indicated below the profiles, and the direction of transcription is indicated by arrows. 
 
(B) Representative ChIP-chip profiles of SMC-4 in wild-type embryos and DPY-27 in 
wild-type and sdc-2 mutant embryos at dox sites and one rex site on X. The binding 
profile of SMC-4 in wild-type embryos on X is very similar to the low-level intrinsic 
DPY-27 binding in sdc-2 mutant embryos, suggesting these sites may have an affinity for 
binding of condensin-like proteins. The location of genes is indicated below the profiles, 
and the direction of transcription is indicated by arrows. 
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FIGURE 8.  DPY-30 binds to rex sites through participation in two distinct 
complexes. 
 
ChIP-chip profiles of DPY-30, ASH-2 or DPY-27 in wild-type or DCC mutant embryos, 
with genes depicted below and arrows showing direction of transcription.  DPY-30 
binding is independent of sdc-3 at all rex sites, but is dependent on sdc-2 at some rex 
sites. 
 
(A,B) At most intergenic rex sites, such as rex-1 and rex-23, binding of DPY-30 and 
DPY-27 is eliminated in an sdc-2 mutant, and ASH-2 is not bound in any genotype, 
consistent with DPY-30 binding to these sites as a member of the DCC. 
 
(C) At most rex sites within promoters, such as rex-37, DPY-30 binding is retained in an 
sdc-2 mutant even though DPY-27 binding is greatly reduced. At these rex sites, ASH-2 
binds, suggesting that DPY-30 binding reflects its participation in the MLL/COMPASS 
complex. 
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FIGURE 9.  rex sites can be predicted by the combination of ChIP-chip profiles of 
DCC components in dosage compensation mutants and of H3K4me3 in wild-type 
embryos.   
 
(A) Large DPY-27 peaks that are significantly reduced in sdc-2 mutants and lack H3K4 
trimethylation are predicted to be rex sites.  Shown are ChIP-chip profiles of DPY-27, 
DPY-30 and ASH-2 in wild-type and DCC mutants at the newly predicted rex site, rex-
42.  
 
(B) Confocal images showing two intestinal cell nuclei, one carrying an 
extrachromosomal array containing multiple copies of rex-42 (labeled with a FISH probe, 
green) and one lacking the array, co-stained with DAPI (blue) and antibodies to DPY-27 
(red). !"#$%&'$()(*()%+,$-&$./#)-0#,%**%1*,2-$-,3-$4($)-5,%*,3$-6/(.*+1,
5-*&$/7-5,89%0*,-#,%+:,;<<=>:,The rex-42 array recruits the DCC and titrates it off the X 
chromosome, as seen by DPY-27 co-localization with the array, but not with X.  In the 
adjacent nucleus not carrying an array, DPY-27 localizes to the X chromosomes.  
 
(C) Table shows the percent of DCC recruitment, genomic location, MEX motif values, 
and H3K4me3 ChIP-chip results for four predicted rex sites and a large peak that does 
not fit our prediction and is a dox site.  These criteria allow us to distinguish rex sites 
from dox sites. 
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FIGURE 10.  DCC binding to autosomes is increased when rex sites are attached in 
cis in an X:Autosome fusion chromosome. 
 
(A) ChIP-chip profile of DPY-27 binding to chromosome V in wild-type embryos 
compared to those carrying an X:V chromosomal fusion (strain ypT28).  Peak calls are 
underlined in orange.  Attaching the X chromosome in cis to autosomal DNA enhances 
the level of DCC binding at sites bound on wild-type autosomes and also creates new 
sites of binding. 
 
(B) Model for loading the DCC onto X based on DCC mutant and fusion chromosome 
data.  dox sites possess a low intrinsic binding capability that is comparable to autosomal 
binding and is positively correlated with transcriptional activity of nearby genes.  The 
DCC loads onto rex sites in a sequence-specific manner dependent on SDC-2, SDC-3, 
and DPY-30.  The intrinsic low-level dox-site binding, specified at least in part by 
transcriptional activity, is enhanced by proximity in cis to DCC-bound rex sites. 
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FIGURE 11.  Fusion of chromosome V to X increases DCC binding up to 2 Mb from 
the point of fusion, but does not alter DCC distribution on X or the rest of V.  
 
(A-D) Histograms depicting the distribution of DPY-27 ChIP-chip peaks along either 
chromosomes V or X in wild-type embryos compared to those in the X:V fusion strain 
ypT28.  Peaks were mapped along each chromosome and then grouped into 200 kb bins 
based on location on the chromosome. The percentage of total peaks within each bin was 
calculated relative to all peaks on that chromosome and plotted on the Y axis, with 
position along the chromosome (in Megabases) on the X axis.  Overall peak distribution 
along the X chromosome remains unchanged in the X:V fusion strain.  Binding on 
chromosome V is increased from the point of fusion (left-hand side of V) to 
approximately 2 Mb into the chromosome.   
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FIGURE 12.  The new autosomal binding seen by Ercan et al. (2009) in an 
X:Autosomal fusion strain is similar to the binding we observe in wild-type 
embryos. 
 
Studies from others (Ercan et al. 2009) have previously reported that fusion of the X 
chromosome to an autosome increases autosomal binding.  However, that study (and the 
earlier Ercan et al. 2007 study) did not find many autosomal DCC binding sites in wild-
type embryos and therefore argued that the majority of autosomal binding sites in the 
X:A fusion did not exist in wild-type embryos. As we detect significant autosomal 
binding in wild-type embryos, we compared our wild-type DPY-27 ChIP-chip dataset 
with DPY-27 ChIP-chip data in X:II fusion embryos from Ercan et al. (2009) and wild-
type DPY-27 ChIP-chip data from Ercan et al. (2007).  In each case, two replicates were 
analyzed using the same methods as in Ercan et al. (2009).  Each individual replicate was 
normalized using ChIPOTle 2.0 (http://sourceforge.net/projects/chipotle-2/).  Normalized 
replicates were then merged using ChIPOTle 2.0, and peaks were called using the same 
conditions outlined in Ercan et al. (2009) (ChIPOTle peak calling algorithm. Window 
size of 500. Step size of 100. p = 10-40.  Peaks are underlined in orange). 
 
(A,B) Within the first 2.5Mb of the X:II fusion point, 65 peaks are called in the Ercan et 
al. (2009) X:II fusion experiments.  Of these 65 DPY-27 peaks, 13 were called as peaks 
in our wild-type chromosome II. Of those not called as peaks, 71% showed appreciable 
binding by visual inspection in our wild-type chromosome II profiles. The peaks in 
common are not simply the result of a high background binding in our wild-type data 
sets, as we only observe 17 total peaks within the same 2.5Mb. 
 
(C,D) Distant from the point of fusion between II and X, we observe higher levels of 
DPY-27 binding on II in our wild-type embryos (A and B) than seen on II by Ercan et al. 
(2009) on the X:II fusion chromosome or on the wild-type chromosome II by Ercan et al. 
(2007). Some of the peaks called in our data correspond to a small amount of binding in 
the Ercan et al. (2009) fusion and the Ercan et al. (2007) wild-type data set.  The reason 
for the difference in the levels of autosomal DCC binding seen between our two groups is 
unknown.  The significant DPY-27 binding we see along chromosome II plays an 
important role in our model of how the DCC binds to rex and dox sites. 
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FIGURE 13.  DCC binding at both X and autosomal promoters changes as gene 
expression changes. 
 
(A,B) DPY-27 ChIP-chip profiles from embryos (green) or fed L1 larvae (magenta), with 
corresponding gene expression data from microarrays.  Genes (below profiles) are color 
coded such that those with higher expression in embryos are shown in orange and those 
with higher expression in fed L1s are shown in blue.  Genes with less than a four-fold 
difference in expression are shown in gray.  The direction of transcription is indicated by 
arrows. 
 
(A) DPY-27 binding changes as gene expression changes on both X and autosomes. 
Genes that are more highly expressed in embryos tend to have more DCC binding in 
embryos, and genes more highly expressed in fed L1s have more DCC binding in fed 
L1s. 
 
(B) Binding of DPY-27 to rex sites is constant between embryos and fed L1 larvae.  This 
is exemplified by the ChIP-chip profile of DPY-27 at rex-24 in both embryos and fed L1s 
Additional examples are shown in Supplemental Fig. S13. 
 
(C) Graph shows the positive correlation for both X and autosomes between changes in 
gene expression and changes in DPY-27 binding at promoters.  For each gene that is 
expressed in embryos or fed L1s, the third highest ChIP-chip probe score within the 
promoter was used for the comparative analysis of DCC binding.  The fed L1 ChIP-chip 
and gene expression values were subtracted from those of embryos and sorted by the 
difference in DPY-27 binding.  A moving average of 100 genes with a step size of 1 was 
determined for the difference in DPY-27 binding and gene expression.  The data for both 
X and chromosome II are compared.  The positive quadrants of the axes correspond to 
higher binding or expression in embryos compared to fed L1s. 
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FIGURE 14. Polymerase binding is correlated with gene expression. 
 
(A) Scatterplots depicting the correlation of RNA Pol II binding in coding regions with 
level of gene expression for each Pol II antibody.  For each gene, the median Pol II ChIP-
chip probe score within the coding region (+500 to STOP) is graphed on the X axis, and 
the log2 gene expression level by microarray is plotted along the Y axis.   
The Pearson’s correlation coefficient (r) calculated for each set of probe scores and 
expression values showed a relatively strong positive correlation between Pol II 
occupancy and level of gene expression for all three antibodies.  As expected, the ChIP-
chip data for the elongating form of Pol II (phosphorylation of S2 in the CTD, labeled 
Phospho-S2 ) in the coding region of genes correlates most strongly with gene expression 
level.  
 
(B) Scatterplots depicting the correlation of RNA Pol II binding in promoter regions with 
level of gene expression for each Pol II antibody.  For each gene, the third highest probe 
score within the promoter (-2 kb to TSS) is graphed on the X axis, and the log2 gene 
expression level by microarray is plotted along the Y axis.   
The Pearson’s correlation coefficient (r) calculated for each set of probe scores and 
expression values showed a relatively strong positive correlation between Pol II 
occupancy and level of gene expression for all three antibodies.  As expected, the ChIP-
chip data for the initiating form of Pol II (phosphorylation of S5 in the CTD, labeled 
Phospho-S5 ) in the promoter region of genes correlates most strongly with gene 
expression level.  
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FIGURE 15. RNA Polymerase II binding is increased on X but not autosomes in 
dosage compensation mutants.  
 
(A) ChIP-chip profiles using antibodies directed to three different forms of RNA Pol II:  
unphosphorlyated Pol II CTD (8WG16 and Bentley), initiating Pol II (Phospho-S5 CTD 
[S5]) or elongating/terminating Pol II (Phospho-S2 CTD [S2]) on chromosome III.  
Binding of all Pol II forms remains relatively unchanged in sdc-2 mutants on autosomes.  
Binding of all 3 forms of Pol II is relatively unchanged on chromosome II in wild-type 
embryos compared to sdc-2 mutant embryos, unlike the case for X (Fig. 7A and B). 
 
(B) Histograms showing distribution of RNA Pol II ChIP-chip probe scores for the 
initiating form of Pol II (phosphorylation on S5 of the CTD) across the X chromosome 
and autosomes in wild-type embryos compared to sdc-2 mutants.  Probe scores were 
grouped in bins with a step size of 0.06 (log2 scale), and the percentage of total probes in 
each bin was graphed on the Y-axis.  In wild-type embryos, the probe score distribution 
on X is slightly lower than on autosomes.  Conversely, in sdc-2 mutant embryos probe 
scores on X are generally higher than an autosomes, indicative of increased Pol II 
initiation across X.  
 
(C) Histograms showing distribution of RNA Pol II ChIP-chip probe scores for the 
elongating form of Pol II (phosphorylation on S2 of the CTD) across the X chromosome 
and autosomes in wild-type embryos compared to sdc-2 mutants.  Probe scores were 
grouped in bins with a step size of 0.06 (log2 scale), and the percentage of total probes in 
each bin was graphed on the Y-axis.  In wild-type embryos, the probe score distribution 
on X is slightly lower than on autosomes.  Conversely, in sdc-2 mutant embryos probe 
scores on X are generally higher than an autosomes, indicative of increased Pol II 
elongation across X. 
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FIGURE 16.  Dosage compensation acts at the level of transcription. 
 
(A,B) ChIP-chip binding profiles on the X chromosome using antibodies raised to 
different forms of RNA Polymerase II in wild-type and sdc-2 mutant embryos:   RNA Pol 
II unphosphorylated CTD form (8WG16 and Bentley), initiating RNA Pol II 
(phosphorylated on S5 in the CTD) or elongating/terminating RNA Pol II 
(phosphorylated on S2 in the CTD on the X chromosome).  Binding of all 3 forms of 
RNA Pol II is increased at genes across X in sdc-2 mutant embryos, indicating that 
dosage compensation must function at least at the level of transcription. 
 
(C) Histograms showing distribution of RNA Pol II (8WG16) ChIP-chip probe scores 
across the X chromosome and autosomes in wild-type XX embryos compared to sdc-2 
mutants.  Probe scores were grouped in bins with a step size of 0.06 (log2 scale), and the 
percentage of total probes in each bin was graphed on the Y-axis.  In wild-type embryos, 
the probe score distribution on X is slightly lower than on autosomes.  Conversely, in 
sdc-2 mutant embryos probe scores on X are generally higher than on autosomes, 
indicative of increased RNA Pol II binding across X.,
,
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ABSTRACT 
 

 X-chromosome dosage compensation is an essential, chromosome-wide regulatory 
mechanism employed by many species to equalize levels of X gene products between different 
sexes.  In C. elegans, dosage compensation is executed by a multi-protein Dosage Compensation 
Complex (DCC) resembling condensin.  The DCC binds both X chromosomes of XX animals to 
decrease X transcript levels by about two-fold.  Two classes of cis-acting regulatory elements on 
X have been identified to which the DCC binds.  rex sites autonomously recruit the DCC in a 
sequence-dependent manner, whereas dox sites fail to bind the DCC when detached from X and 
are enriched in promoters of expressed genes.  However, it is still unclear precisely how the DCC 
is targeted to X and how complex assembly is regulated.  Here, I describe the discovery of the 
first post-translational modification important for C. elegans dosage compensation:  the small 
ubiquitin-like molecule SUMO (smo-1 in C. elegans).  smo-1 is essential for proper targeting of 
the DCC to the X chromosome. Reduction of SUMOylation by RNAi causes a significant 
reduction in binding of most DCC components on the X chromosome.  However, X-binding of 
the DCC recruitment proteins SDC-2 and DPY-30 is only slightly perturbed, if at all.  I show that 
the three DCC components SDC-3, DPY-27 and DPY-28 are targets of SUMOylation, and their 
modification is dependent on proteins that recruit the DCC to rex sites.  SUMOylation is 
functionally required for dosage compensation, as dosage compensated genes are over-expressed 
in smo-1(RNAi) embryos.  Interestingly, disruption of SUMOylation also results in new 
autosomal DCC binding sites, which are enriched in genes that are highly expressed in embryos 
depleted of SUMO by RNAi. Together these results support a model where SDC-2 and DPY-30 
are recruited to rex sites independently of SUMOylation, and yet assembly of the rest of the 
DCC, particularly the condensin-like subunits, requires SUMOylation of SDC-3, DPY-27 and 
DPY-28. 
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INTRODUCTION 
 
 In heterogametic organisms, such as C. elegans, the essential process of dosage 
compensation equalizes X-linked gene products between sexes.  C. elegans achieves balance in 
X chromosome gene expression by an approximate two-fold reduction in expression of X-linked 
genes from both hermaphrodite X chromosomes, thus reducing combined X expression down to 
that of the male’s single X. The precise mechanism of dosage compensation in C. elegans is 
unknown.  In this chapter, I establish the importance of the post-translational modification 
SUMO in C. elegans dosage compensation. 
  
 Post-translational modification of cellular proteins by the small ubiquitin-like modifier 
SUMO is a commonly employed mechanism of altering protein sub-cellular localization, 
regulating protein activity or creating new binding sites modulating protein-protein interactions.  
SUMOylation affects numerous target proteins engaged in a variety of processes such as 
transcription, replication, chromosome segregation and DNA repair.  SUMO is a 100 amino acid 
polypeptide whose covalent attachment to lysine residues on substrate molecules occurs via an 
enzymatic pathway similar to ubiquitination (Figure 1C) (see (Geiss-Friedlander and Melchior 
2007) for review).  First, a C-terminal peptide is cleaved off the SUMO precurser, revealing a di-
Glycine motif on the matured SUMO molecule.  Next, SUMO is adenylated by the heterodimeric 
E1 activating enzyme UBA-2/AOS-1 in an ATP-dependent manner.  Adenylation of SUMO is 
essential for its transfer to the E2 conjugating enzyme UBC-9.  Finally, SUMO is covalently 
attached to a lysine residue on its final substrate protein, often involving the participation of an 
E3 ligase. SUMOylation can be reversed by the activity of SUMO-specific proteases, and 
SUMO-modified proteins generally exist in a dynamic distribution between the SUMOylated 
form and the unmodified form.  
  
 Unlike the case for ubiquitination, relatively few SUMO ligases have been described.  
The first identified proteins with SUMO ligase-activity were the protein inhibitor of activated 
STAT (PIAS) and PIAS-like proteins, the nucleoporin Ran-binding protein 2 (RanBP2) and the 
Polycomb-2 protein (Pc2) (Hochstrasser 2001; Kirsh et al. 2002; Kagey et al. 2003).  In addition, 
class IIa histone deacetylases (HDACs) and Topors protein have more recently been shown to 
facilitate SUMOylation of specific substrates (Gregoire and Yang 2005; Weger et al. 2005; 
Hammer et al. 2007).  Like many ubiquitin ligases, SUMO ligases seem to function in an 
adaptor-like capacity, rather than through enzymatic activity. For example, PIAS proteins 
facilitate SUMO-attachment by simultaneously binding the E2 enzyme Ubc9 and the target 
substrate, thus bringing SUMO within the correct proximity and orientation for transfer to the 
target lysine (Kahyo et al. 2001; Takahashi et al. 2001). 
  
 Higher eukaryotic genomes contain several SUMO paralogs, which differ significantly in 
sequence (Melchior 2000; Guo et al. 2004).  SUMO-1 appears to be mostly conjugated to 
proteins, while SUMO-2 and SUMO-3 are predominantly found in free form.  SUMO-2 and 
SUMO-3 are nearly identical to each other in sequence and are likely to be functionally 
redundant.  SUMO-4 contains a unique proline residue at position 90, which prevents the 
processing of SUMO-4 to maturity, suggesting that conjugation of SUMO-4 to substrates in vivo 
is unlikely (Owerbach et al. 2005).  C. elegans and other lower eukaryotes produce a single 
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SUMO molecule, SUMO-1, which in C. elegans is encoded by the essential gene smo-1 (Table 
1) (Jones et al. 2002).  
  
 We have only begun to understand how SUMO-modification is targeted to the correct 
lysine residue on the substrate molecule.  A consensus sequence !KxE/D (where ! is a large 
hydrophobic residue and x is any amino acid) surrounds the target lysine residue in many cases, 
however this consensus sequence is present ubiquitously throughout the proteome, and therefore 
is not sufficient to direct SUMO-modification alone (Rodriguez et al. 2001; Sampson et al. 
2001).  In some cases, an extended consensus site exists, involving negatively charged amino 
acids or phosphorylation motifs downstream of the !KxE/D sequence, where x is any amino 
acid (reviewed in (Anckar and Sistonen 2007)).  Besides consensus sequence recognition, many 
other mechanisms regulating SUMOylation have been described.  These regulatory mechanisms 
include spatial and temporal restriction of the SUMO pathway machinery, cross-talk with other 
post-translational modifications and regulation of SUMO conjugating and de-conjugation 
enzyme activity (reviewed in (Bossis and Melchior 2006)).  For example, in budding yeast 
SUMOylation of septins in the bud neck promotes disassembly of the septin rings after 
cytokinesis.  To regulate timing of septin ring disassembly, the SUMO E3 ligase Siz1 is 
restricted to the nucleus throughout interphase and is only released into the bud neck during 
mitosis, where it SUMOylates septins (Johnson and Blobel 1999; Takahashi et al. 1999; 
Takahashi et al. 2001).   
  
 While traditionally thought of as a covalent post-translational modification, SUMO is 
also able to associate with proteins in a non-covalent manner through the presence of SUMO-
interacting motifs (SIMs) (Kerscher 2007).  In general, SIMs consist of a hydrophobic core 
flanked by acidic residues or serine.  The best characterized SIMs contain the consensus 
sequence V/I – x - V/I - V/I or V/I - V/I -x- V/I/L (where “x” is any amino acid) (Hecker et al. 
2006; Gareau and Lima 2010).  A number of proteins contain both SUMO conjugation sites and 
SIMs, and often non-covalent interaction with SUMO via the SIM is important for efficient 
covalent SUMO-attachment.  For example, the transcriptional corepressor Daxx is both a target 
of SUMOylation and contains a SIM (Ishov et al. 1999; Jang et al. 2002).  Mutation of the SIM 
within Daxx causes a significant decrease in the level of Daxx SUMOylation, as does mutation 
of the region in SUMO itself that is important for non-covalent interactions.  This suggests that 
non-covalent interaction of the Daxx SIM with SUMO promotes efficient Daxx SUMOylation.  
Daxx interacts with the SUMOylated transcription factors AR, Smad4 and CBP and acts to 
repress their transcriptional activity. The SIM of Daxx is essential for it to bind to any of these 
SUMOylated transcription factors and repress gene expression (reviewed in (Lin et al. 2006)).  
Thus, SIMs can mediate both intra-molecular SUMOylation and also inter-molecular 
interactions.    
  
 SUMO-modification of proteins involved in transcriptional regulation is an important 
mechanism of controlling gene expression.  A wide variety of transcriptional regulators have 
been found to be targets of SUMOylation, including DNA-binding transcription factors, 
cofactors, histones and chromatin-modifying enzymes.  Documented cases of SUMO-
modification acting to both stimulate and repress gene expression exist.  For example, 
SUMOylation of the transcriptional repressor Ikaros perturbs its interaction with the Sin3 and 
NuRD (nucleosome remodeling and deacetylase) co-repressor complexes, thus activating 

92



transcription (Gomez-del Arco et al. 2005). Despite some examples of SUMO-involvement in 
gene activation, the predominant role of SUMO in gene regulation is in transcriptional repression 
(Lyst and Stancheva 2007).  In fact, before the SUMO consensus motif was established as a site 
for SUMO-modification, it was originally identified as a negative regulatory sequence in 
multiple transcription factors (Iniguez-Lluhi and Pearce 2000).  
  
 One of the first hints that SUMOylation primarily mediates transcriptional repression was 
the fact that targeting the SUMO E2 enzyme Ubc9 to a reporter gene’s promoter was sufficient 
to repress expression of that gene in S. cerevisiae.  This repression is thought to be mediated, at 
least in part, through recruitment of the histone deacetylase HDAC and heterochromatin protein 
HP1 to SUMOylated histone H4.  In addition, mutation of the SUMO-attachment sites on the 
histone H2B causes an increase in basal gene expression levels of several non-induced genes in 
S. cerevisiae (Nathan et al. 2006). SUMOylation has also shown to promote transcriptional 
repression in mammals.  SUMO-modification of the mammalian Ets-like kinase 1 (Elk-1) 
recruits HDAC2, which reduces histone acetylation and represses genes controlled by the MAPK 
signaling cascade.  Elk-1 phosphorylation promotes loss of SUMOylation, which results in 
release of HDAC2 and transcriptional activation of target genes (Yang et al. 2003; Yang and 
Sharrocks 2004; Yang and Sharrocks 2005; Yang and Sharrocks 2006).  In addition, recent 
experiments revealed that SUMOylation of HP1 in mouse cells is essential for targeting de novo 
HP1 localization and accumulation to pericentric heterochromatin, thus helping define this 
repressive subnuclear compartment (Maison et al. 2011). 
  
 While it has long been speculated that SUMOylation of multiple components of a 
complex might regulate formation of large protein complexes (Seeler and Dejean 2001), 
examples of this regulatory mechanism have only recently been discovered.  For example, 21 
ribosomal subunits are SUMOylated, 12 from the large subunit and 9 from the small subunit 
(Hannich et al. 2005).  However, experiments thus far point to a role for SUMOylation in export 
of ribosomal subunits from the nucleolus and not necessarily in complex assembly or 
disassembly (Finkbeiner et al. 2011).  In addition, multiple components of PML-containing 
nuclear bodies (NB) are modified by SUMO and recruitment of NB proteins to nuclear bodies is 
dependent on SUMOylation and SUMO-modification sites on PML (Sternsdorf et al. 1997; 
Kamitani et al. 1998; Muller et al. 1998; Duprez et al. 1999; Zhong et al. 2000).  SUMOylation 
has also been implicated in formation of nuclear lamina and centromeric protein complexes, but 
in each case very little is known about the actual mechanism SUMO plays in complex assembly 
(Seeler and Dejean 2001).  
 
 In this chapter, I show that the post-translational modification SUMOylation is essential 
for the proper execution of dosage compensation in C. elegans. Loss of SUMO causes altered 
DCC binding throughout the genome such that binding on X is indistinguishable from any given 
autosome. SUMO is also required functionally for execution of dosage compensation, as 
depletion of SMO-1 protein levels by RNAi results in similar changes in gene expression as in 
dosage compensation mutants.  Finally, at least three DCC components are targets of 
SUMOylation, and their modification is dependent on the recruitment proteins SDC-2, SDC-3 
and DPY-30 (Figure 1A,B). I suggest that SUMOylation of the DCC may occur once the 
complex is recruited to rex sites on X, where it then promotes complex stability.  In SUMO 
mutants, the DCC is recruited to rex sites at a low level, but full occupancy, particularly of the 
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condensin-like components, never occurs. Whatever the mechanism, it is clear that 
SUMOylation is a key regulator of C. elegans dosage compensation. 
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MATERIALS AND METHODS 
 
Nematode strains  
Nematode strains used in this study are as follows: 
TY125, wild-type XX (N2) 
TY0810, sdc-2(y93, RNAi) X  XX 
NX25, smo-1(ok359) I; Ex[FLAG-3xHIS-smo-1] XX 
TY4573, sdc-2(y74) X; yEx992[flag-sdc-2 + myo2::gfp] XX 
TY1119 dpy-30(y130ts) V XX  
TY1724 sdc-3(y129) V XX 
 
Nematode culture 
All worms for embryo ChIP-chip analysis and microarray expression experiments were grown to 
high density on NG agar plates with concentrated HB101 at 20°C.  For empty vector control, 8 
µl of synchronous L1 larvae were spotted onto 60 10 cm RNAi plates (NG agar with 100ug/ml 
Carb and 1mM IPTG) with 2 mls of concentrated HT115 bacteria grown in the fermenter 
carrying an empty RNAi vector (L4440).  Worms were grown for ~96 hours at 20°C before 
collecting embryos by bleaching.  For smo-1 RNAi, worms were first bulked up on concentrated 
HB101, as for the control.  For the final generation of growth, synchronous L1 larvae were first 
grown on HB101 for 24 hours to reach the L2/L3 stage and then transferred to RNAi plates 
spotted with concentrated fermenter-grown HT115 bacteria carrying an Ahringer feeding library 
bacteria plasmid expressing double stranded RNA to smo-1 (Kamath et al. 2003). Like for the 
control, 60 10 cm plates were used, and plates were split into two batches of 30 plates each 
before bleaching to create replicates. Worms were grown for 72 hours at 20°C on smo-1 RNAi 
before harvesting embryos.  
 
ChIP extract preparation  
Embryo extracts were prepared as described previously (Jans et al. 2009) except FLAG-tagged 
SDC-2 (TY2095) ChIP extracts were pre-cleared with protein G sepharose. Briefly, embryos 
collected by bleaching were crosslinked in 2% formaldehyde in M9 for 30 min at 20oC and 
quenched with 100 mM Tris-HCl (pH 7.5). Samples were then washed twice with M9, once with 
Homogenization Buffer (50mM HEPES-KOH (pH 7.6), 0.5% NP-40, 140mM KCl, 1mM 
EDTA, 5mM DTT, 1mM PMSF) and frozen in liquid nitrogen. Samples were sonicated to a 
range of 200 bp – 1 kb using a Heat System XL2020 Sonicator with a Misonix 419 tip for 10x30 
sec at 10%, then centrifuged at 5,000 x g for 20 minutes at 4°C.  The supernatant was again 
sonicated for 10x30 sec at 10% and spun at 20,000 x g for 20 minutes at 4°C. The resulting 
supernatant was pre-cleared with protein A sepharose for 30 min and frozen in liquid nitrogen. 
 
Antibodies   
Rabbit polyclonal antibodies against DPY-27 (rb699), SDC-3 (rb1079), SDC-2 (rb3778), DPY-
26 (rb1450), DPY-28 (rb1479) and SMC-4 (rb2655) were as described previously (Chuang et al. 
1994; Lieb et al. 1996; Davis and Meyer 1997; Hagstrom et al. 2002; McDonel et al. 2006). 
Rabbit polyclonal antibodies against DPY-30 were from SDIX (4511.00.02). !-tubulin and !-
FLAG antibodies were from Sigma (clone DM1a, cat. #T6199 and clone M2, cat. #F1804, 
respectively).  
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Immunofluorescence microscopy 
Embryos were fixed as described in DAVIS and MEYER (1997) and stained as described in 
CHUANG et al. (1994) except that primary antibody staining was done overnight and secondary 
antibody staining was performed for at least 3 hours.  All primary antibodies were used at a 
dilution of 1:200 in 1X PBST and secondary antibodies (Alexa Fluor, Invitrogen) were diluted 
1:500 in 1X PBST. Fixed and stained embryos were mounted in SlowFade Gold (Invitrogen) 
containing 0.5 "g/ml of DNA intercalating dye 4’,6 diamidino-2-phenylindloe (DAPI).  All 
images were captured on a Leica SP2 microscope. 

 
Immunoprecipitations and Western Blots   
Embryo extracts for immunoprecipitation (IP) reactions were made as for ChIP, but without a 
crosslinking step. IP experiments were performed by incubating 5 µg of the indicated antibody 
with approximately 3 mg of embryo extract for 2 h at 4oC. Antibodies were collected for 30 min 
with Protein G Dynabeads (Invitrogen) for mouse antibodies and Protein A Dynabeads 
(Invitrogen) for rabbit antibodies.  Samples were washed 4 times with 50mM HEPES-KOH (pH 
7.6), 150mM KCl, 0.05% NP-40, 1mM EDTA, 1mM DTT, 1mM PMSF and eluted by boiling in 
SDS PAGE loading buffer.  
 
Chromatin immunoprecipitation reactions 
Embryo ChIP experiments were performed as previously described (Jans et al. 2009) with 
changes that follow: 5 µg of antibody was used for anti-FLAG, DPY-26 and random IGG ChIPs, 
while 10 µg of antibody was used for all other ChIPs.  
 
ChIP-chip platform and data analysis   
ChIP-chip experiments were hybridized to 2.1 million feature high-density (HD2), isothermal 
(tm = 76°C) tiling arrays from Nimblegen, covering both the X chromosome and all autosomes 
of WormBase release WS180 (Design ID #6737). Median probe spacing is 40 bp and probe 
length varies in length from 50 to 75 bp, with repeat masking. Initial SDC-3, DPY-27 and DPY-
26 ChIPs in wild type and smo-1(RNAi) embryos were hybridized at Nimblegen, while repeats 
of these and all other ChIPs were hybridized at the Fred Hutchinson Cancer Research Center 
Genomics Facility. Ratio GFF and annotation files were supplied by Nimblegen or the Fred 
Hutchinson Cancer Research Center Genomics Facility. Data were analyzed and peaks were 
called using NimbleScan software and viewed using SignalMap software as previously described 
(Jans et al. 2009). 
 
All ChIP-chip experiments were performed at least in duplicate.  In all ChIP-chip profiles, the 
locations of genes are as annotated in WormBase release WS180. For all analyses in which peaks 
are compared to the transcriptional start sites (TSS) the position of each TSS corresponds to the 
Start position for each gene in WS180. 
 
Gene expression arrays and data analysis 
Embryo microarray expression data from sdc-2 mutants were previously published (Jans et al. 
2009). For smo-1(RNAi) embryos, three samples grown the same as for smo-1(RNAi) ChIP-chip 
were collected by bleaching and frozen in 100 µl aliquots. RNA was prepared and hybridized to 
Affymetrix C. elegans Genome Microarrays as previously described (Jans et al. 2009). All array 
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normalization, analysis, and determination of expressed genes by MAS5 analysis were 
performed as previously published (Jans et al. 2009). 
 
Prediction of SUMOylation sites on DCC components 
SUMOylation sites were predicted for DCC proteins (Table 2A) using the SUMOsp 2.0 site 
prediction program (Ren et al. 2009). 
 
SUMO protease experiments 
For SUMO protease experiments, DCC components were immunoprecipitated as described 
above.  Before elution, IPs were washed three times with 1X SUMO protease buffer and 
resuspended in 40 µl of 1X SUMO protease buffer with +/- 2 µl of SUMO protease (ULP1, 
Invitrogen cat# 12588-018).  Reactions were carried out at room temperature for 1 hour nutating.  
IPs were then eluted as usual by boiling in SDS PAGE buffer.   
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RESULTS 
 

smo-1 is required for restricted DCC localization to X   
 
 RNAi to the single C. elegans gene encoding SUMO smo-1 causes embryonic lethality, 
indicating that SUMOylation is required for one or more embryonic developmental processes 
(Table 1). To assess whether SUMOylation may be important for the essential process of dosage 
compensation, we assayed DCC localization in control and smo-1 RNAi-treated embryos by 
immunofluorescence (IF). DCC proteins in wild-type XX embryos have a punctate localization 
pattern in each nucleus, reflecting their highly enriched binding on the X chromosome. In XX 
embryos depleted of SMO-1 protein by RNAi, all DCC components assayed thus far (SDC-2, 
SDC-3, DPY-27, DPY-26 and MIX-1) displayed a more diffuse nuclear localization pattern as 
measured by IF (Figure 2). However, X-binding defects appeared more severe for DPY-26, 
DPY-27 and MIX-1 than for SDC-2 or SDC-3. This diffuse nuclear IF pattern in SUMO-
depleted embryos suggests that proper DCC targeting to the X chromosome requires 
SUMOylation of one or more cellular proteins.  The requirement for SUMO in targeting DC 
complexes may be a conserved mechanism, as RNAi in C. briggsae of the smo-1 homolog also 
causes DCC binding defects, as measured by immunofluorescence (Te Wen Lo, data not shown). 
  
 
Dosage compensated genes on X are over expressed in SUMO-deficient embryos   
 
 The near-complete embryonic lethality and diffuse nuclear staining pattern of DCC 
components in embryos treated with smo-1 RNAi suggests that dosage compensation is not 
properly executed in the absence of SUMOylation. To determine whether SUMOylation is 
required for reduction of gene expression on X mediated by the DCC, we performed genome-
wide expression analysis with Affymetrix microarrays on smo-1 RNAi-treated XX embryos 
compared to those treated with control empty vector RNAi. As would be expected for disruption 
of a gene required for dosage compensation, smo-1 RNAi results in disproportionate over-
expression of genes across the X chromosome compared to those on autosomes (Figure 3A,B). 
Of the 2471 X-chromosome genes on the array, 37 percent (924 genes) were over-expressed 
(p<.05) in SUMO-depleted embryos, whereas only 17 percent (431 genes) were reduced in 
expression. Conversely, autosomal genes were more commonly under-expressed than over-
expressed, a result that has also been observed for mutations in DCC components such as sdc-2.  
Of 15,466 genes on autosomal genes on the array, 4,233 genes (29%) were reduced in expression 
by smo-1 RNAi, whereas only 1554 autosomal genes (18%) increased in expression.    
  
 Not all genes on the X chromosome are dosage compensated, some escape sex-specific 
repression. We had previously classified genes on X as dosage compensated if their total transcript level 
was not different between XX and XO embryos and if their expression was higher in dosage 
compensation-defective XX embryos than in wild-type XX embryos.  This approach identified a fairly 
stringent list of 374 dosage compensated genes on X and 290 genes that escape dosage compensation 
(Jans et al. 2009). To determine whether these dosage compensation-sensitive genes are the same genes 
that are increased in expression in smo-1(RNAi) embryos, I compared gene expression changes in the 
two data sets.  Sixty-four percent of dosage compensated genes were over-expressed in SUMO-depleted 
embryos, significantly more than the 37 percent expected by random overlap (p value, 9.4e-6) (Figure 
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3D).  Conversely, genes that escape dosage compensation did not significantly increase in expression in 
embryos depleted of SUMO by RNAi: only 18% of non-compensated genes were over-expressed in 
smo-1(RNAi). Thus, disruption of SUMOylation not only appears to cause mislocalization of the DCC, 
but also the functional consequence of increased expression of dosage compensated genes.   
  
 I also compared the less conservative list of genes that change expression in sdc-2 mutant 
embryos with expression changes in smo-1 RNAi. Of the 2471 X-chromosome genes on the array, 728 
genes (29%) were over-expressed (p<.05) in sdc-2 mutant embryos.  Of these genes over-expressed in 
sdc-2 mutants, 477 also increased in expression in smo-1 RNAi, or 66% of genes.  Again, this overlap is 
significantly more than the 37% expected by random chance and confirms that gene expression changes 
caused by DCC mutation are also dependent on SUMO (Figure 3C).  Interestingly, a significant overlap 
was also found between X-linked genes that decrease in expression in sdc-2 and smo-1 (RNAi).  Only 
64 genes on the X chromosome decreased in expression in sdc-2 mutant embryos (p<.05).  Fifty-three of 
these genes (83%) were also significantly under-expressed in embryos depleted of SUMO by RNAi.  
We don’t yet know why some genes on X decrease in expression in dosage compensation-compromised 
animals such as sdc-2 mutants, it could be simply due to secondary effects from other gene expression 
changes.  However, the significant overlap in gene expression changes caused by mutation of DCC 
components like sdc-2 and depletion of SUMO by RNAi further confirms the essential role of 
SUMOylation in execution of C. elegans dosage compensation. 
 
 
Binding of the condensin-like DCC components is greatly reduced on X in SUMO-deficient 
embryos 
  
 To determine the specific defects in DCC binding that result from SUMO-depletion, I 
performed genome-wide Chromatin Immuniprecipitation of several DCC components followed 
by hybridization to microarray (ChIP-chip) from smo-1 and control RNAi-treated embryo 
extracts.  Genome-wide binding profiles were first determined for the condensin-like DCC 
subunits DPY-27, DPY-26 and MIX-1.  In general, smo-1(RNAi) caused an overall decrease in 
binding of the condensin-like DCC components DPY-26, DPY-27 and MIX-1 at sites across the 
X chromosome, as measured by the ChIP-chip binding profile, distribution of ChIP-chip probe 
scores and quantification of called peaks (Figure 4A, Figure 5A-C, Figure 6A). For example, 
over 70 percent of highly bound DPY-27 binding sites on wild-type X chromosomes were no 
longer strongly bound in embryos depleted of SMO-1 protein by RNAi (peak score of 0.75 or 
better).  Of those X-chromosome sites still bound, the average score decreased from 0.84 in wild-
type to 0.66 in smo-1(RNAi) embryos.  Similarly, over 75 percent of DPY-26 binding sites highly 
bound in wild-type were no longer strongly bound in smo-1(RNAi) (peak score of 0.75 or better). 
Again, of those X sites still bound, the average score decreased by 0.22 in smo-1(RNAi).  X-
chromosome binding of DPY-28 was also reduced in smo-1(RNAi). Of sites strongly bound by 
DPY-28 (peak score of 0.75 or better), 43 percent were no longer highly bound in smo-1(RNAi), 
and the average peak score of those sites still bound decreased from 0.84 to 0.78.  MIX-1 binding 
was slightly less affected by smo-1 RNAi, but MIX-1 ChIP-chip is also weaker on X in wild-
type embryos than DPY-26, DPY-27 or DPY-28.  The apparent weaker defect in binding could 
be an artifact due to differences in antibody affinities, or could be a biological difference. 
Regardless, these results show that full binding of the condensin-like DCC components to X 
chromosomes requires SUMOylation. 
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 On the X chromosome, the DCC binds to both autonomous recruitment sites (rex), and to 
a second class of sites whose full binding is dependent on their X chromosome location (dox).  
Although RNAi to smo-1 reduced DCC binding to both rex and dox sites, rex-site binding was 
more strongly affected than dox-site binding for all condensin-like DCC proteins tested (Figure 
7A-C, Figure 8A,B). DPY-27 binding was nearly eliminated at 41 percent of rex sites and 16 
percent of dox sites, and sites of both classes that retained DPY-27 binding were substantially 
reduced in average ChIP-chip peak score.  The average peak score at rex sites was reduced from 
1.79 in wild-type embryos to 0.97 in smo-1(RNAi) embryos, and dox site scores were reduced 
from 1.39 to 1.03. Similarly, DPY-26 binding was nearly eliminated at 51 percent of rex sites 
and 25 percent of dox sites, and again sites of both classes that retained DPY-26 binding were 
substantially reduced in average ChIP-chip peak score.  The average DPY-26 ChIP-chip score at 
rex sites was reduced from 2.25 in wild-type to 0.88 in smo-1(RNAi), and the average score at 
dox sites decreased from 1.68 to 1.07.  Finally, DPY-28 binding was nearly eliminated at 54 
percent of rex sites and the average peak score at rex sites still bound was reduced from 1.32 to 
0.80. Thus, it is likely that SUMOylation is most important for DCC recruitment to rex sites, and 
dox site binding may be reduced as a secondary consequence. 
  
   
SUMOylation is less essential for binding of the DCC recruitment proteins SDC-2, SDC-3 
and DPY-30 on X 
 
 The hermaphrodite-specific protein SDC-2 is expressed in early XX embryos and 
initiates the sex-specific sequence-dependent recruitment of all other DCC components to rex 
sites.  For example, SDC-2 is autonomously recruited to extrachromosomal arrays of rex-1 in 
animals mutant for sdc-3 (McDonel et al. 2006).  SDC-2 acts in collaboration with SDC-3 and 
DPY-30 for DCC recruitment, although DPY-30 can bind rex sites in the absence of SDC-3, 
while SDC-3 does not bind rex sites in dpy-30 mutants (Pferdehirt et al. 2011).  
Immunofluorescence experiments showed that binding of SDC-2 and SDC-3 on the X 
chromosome of embryos is disrupted by smo-1 RNAi (Figure 2, data not shown).  Thus, to 
determine the specific effects that SUMO-depletion may have on binding of the DCC 
recruitment proteins, we performed ChIP-chip experiments of SDC-2, SDC-3 and DPY-30 in 
wild-type (empty vector control) XX embryos compared to those treated with smo-1 RNAi.  
SDC-3 binding on the X chromosome was reduced in smo-1 RNAi-treated embryos, although the 
SDC-3 binding defects were much less severe then for the condensin-like DCC subunits (Figure 
4A, Figure 5D).  Only 30 percent of strong SDC-3 binding sites on the X chromosome were no 
longer highly bound (score of 0.75 or greater) in smo-1(RNAi), and the average peak score at 
remaining sites was reduced from 0.97 in wild-type to 0.71 in smo-1(RNAi).  SUMOylation 
appears to be important for full SDC-3 binding at rex sites, and to a lesser degree dox sites 
(Figure 7D, Figure 8C).  SDC-3 binding was nearly eliminated at 28 percent of rex sites and only 
seven percent of dox sites, although sites of both classes that retain SDC-3 binding were reduced 
in average peak score.  Depletion of SUMO by RNAi reduced the average peak score at rex sites 
from 1.89 to 1.23, and dox site scores were reduced from 1.11 to 0.93. 
 
 Surprisingly, binding of the DCC recruitment proteins SDC-2 and DPY-30 was relatively 
unchanged on the X chromosomes of SUMO-deficient embryos compared to other DCC 
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components assayed (Figure 4A).  While quantification of SDC-2 and DPY-30 binding sites 
showed rather small changes in overall number or intensity of SDC-2 or DPY-30 binding sites 
on the X chromosome between wild-type and SUMO-depleted embryos, binding to characterized 
rex and dox sites was not dramatically altered (Figure 5E,F, Figure 7E,F, Figure 8D).  92 percent 
of rex sites were highly bound (peak score > 0.75) by SDC-2 in wild-type embryos and 94 
percent were bound in embryos depleted of SUMO by RNAi. The average SDC-2 ChIP-chip 
peak score at rex sites was 2.21 in wild-type embryos and 2.22 in smo-1(RNAi).  dox site binding 
was slightly reduced from 80 percent bound strongly in wild-type to 66 percent in smo-1(RNAi), 
and the average peak score of those sites still bound was reduced from 1.21 to 1.12.  Thus, not 
only did SDC-2 still bind to most rex and dox sites in smo-1(RNAi), but the average peak score 
of both classes of sites sites was not significantly reduced. In addition, examination of overall 
SDC-2 binding profile by eye did not reveal noticeable differences in the SDC-2 binding 
landscape by ChIP-chip in wild-type embryos compared to smo-1(RNAi) (Figure 4A). 
 
 Like SDC-2, binding of DPY-30 was not significantly reduced at rex or dox sites.  83 
percent of rex sites were strongly bound (peak score > 0.75) in wild-type embryos, while 79 
percent were bound in embryos depleted of SUMO by RNAi. In addition, the DPY-30 ChIP-chip 
probe score at bound rex sites was not decreased by SUMO depletion, in fact it increased slightly 
from 1.69 in wild-type to 1.81 in smo-1 RNAi.  Interestingly, the intensity of DPY-30 binding at 
most dox sites increased in smo-1 RNAi-treated embryos. While 82 percent of dox sites were 
strongly bound by DPY-30 in wild-type embryos, 89 percent were bound in embryos treated 
with smo-1 RNAi, and the average score at dox sites increased from 1.17 to 1.50.  This increase 
in DPY-30 could be explained by DPY-30’s dual role in both the DCC and the MLL/COMPASS 
complex.  Perhaps the decreased gene repression in embryos lacking SUMO permits increased 
binding of the MLL/COMPASS complex to the promoters of active genes, such as dox sites. 
Regardless, these results suggest that SDC-2 and DPY-30 can be recruited to rex sites and the X 
chromosome independently of SUMOylation.  However, full binding of SDC-3 and more 
importantly, of the condensin-like components DPY-26, DPY-27 and MIX-1 requires SUMO.   
 
 
The DCC binds to new autosomal sites in SUMO-depleted embryos 
  
 SUMOylation is essential for full DCC binding on the X chromosome.  However, and 
perhaps unexpectedly, analysis of DCC ChIP-chip on autosomes in SUMO-depleted embryos 
revealed new DCC binding sites that were not bound in wild-type embryos (Figure 4B, Figure 5, 
Figure 6).  All DCC components assayed, not just condensin-like subunits, had new binding sites 
on autosomes. Across all autosomes, 1535 new DCC binding sites (shared between both SDC-3 
and DPY-27) were found in SUMO-depleted embryos. 188 of these new DCC binding sites were 
strongly bound (peak score > 0.75) in both SDC-3 and DPY-27.  In comparison, there were 
4,035 autosomal ChIP-chip peaks shared between SDC-3 and DPY-27 in wild-type embryos, 
835 of which were strongly bound (peak score > 0.75).  Quantification of these new sites of DCC 
binding showed that for several DCC components greatly depleted from the X chromosome 
(DPY-26, DPY-27 and DPY-28), smo-1 RNAi altered the distribution of binding sites 
throughout the genome such that the reduced binding on the X chromosome was not significantly 
different (p"0.01) from that of the average autosome in smo-1(RNAi) embryos (Figure 5, Figure 
6).  
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 Like other DCC binding sites on wild-type autosomes and dox sites on X, new DCC 
binding sites in SUMO-depleted embryos were strongly enriched in gene promoters (Figure 9A). 
Comparison between new sites of DCC binding in promoters in smo-1 (RNAi) and expression 
level of nearby genes revealed a strong correlation between changes in binding and changes in 
expression of nearby genes (Figure 9B).  Genes with greater DCC occupancy in embryos treated 
with smo-1 RNAi were also more highly expressed in smo-1 RNAi. In fact, 45 percent of genes 
with new DCC binding sites (present in both SDC-3 and DPY-27 ChIP-chip, n=140) in their 
promoter are significantly over-expressed in embryos depleted of SUMO by RNAi.  This was 
particularly significant given the over-all trend for reduced expression of autosomal genes in 
smo-1 RNAi-treated embryos. Whether these new sites of DCC binding promote increased gene 
expression, or whether the new sites arise because of increased genes expression is unknown.  
Either way, SUMOylation of one or more proteins is essential for not only recruiting the DCC to 
the X chromosome, but also for proper autosomal DCC binding. 
 
 
Multiple DCC components are targets of SUMOylation   
  
 I next sought to determine what proteins are targets of SUMOylation and therefore 
potentially responsible for directing X-enriched DCC binding.  I first examined components of 
the DCC itself, as SUMOylation of proteins is a commonly employed mechanism of regulating 
protein localization. To assay whether any DCC components are modified by SUMO we 
compared western blots using antibodies to all 10 DCC proteins in XX wild-type embryos versus 
embryos depleted of SUMO by RNAi (Figure 10A,B, data not shown).  For the three DCC 
components SDC-3, DPY-27 and DPY-28 we observed a higher molecular weight band that was 
present in wild-type embryos and absent in embryos depleted of SUMO by RNAi (Figure 10B).  
In each case the shift in molecular weight was consistent with addition of a single SUMO 
molecule, which adds about 20 kDa, suggesting that SDC-3, DPY-27 and DPY-28 are modified 
by SUMO.  All three proteins have multiple lysines that are predicted to be potential 
SUMOylation sites (Table 2A).  Western blots with antibodies to the other seven DCC proteins 
were indistinguishable between wild-type XX embryos and those treated with smo-1 RNAi, 
indicating they are unlikely to be SUMOylated (Figure 10A). 
  
 It was still formally possible that the higher molecular weight band observed for SDC-3, 
DPY-27 and DPY-28 was some other SUMO-dependent modification such as ubiquitination and 
not actually SUMOylation.  To test whether the shift in molecular weight was indeed due to 
modification by SUMO I treated immunoprecipitations (IPs) of either DPY-27, DPY-28 or SDC-
3 with SUMO-specific proteases (ULP1, Invitrogen) and assayed their western blot pattern 
(Figure 10C).  In each case, treatment with SUMO proteases greatly reduced the presence of the 
higher molecular weight band (or collapsed the large, broad SDC-3 band to a smaller, tight 
band), indicating these three DCC components are in fact modified by SUMO.  In addition, since 
no commercially available antibody tested works well for western blots in C. elegans we 
obtained a strain expressing N-terminally FLAG-tagged SMO-1 from an extrachromosomal 
array rescuing smo-1 mutation.  Western blots of immunoprecipitations (IPs) using antibodies 
against DPY-27 blotted with anti-FLAG antibodies recognized only the higher molecular weight 
band (Figure 10D).  Finally, DPY-27 and DPY-28 were recently identified as potential targets of 
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SUMOylation in a separate high-throughput mass-spec study, although the sites of modification 
were not mapped (Kaminsky et al. 2009). Thus, SDC-3, DPY-27 and DPY-28 are bona fide 
targets of SUMOylation in wild-type XX embryos. 
 
 
DCC SUMOylation is dependent on the recruitment proteins SDC-2, SDC-3 and DPY-30 
  
 DCC SUMOylation could occur prior to DCC binding on X or it could be dependent on 
DCC recruitment to the X chromosome.  We showed previously that sex-specific DCC 
recruitment to rex sites is nearly eliminated in embryos mutant for the DCC component sdc-2 
((McDonel et al. 2006; Pferdehirt et al. 2011).  Thus, if SUMOylation of SDC-3, DPY-27 and 
DPY-28 is dependent on their localization to the X chromosome, it should also be dependent on 
sdc-2.  To assay whether DCC SUMOylation requires recruitment to the X chromosome I 
performed western blots using antibodies to the three SUMOylated DCC proteins on sdc-2(y93, 
RNAi) mutant XX embryos compared to wild-type embryos (Figure 11).  I discovered that the 
higher molecular weight band present in wild-type embryos was absent for DPY-27 or SDC-3 in 
sdc-2 mutant embryos, and the percent of total DPY-28 protein that is SUMOylated was reduced 
by over 5-fold (ImageJ gel analysis). Thus, SUMOylation of SDC-3, DPY-27 and DPY-28 is 
dependent on sdc-2 and therefore likely to be dependent on recruitment to the X chromosome via 
rex sites. 
  
 Although SDC-2 is thought to be the principle hermaphrodite-specific X recruitment 
protein, it also acts in coordination with SDC-3 and DPY-30 to direct X-enriched DCC binding.  
Similar to sdc-2, embryos mutant for sdc-3 or dpy-30 lack DCC binding at nearly all rex sites 
(Pferdehirt et al. 2011).  If the DCC requires recruitment to rex sites on X and not just some 
activity of SDC-2 for SUMOylation to occur, then modification should also be dependent on 
sdc-3 and dpy-30.  Again, to assay whether DCC SUMOylation is dependent on sdc-3 and dpy-
30 and therefore recruitment to X, we compared western blots using antibodies to SDC-3, DPY-
27 or DPY-28 on wild-type XX embryos, sdc-3 mutant embryos and dpy-30 mutant embryos 
(Figure 11).  Both sdc-3 and dpy-30 were required for full SUMOylation of the DCC, as the 
higher molecular weight band was substantially reduced in mutants for either recruitment 
protein. SUMOylation of DPY-27 and DPY-28 was reduced past the point of detection in sdc-3 
mutants.  In dpy-30 mutants, the percent of total DPY-27 modified by SUMO was reduced by 
over 25-fold, while the percent of total DPY-28 protein that is SUMOylated was reduced by 
approximately 6-fold (ImageJ gel analysis). All DCC mutants used for this analysis were 
hypomorphic or temperature-sensitive mutations, and thus might account for the residual 
SUMOylation detected. This reduction of DCC SUMOylation in sdc-2, sdc-3 or dpy-30 mutants 
strongly argues for a requirement of initial DCC recruitment to the X chromosome, and 
specifically to rex sites, for its modification with SUMO to occur.   
 
 
The shared DCC and condensin component DPY-28 is only SUMOylated as part of the 
DCC   
  
 DPY-28 is a shared component of both the DC and condensin I complexes in embryos 
(Figure 12A) (Csankovszki et al. 2009).  Thus, we wondered whether DPY-28 is SUMOylated as 

103



a member of only one or both complexes. To address this question we enriched for DCC-
associated DPY-28 by immunoprecipitation (IP) with DPY-27 antibodies and enriched for 
Condensin I-associated DPY-28 by IP with SMC-4 antibodies.  We then assayed whether DPY-
28 is modified or not in the two complexes by western blot with DPY-28 antibodies. In DPY-27 
IPs, DPY-28 blots showed the 20 kDa doublet described above, whereas SMC-4 only IP’ed the 
lower molecular weight unmodified DPY-28 band (Figure 12B).  Therefore, DPY-28 is 
SUMOylated as a member of the DCC, but not Condensin I in mixed-to-late stage embryos. It is 
still possible that DPY-28 could be SUMOylated as a part of meiotic condensin I in the germline, 
or mitotic condensin I in early embryos. 
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DISCUSSION 
 

The post-translational modification SUMO is essential for C. elegans dosage compensation 
 
 I have shown that the small ubiquitin-like modifier, SUMO, is required for proper 
targeting of the C. elegans dosage compensation complex throughout the genome. 
In embryos depleted of the single C. elegans SUMO homolog SMO-1, genes on the X 
chromosome are over-expressed, a significant number of which also increase in expression in 
dosage compensation mutants.  Thus, smo-1 is also essential for X-linked gene repression 
mediated by the DCC.  Genome-wide ChIP-chip experiments revealed that on the X 
chromosome SUMOylation is most important for binding of the condensin-like subunits of the 
DCC specifically at rex sites, and to a lesser degree at dox sites.  Binding of the DCC-specific 
protein SDC-3 is also reduced at rex and dox sites in SUMO-depleted embryos, but less severely 
than the condensin-like components.  On the other hand, binding of the DCC recruitment 
proteins SDC-2 and DPY-30 is not significantly altered on the X chromosome; both dox and rex 
sites retain full SDC-2 and DPY-30 binding in embryos depleted of SUMO by RNAi.  Finally, 
the three DCC components SDC-3, DPY-27 and DPY-28 are themselves targets of 
SUMOylation.  SUMOylation of all three DCC subunits is dependent on the recruitment proteins 
SDC-2, SDC-3 and DPY-30, suggesting recruitment of the DCC to the X chromosome, and 
presumably to rex sites, is required for its modification by SUMO.  SUMOylation of DPY-28 in 
embryos only occurs when it is a part of the DCC, and not the condensin I complex.  Taken 
together, these findings support a model where SUMOylation of the DCC, once it is recruited to 
rex sites by SDC-2 and DPY-30, may promote dosage compensation by stabilizing the complex 
on the X chromosome (Figure 13A,B). 
 
 
SUMOylation promotes DCC recruitment to rex sites 
 
 In embryos depleted of SUMO by RNAi, DCC binding at rex and dox sites is reduced, 
particularly for the condensin-like subunits.  Precisely how SUMOylation promotes DCC 
binding on the X chromosome is not yet known.  Binding of SDC-2 and DPY-30 on X is not 
dramatically altered in embryos depleted of SUMO by RNAi.  However, the third DCC 
recruitment protein, SDC-3, does require smo-1 for full binding at rex sites, and dox sites to a 
lesser degree.  It is possible that SDC-2 and DPY-30 first bind to rex sites independently of other 
DCC components and SUMO.  Then, when SDC-3 and the rest of the complex is recruited to the 
X chromosome, SDC-3, DPY-28 and DPY-27 are modified by SUMO (Figure 13B).  This 
SUMOylation could create new sites of protein-protein interaction within DCC subunits, perhaps 
though SUMO-interacting motifs (SIMs) in DCC proteins.  In fact, all DCC components except 
SDC-1 and DPY-26 have one or more sequences that are good potential matches to known SIMs, 
although the SIM motif is rather small and can be found in many large proteins (Table 2B).  
Further analysis of these sites will be important for determining whether they can in fact interact 
with SUMO and whether they are required for DCC binding and dosage compensation.  
SUMOylated complexes at rex sites could serve as stable platforms for the assembly of more 
complexes, particularly for the condensin-like DCC subunits.   
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 Previously, we established a genetic hierarchy responsible for regulating DCC 
recruitment to rex sites (Pferdehirt et al. 2011).  In this hierarchy, sdc-2, sdc-3, dpy-30 are 
absolutely required for binding of the remaining DCC components at rex sites.  In general, DCC 
binding defects observed in embryos depleted of SMO-1 protein by RNAi are not as severe as 
those in embryos mutant for sdc-2, sdc-3 or dpy-30.  For example, strong DPY-27 binding was 
retained at only 6 percent of rex sites in sdc-2 mutant embryos, but at 49 percent of rex sites in 
smo-1(RNAi). It is likely that the partial loss-of-function in smo-1 caused by RNAi accounts, at 
least in part, for the difference in severity of binding defects observed in smo-1(RNAi) compared 
to sdc-2 null mutation.  If SUMO is absolutely essential for assembly of the DCC on X, then one 
might expect DPY-27 binding in smo-1 null mutants to mimic sdc-2 mutation.  Unfortunately, it 
is difficult to assess dosage compensation defects in smo-1 null mutants, as SUMO plays an 
essential role in so many other cellular processes, and homozygous null smo-1 mutants are 
sterile.  It is also possible that SUMOylation is only required for full, stable DCC binding on X, 
and the results observed in smo-1(RNAi) reflect reduced-level SUMO-independent DCC binding. 
 
 
Why new autosomal binding sites? 
 
 The DCC binds to a number of new sites on the autosomes of SUMO-deficient embryos.  
Like dox sites and DCC binding sites on wild-type autosomes, these new sites are enriched in the 
promoters of genes.  In addition, new DCC binding sites in smo-1 are positively correlated with 
increased expression of nearby genes.  This is consistent with our previous reports of DCC 
binding being positively correlated with level of gene expression in different developmental 
states.  Despite this correlation with gene expression, it is still unknown why new autosomal sites 
of DCC binding arise in SUMO-depleted embryos.  
  
 One possibility is that SUMOylation is important for acheiving X-specificity in dosage 
compensation, and new binding sites arise on autosomes because DCC components no longer 
differentiate the X chromosome from autosomes.  However, binding of the sex-specific DCC 
recruitment protein, SDC-2, is not significantly perturbed in smo-1(RNAi).  Thus, it is highly 
unlikely that SUMOylation acts in dosage compensation by directing X-chromosome specificity. 
It is also unlikely that new autosomal DCC binding arises only because DCC is freed from the X 
chromosome, as binding of SDC-2 and DPY-30 is not significantly reduced on X, and yet SDC-2 
and DPY-30 are found at new autosomal binding sites.  In a more probable model, SDC-2 directs 
X-specificity in concert with SDC-3 and DPY-30, and SUMOylation of DCC subunits is 
important for assembly of the rest of the complex on X.  In this model, some characteristic of 
active autosomal gene expression, such at changes in promoter architecture or polymerase 
occupancy might attract new DCC binding in smo-1.  
 
 
SUMOylation of DPY-28 may direct its function in the DCC rather than condensin I 
  
 Immunoprecipitation of the DCC (DPY-27) and Condensin I (SMC-4) revealed that in 
embryos DPY-28 is SUMOylated when it is a component of the DCC and not of the Condensin I 
complex.  Interestingly, the DPY-28 homolog in S. cerevisiae, YCS4 is also a target of 
SUMOylation, although the site of modification has not yet been mapped (D'Amours et al. 2004; 
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Takahashi et al. 2008).  Mutation of the SUMO protease SMT4 disrupts the anaphase-specific 
localization of YCS4 to the nucleolus, where it participates in rDNA segregation. Increased 
SUMOylation of YCS4 targets it to the nucleolus and is sufficient to induce segregation of 
rDNA markers.  Thus, in budding yeast, SUMOylation of at least one condensin subunit 
contributes to altering the sub-cellular location of the condensin complex and therefore changes 
its functional activity.  SUMOylation of DPY-28 in C. elegans could function in a similar 
manner to differentiate the role of DPY-28 in dosage compensation rather than chromosome 
segregation.  Perhaps SUMOylation of DPY-28 creates a site for protein-protein interaction with 
one or more DCC subunits via SUMO-interaction motifs (SIMs), which is not favorable for 
interaction with other condensin I components.   
 
 
DCC components have multiple predicted SUMOylation sites 
 
 As mentioned in the Introduction, the consensus sequence !KxE/D (where ! is a large 
hydrophobic residue) is found surrounding the modified lysine residue in many SUMOylated 
proteins (Rodriguez et al. 2001).  SDC-3, DPY-27 and DPY-28 all have multiple predicted 
SUMOylation sites (Table 2A), the precise number depending on probability cutoff used 
(SUMOsp 2.0 SUMO-site prediction program).  Many of the lysines in these predicted sites are 
also conserved in C. briggsae making them more probable modification sites.  As predicted 
SUMOylation sites are abundant and found in most large proteins, identification of 
SUMOylation sites on DCC subunits through strategies such as mass-spectrometry will be 
essential for elucidating the mechanism of SUMO activity in dosage compensation.  Once 
identified, the SUMOylation sites can be mutated and assayed for altered DCC binding and 
funtion.  As mentioned earlier, 8 of 10 DCC subunits also have good sequence matches for 
SUMO-interaction motifs (SIMs).  It will be important to determine whether there is a role for 
SIM-SUMO interactions in DC complex formation. 
 
 
What is the SUMO ligase responsible for DCC SUMOylation? 
 
 One way of regulating SUMOylation of a specific protein or even specific sub-population 
of that protein could be through the use of different SUMO-ligases, or by spatially restricting 
their sub-cellular localization.  RNAi to all characterized canonical SUMO pathway enzymes 
(E1, E2 and E3s) does not significantly alter DCC binding on X, as measured by 
immunofluorescence (data not shown).  This could be due to enzyme redundancy, inefficient 
RNAi, or because the correct enzyme has not yet been identified.  The C. elegans homolog of the 
mammalian nuclear pore component RanBP2 (npp-9) is hypothesized to have SUMO E3 ligase 
activity.  In embryos depleted of NPP-9 by RNAi, SUMOylation of the DCC components SDC-
3, DPY-26 and DPY-27 is greatly reduced (data not shown).  However, in npp-9 RNAi-treated 
embryos expression of the recruitment protein SDC-2 is not detected by western blot.  Therefore, 
the reduction in DCC SUMOylation observed in npp-9(RNAi) embryos could be because animals 
depleted of NPP-9 by RNAi die very early in embryogenesis, most before the onset of dosage 
compensation, and thus the DCC is never targeted to rex sites. Also, embryonic expression of 
SDC-2 is required for recruitment to rex sites, and mutation of a nuclear pore component might 
disrupt proper mRNA transport and protein expression.  Alternatively, npp-9 could be directly 
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responsible for promoting SUMOylation of DCC components and thus for targeting enriched 
DCC binding on X. 
 
 
The role of SUMOylation in dosage compensation may be a conserved mechanism 
 
 SUMOylation may be a conserved mechanism for regulating dosage compensation, as 
SUMO is not only required for DCC recruitment to X in C. elegans, it also appears to be 
important for dosage compensation in the C. elegans relative, C. briggsae.  Depletion of smo-1 
by RNAi in C. briggsae results in defects in DPY-27 binding on X, as measured by 
immunofluorescence (Te Wen Lo, data not shown).  Interestingly, the binding sites of C. 
briggsae DCC on X seem to be different from those in C. elegans and the C. briggsae X is not 
enriched for the MEX motif essential for C. elegans rex recruitment (Te Wen Lo, unpublished 
data).  Thus, although some strategies for targeting the C. briggsae DCC to the X chromosome 
may have diverged, SUMOylation appears to be an important DCC targeting mechanism 
conserved between both species.  
 
 
Post-translational modifications targeting dosage compensation 
 
 SUMOylation is the first post-translational modification shown to be essential for dosage 
compensation in C. elegans.  However, post-translational modifications are known to direct 
dosage compensation in other organisms.  For example, in Drosophila, acetylated MSL-3 has a 
reduced affinity for roX2 RNA and disrupted localization to the male X chromosome, indicating 
MSL-3 acetylation may regulate its assembly on X through regulating interaction with roX2.  
The deacetylase RPD3 also associates with the fly DCC and can deacetylate MSL3, suggesting 
that balances of MSL3 acetylation and deacetylation might modulate DCC binding on X 
(Buscaino et al. 2003).  Thus, post-translational modification of DCC subunits as a mechanism to 
target specific binding on the X chromosome is likely to be a common mechanism of regulating 
sex-specific chromosome-wide dosage compensation. 
 

108



TABLE 1 
 

RNAi of C. elegans SUMO-1 gene smo-1 is embryonic lethal 
 

Gene RNAia  % XX viabilityb    nc   

smo-1           0      890             
L4440 (control)       100   900             

 

a Where indicated, gene expression was decreased using RNAi.  Wild type (N2) XX 
hermaphrodites were fed bacteria producing dsRNA generated from plasmids containing a 
genomic fragment corresponding to smo-1.  L4440 is the empty RNAi vector used as a negative 
control. RNAi regimes were as described in the methods section for nematode growth. 
b Hermaphrodite viability was calculated as the ratio of adult hermaphrodites to total embryos.  
c n is the total number of embryos. 
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FIGURE 1.  Dosage compensation and SUMOylation in C. elegans 
 
(A) Schematic of the C. elegans dosage compensation complex (DCC).  The DCC is a complex 
of at least 10 proteins which binds to the X chromosomes of XX hermaphrodites to reduce gene 
expression by approximately two-fold.  The DCC is composed of both components that are 
specific to the DCC such as SDC-1, SDC-2, SDC-3, DPY-21 and DPY-27 and also components 
that are shared with other large multisubunit complexes.  For example, DPY-30 is shared with 
the MLL/COMPASS gene-activating complex, and MIX-1, DPY-26, DPY-27 and DPY-28 are 
shared with one or both C. elegans condensin complexes. 
 
(B) Assembly of the DCC onto X is controlled by a genetic pathway that controls both sex 
determination and dosage compensation in which the repression of xol-1 activity in XX animals 
permits activation of the hermaphrodite-specific gene sdc-2.  sdc-2 turns on the hermaphrodite 
pathway of sexual differentiation in collaboration with sdc-1 and sdc-3 by repressing the male 
sex-determination gene her-1, and sdc-2 triggers loading of the DCC onto X chromosomes in 
concert with sdc-3 and dpy-30. 
 
(C)  3D structure of human SUMO-1 (Bayer et al. 1998).  Shown is a ribbon representation of 
the human SUMO-1 structure determined by NMR.  The overall structure resembles that of 
ubiquitin, featuring the !!"!"! fold characteristic of the ubiquitin family.  SUMO-1, however, 
features a long, highly flexible N terminal tail protruding from the core protein, which is absent 
in ubiquitin.   
 
(D) Reversible SUMO attachment via an enzymatic pathway.  Covalent modification by the 
small ubiquitin-like modifier SUMO occurs via an enzymatic pathway comparable to 
ubuitination.  First, a C-terminal peptide is cleaved off the SUMO precursor to reveal a di-
Glycine motif. Next, the mature SUMO molecule is adenylated by the E1 activating enzyme 
heterodimer UBA-2/AOS-1 and transferred to the E2 conjugating enzyme UBC-9.  SUMO is 
then attached covalently to its intended substrate often with the help of an E3 ligase.  SUMO 
attachment is reversible due to the existence of SUMO-specific proteases. 
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FIGURE 2.  SUMOylation is required for proper DCC localization to X 
 
The DCC components DPY-27 and SDC-3 do not correctly localize to the X chromosome in 
embryos depleted of SUMO by RNAi. Confocal images of XX embryo treated with either 
control (L4440) RNAi or RNAi to smo-1 co-stained with 4,6-diamidino-2-phenylindole (DAPI, 
red in merge), antibodies against DPY-27 (green in top merge), or SDC-3 (green in bottom 
merge).  In wild-type embryos DPY-27 and SDC-3 are punctate in each nucleus, indicating 
proper enrichment on the X chromosome.  In embryos depleted of SUMO by RNAi both DPY-
27 and SDC-3 are more diffuse throughout the nucleus, suggesting they are not properly targeted 
to X. Scale bar, 5 m. 
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FIGURE 3.  smo-1 RNAi causes over-expression of dosage compensated genes on X 
 
Depletion of smo-1 by RNAi results in similar changes in gene expression as in dosage 
compensation mutants.  Shown are histograms depicting comparisons of genes over-expressed or 
under-expressed in each condition compared to wild-type XX embryos, as measured by 
Affymetrix gene expression microarray.  A p value of less than or equal to 0.05 was required and 
no fold change cutoff was imposed.   
 
(A)  Mutation of DCC components such as sdc-2 causes over-expression of genes on the X 
chromosome and under-expression of autosomal genes compared to wild-type XX embryos.  Of 
the 2471 X chromosome genes on the array, 728 genes increase in expression in sdc-2(y93, 
RNAi) mutant embryos and 64 decrease in expression. Conversely, of the 15,466 autosomal 
genes on the array, 624 genes increase in expression in sdc-2(y93, RNAi), whereas 2,672 genes 
decrease in expression. The asterix indicates a p value of ! 0.01 for the significance of the 
difference between percent of genes over-expressed and percent under-expressed. 
 
(B)  Like dosage compensation mutants, depletion of smo-1 by RNAi results in a bias towards 
over-expression of genes on the X chromosome and decreased expression of autosomal genes 
compared to wild-type XX embryos. Of the 2471 X chromosome genes on the array, 924 genes 
increase in expression in embryos depleted of SUMO by RNAi, and 431 genes decrease in 
expression. Conversely, of the 15,466 autosomal genes on the array, 2,721 genes increase in 
expression in sdc-2(y93, RNAi), whereas 4,499 genes decrease in expression. The asterix 
indicates a p value of ! 0.01 for the significance of the difference between percent of genes over-
expressed and percent under-expressed. 
 
(C)  Dosage compensation mutants and smo-1 RNAi cause similar sets of genes to be changed in 
expression level.  Genes significantly changed in expression in sdc-2(y93,RNAi) mutant embryos 
were assayed for gene expression changes in smo-1(RNAi). The asterix indicates a p value of ! 
0.01 for the significance of the difference between the overlap of expression changes observed 
and those expected by random chance in smo-1(RNAi).  66% of the 728 genes over-expressed on 
the X chromosome in sdc-2(y93,RNAi)  are also over-expressed in smo-1(RNAi).  This is 
significantly more than the 37% expected by random chance.  
 
(D)  Dosage compensated genes are over-expressed in embryos deficient for SUMOylation.  
Dosage compensated genes were previously determined to be those whose expression increases 
in DCC mutants, and whose expression is equivalent between XX and XO embryos. The asterix 
indicates a p value of ! 0.01 for the significance of the difference between the overlap of 
expression changes observed and those expected by random chance in smo-1(RNAi).  Of all 374 
dosage compensated genes, 64% significantly increase in expression in smo-1 RNAi-treated 
embryos, again significantly more than the 37% expected by random chance.  In addition, only 
18% of all 290 genes that escape dosage compensation increase in expression in SUMO-depleted 
embryos.  Thus, SUMOylation is essential for proper execution of dosage compensation. 
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FIGURE 4.  SUMOylation is essential for proper targeting of the DCC to X 
 
Depletion of SUMO by RNAi causes a reduction in DCC binding on the X chromosome and new 
sites of DCC binding on autosomes.  
 
(A) Representative ChIP–chip profiles of five DCC subunits (DPY-27, DPY-26, SDC-3, SDC-2 
and DPY-30) in wild-type XX embryos and smo-1 RNAi-treated XX embryos on the X 
chromosome. Gene locations are indicated below the ChIP profiles, and the direction of 
transcription is indicated by the box position, with transcription to the right above the line and 
transcription to the left below the line. Binding of SDC-2 and DPY-30 on X is not affected by 
smo-1 RNAi, but binding of all other DCC components are reduced, particularly the condensin-
like components DPY-26 and DPY-27. 
 
(B) Representative ChIP–chip profiles of five DCC subunits (DPY-27, DPY-26, SDC-3, SDC-2 
and DPY-30) in wild-type XX embryos and smo-1 RNAi-treated XX embryos on autosomes 
(chromosome V). Gene locations are indicated below the ChIP profiles, and the direction of 
transcription is indicated by the box position, with transcription to the right above the line and 
transcription to the left below the line.  All DCC components assayed bind to new autosomal 
sites in smo-1 RNAi that were unbound in wild-type embryos. 
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FIGURE 5.  Genome-wide DCC binding distribution is altered in smo-1 (RNAi) 
 
(A-G)  Histograms depicting the distribution of DPY-27, DPY-26, DPY-28, MIX-1, SDC-3, 
SDC-2, DPY-30.  ChIP–chip probe scores across the X chromosome and autosomes in wild-type 
XX embryos or embryos depleted of SMO-1 by RNAi. Probe scores were grouped into bins with 
a step size of 0.06 (log2 scale), and the percentage of total probes in each bin was graphed on the 
Y-axis. In general, DCC components bind more strongly to the X chromosome of wild-type 
embryos than of those depleted of SUMO by RNAi, as shown by the higher average probe 
intensity.  The defect in binding is most severe for the condensin-like components DPY-26 and 
DPY-27, which bind the X with the highest intensity in wild-type embryos. Consistent with some 
new sites of DCC binding arising on autosomes in smo-1 RNAi-treated embryos, the average 
DCC ChIP-chip probe score on autosomes increases in smo-1(RNAi) compared to wild-type 
control. 
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FIGURE 6.  DCC binding reduced on X and increased on autosomes in smo-1 (RNAi) 
 
(A-F)  Histograms showing quantification of DCC component (DPY-27, DPY-26, DPY-28, 
MIX-1, SDC-3, SDC-2 and DPY-30) binding by ChIP-chip on the X chromosome compared to 
the average of all autosomes.  The height of the bar corresponds to the number of binding sites 
per Megabase with a peak score of 0.75 or better in wild-type (empty vector control) XX 
embryos versus to XX embryos treated with smo-1 RNAi. The asterix indicates a p value of  
0.01 for the significance of the difference between number of peaks on X and autosomes. The 
average peak scores shown in parentheses below the histogram were calculated from the scores 
of all called peaks. The p value for the significance of changes in peak number on X or 
autosomes in wild-type versus smo-1(RNAi) is listed below each histogram. SUMO-depletion 
has the most severe effects on binding of the condensin-like DCC components DPY-27, DPY-
26, DPY-28 and MIX-1, suggesting SUMOylation may be most important for binding of the 
condensin-like portion of the DCC on X.  All DCC components assayed gain new autosomal 
binding sites in smo-1(RNAi).  
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FIGURE 7.  DCC binding at both rex and dox sites is depleted by smo-1 RNAi 
 
Histograms showing quantification of DCC component (DPY-27, DPY-26, DPY-28, MIX-1, 
SDC-3, SDC-2 and DPY-30) binding at rex and dox sites in wild-type (empty vector control) 
versus smo-1 RNAi-treated mutant embryos. The height of the bar corresponds to the percentage 
of bound rex and dox sites with a peak score of 0.75 or better in DC mutants, and an asterix 
indicates a p value of  0.01. The average peak scores shown in parentheses below the histogram 
were calculated from the scores of all called peaks at rex and dox sites. Percentages were 
calculated out of all 50 dox sites and the 39 rex sites that are under 5 kb (from rex 1-46).  DCC 
binding at rex sites is in general more affected by smo-1 RNAi than dox sites.  Also, binding of 
the condensin-like components DPY-26, DPY-27, DPY-28 and MIX-1 are more severely 
affected by smo-1 RNAi than the DCC-specific protein SDC-3.  Binding of the recruitment 
proteins SDC-2 and DPY-30 appears to be independent of SUMOylation, as binding of both 
proteins at rex and dox is barely altered by smo-1(RNAi). 
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FIGURE 8.  DCC binding at both rex and dox sites is depleted by smo-1 RNAi 
 
(A-D)  Graphical representations of DCC (DPY-27, DPY-26, DPY-28, MIX-1, SDC-3, SDC-2 
or DPY-30) ChIP–chip probe intensities along 5-kb regions centered on representative rex and 
dox sites (green line) in wild-type (empty vector control) versus smo-1 RNAi-treated embryos.  
Binding of the condensin-like DCC components (DPY-27, DPY-26, DPY-28 and MIX-1) is 
severely reduced at rex sites, but only moderately reduced at dox sites.  Binding of the DCC-
specific protein SDC-3 is also more reduced at rex sites than at dox sites, but overall SDC-3 
binding is less affected by smo-1 RNAi than condensin-like components.  Finally, binding of the 
DCC recruitment proteins SDC-2 and DPY-30 is not significantly reduced at either rex or dox 
sites in embryos depleted of SUMO by RNAi. 
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FIGURE 9.  New sites of autosomal binding in smo-1 are enriched in the promoters of 
genes and are positively correlated with changes in gene expression 
 
(A)  New DCC binding sites in SUMO-depleted embryos are preferentially enriched in the 
promoters of genes. New DCC binding sites were defined as those present in both SDC-3 and 
DPY-27 ChIP-chip in smo-1 RNAi-treated embryos, but not in empty vector control (L4440).  
For the 1535 new DCC binding sites fitting this description the distance from the center of each 
peak to the nearest transcriptional start site (TSS) was determined. These distances were grouped 
into 250-bp bins, and the percentage of peaks within each bin was calculated for each category 
(negative X-axis values correspond to peaks that lie upstream of the TSS). Like DCC binding 
sites on wild-type chromosomes, new autosomal peaks in SUMO-deficient embryos are enriched 
within gene promoters. 
 
(B)  New autosomal sites of DCC binding in SUMO-depleted embryos are positively correlated 
with genes that increase in expression in smo-1(RNAi).  Histogram showing quantification of 
new sites of DCC binding and changes in nearby gene expression in smo-1(RNAi). New DCC 
binding sites with SDC-3 and DPY-27 peaks in smo-1 (score of at least 0.75 in both) were 
mapped to the nearest transcriptional start site.  For the 140 genes with new DCC binding sites 
ins smo-1(RNAi) that mapped to that gene (-2 Kb to STOP) the expression level in XX wild-type 
(control RNAi) embryos was compared to that of embryos treated with smo-1 RNAi.   For a gene 
to be considered over- or under-expressed the p value must be 0.05 or better, but no fold-change 
cutoff was imposed. 
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FIGURE 10. Multiple components of the DCC are targets of SUMOylation 
 
The DCC components SDC-3, DPY-27 and DPY-28 are covalently modified by the small 
ubiquitin-like molecule SUMO.  
 
(A)  Western blots using antibodies to seven of ten DCC components showed no difference in 
blot patterning between control RNAi and smo-1 RNAi-treated embryos.  Thus, it is unlikely that 
these proteins are SUMOylated.  alpha-tubulin western blot controls for total protein loaded. 
 
(B)  Western blots using antibodies to the three DCC components DPY-27, DPY-28 and SDC-3 
revealed a higher molecular weight band that is present in XX embryos treated with control 
RNAi and yet is absent smo-1 RNAi.  In each case, the shift in molecular weight is 
approximately 20 Kd, consistent with addition of a single SUMO molecule.  Thus, it is likely 
that these three DCC components are targets of SUMOylation. 
 
(C)  The SUMO protease ULP-1 cleaves the SUMO modification off DCC components.  
Immunoprecipitations using antibodies against SDC-3, DPY-27 or DPY-28 were treated with 
purified yeast SUMO-specific protease (ULP-1, Invitrogen) and then blotted with the same 
antibodies.  ULP-1 treatment greatly reduces, if not eliminates, the presence of a higher 
molecular weight band for DPY-27 and DPY-28, and reduces the large SDC-3 band down to a 
smaller, tighter band.  This result is further confirmation that SDC-3, DPY-27 and DPY-28 are 
bona fide targets of SUMOylation. 
 
(D)  DPY-27 SUMOylation is further confirmed by anti-FLAG western blot of a FLAG-tagged 
SMO-1 strain.  Immunoprecipitations using antibodies against DPY-27 from FLAG-tagged 
SMO-1 embryo extract were blotted with either antibodies to DPY-27 or FLAG.  Anti-FLAG 
antibodies only recognize the upper band of DPY-27, again confirming that DPY-27 is in fact 
modified by SUMO. 
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FIGURE 11.  DCC SUMOylation is dependent on recruitment proteins 
 
Modification of the DCC components DPY-27, DPY-28 and SDC-3 is dependent on the proteins 
responsible for recruiting the DCC to the X chromosome, SDC-2, SDC-3 and DPY-30. Western 
blots using antibodies the three DCC components DPY-27, DPY-28 and SDC-3 revealed that the 
higher molecular weight band that is present in XX embryos and yet is absent or greatly reduced 
in embryos depleted of SUMO is also absent or greatly reduced in embryos mutant for sdc-2, 
sdc-3 or dpy-30. The rest of the DCC is unable to bind to rex sites in embryos mutant for these 
recruitment proteins, suggesting that recruitment of the DCC to rex sites on the X chromosome is 
required for SUMOylation of it’s components.
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FIGURE 12.  DPY-28 is only SUMOylated in embryos as a member of the DCC not 
condensin I 
 
(A)  Graphical depiction of the condensin-like portion of the DCC (Condensin IDC) and the 
mitotic Condensin I complexes.  DPY-28 is a component of both complexes, and yet is only 
modified by SUMO when it is a component of the DCC. 
 
(B)  Western blots using antibodies to the shared DCC and condensin I component DPY-28 on 
either wild-type XX embryo extract input, immunoprecipitation (IP) with DPY-27 antibodies or 
IP with SMC-4 antibodies.  The higher molecular weight band in DPY-28 western blots is 
present in DPY-27 IP eluate, but not SMC-4 IP.  Thus, DPY-28 is only SUMOylated in embryos 
when it is a part of the DCC, not the condensin I complex. 
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FIGURE 13.  Model of SUMO involvement in DCC recruitment and binding 
 
(A,B) Models for loading the DCC onto X incorporating SUMO data. dox sites possess a low 
intrinsic binding capability that is comparable with autosomal binding and is positively 
correlated with transcriptional activity of nearby genes. The DCC initially loads onto rex sites in 
XX animals in a sequence-specific manner dependent on SDC-2, SDC-3, and DPY-30. The 
intrinsic low-level dox site binding, specified at least in part by transcriptional activity, is 
enhanced by proximity in cis to DCC-bound rex sites.  Once the rest of the DCC is recruited to 
rex sites, SDC-3, DPY-27 and DPY-28 become SUMOylated, stabilizing enriched binding on X. 
In XO males sdc-2 is not expressed, the rest of the DCC is never recruited to X and remains 
unmodified by SUMO.  
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Chapter 4 
 
 
 
 

Characterization of the role of the TIP60/NuA4-like HAT complex in  
C. elegans dosage compensation 

 
 
 
 

 
 

Work presented in this chapter was a collaboration between John Gladden and myself.  John and 
I contributed equally to all experiments described.
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ABSTRACT 
 

 Dosage compensation equalizes X-chromosome gene expression between sexes, which 
differ in the number of sex chromosomes.  In the nematode C. elegans, dosage compensation is 
executed by a multi-protein complex resembling the conserved 13S condensin complex.  This 
dosage compensation complex (DCC) binds both X chromosomes of XX hermaphrodites to 
decrease X transcript levels by two-fold, thus equaling transcript levels of the XO male. In other 
organisms where dosage compensation has been studied, chromatin modifications are essential 
for the regulation of X chromosome gene expression.  In this chapter we describe a role for a 
TIP60-like histone acetyltransferase (HAT) complex in C. elegans dosage compensation.  RNAi 
to multiple TIP60 component homologs causes synergistic lethality in combination with a weak 
dosage compensation mutation, and DCC localization is partially disrupted in 
immunofluorescence experiments.  TIP60 components are also required for DCC-mediated 
repression of dosage compensated genes on the X chromosome, as measured by gene expression 
microarray.  However, genome-wide ChIP-chip experiments revealed only minor changes in 
DCC binding to the X chromosome, and only for SDC-3.  Thus, members of a TIP60-like HAT 
complex are essential for C. elegans dosage compensation, although the precise step involved is 
still unknown.   
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INTRODUCTION 
 

In many organisms, gene expression can be regulated not only on a gene-by-gene basis, 
but also in a more general chromosome-wide fashion. For example, dosage compensation 
equalizes X-chromosome transcript levels between males (XO or XY) and females (XX).  In the 
nematode Caenorhabditis elegans, dosage compensation is executed by a multi-protein complex 
that is highly homologous to the conserved 13S condensin complex (Csankovszki et al. 2009).  
This dosage compensation complex (DCC) binds both X chromosomes of XX animals to 
decrease X transcript levels by two-fold. The precise mechanism by which this fine-tuning of X-
linked gene expression is accomplished is not clear.  In this chapter we describe a role for the 
MYST histone acetyltransferase (HAT) mys-1 and other components of the TIP60/NuA4-like 
complex in C. elegans dosage compensation. 

 
Previously, an RNAi screen was conducted in the Meyer lab to identify genes involved in 

histone modification that may be important for dosage compensation.  Proteins containing SET 
domains or chromodomains were targeted for this directed screen, as both domains are 
associated with modification of histones.  SET domains function as histone methyltransferases 
(HMTs), enzymes that catalyze methylation of lysines in the N-terminal tail of histones.  Histone 
methylation is associated with both transcriptional repression (e.g. H3K9me3) and transcriptional 
activation (e.g. H3K4me3) (Santos-Rosa et al. 2002; Schotta et al. 2002).  Chromodomains, on 
the other hand, bind to methylated histones.  Proteins containing these domains such as HP1 and 
Polycomb can act as readers for methylated histone marks (Brehm et al. 2004).  All 23 C. 
elegans genes containing SET domains and 24 genes containing chromodomains were screened 
for synergistic lethality with a hypomorphic mutation in the X signal element sex-1, which 
partially disrupts dosage compensation.  Out of all 27 genes screened only one gene, the 
chromodomain-containing MYST family histone acetyltransferase (HAT) mys-1, was found to 
affect dosage compensation. In a dosage compensation sensitized background (sex-1), depletion 
of MYS-1 by RNAi causes not only synergistic lethality, but also causes the DCC to appear 
diminished in abundance and diffuse throughout the nucleus, rather than tightly co-localized with 
X chromosomes (Gladden and Meyer, J. Gladden Thesis). Therefore, MYS-1 might act directly 
in dosage compensation by regulating DCC recruitment, binding, or activity. 

 
MYS-1 is the C. elegans ortholog of mammalian protein TIP60 or S. cerevisiae Esa1 

(Ceol and Horvitz 2004).  Both TIP60 and Esa1 have been shown to function as part of two or 
more multisubunit complexes involved in several cellular processes such as cellular signaling, 
DNA repair, cell cycle and apoptosis (reviewed in (Doyon and Cote 2004)).  The large majority 
of TIP60 forms a stable complex consisting of at least 16 subunits that acts primarily in 
transcriptional regulation and response to DNA damage.  Proteins in the mammalian TIP60 
complex share homology with components of the yeast NuA4 and SWR1 complexes, which are 
involved in histone acetylatyion and ATP-dependent chromatin remodeling, respectively (Lu et 
al. 2009). NuA4 and SWR1 share several subunits themselves, and it is believed that the TIP60 
complex could be the mammalian functional equivalent of both NuA4 and SWR1 combined. 
Similar TIP60-like complexes have been suggested in both C. elegans and D. melanogaster and 
orthologs of most TIP60 components have been identified (Table 1) (Ceol and Horvitz 2004; 
Kusch et al. 2004).    
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Since MYS-1 is likely to function in one or more multisubunit complexes, other 
homologs of TIP60 components in C. elegans were also tested for synergistic lethality with weak 
dosage compensation mutants (sex-1).  RNAi to 7 of 10 C. elegans TIP60 homologs tested 
(including mys-1) was synergistically lethal with sex-1.  In addition, immunofluorescence 
experiments revealed that in a dosage compensation sensitized background (sex-1), depletion of 
five of these seven TIP60 components by RNAi caused the DCC to appear diminished in 
abundance or diffuse throughout many nuclei, rather than punctate, suggesting disruption of 
DCC localization to X (Gladden and Meyer, J. Gladden Thesis). Therefore, it is likely that a 
larger TIP60-like complex, and not just MYS-1, play a role in C. elegans dosage compensation. 

 
As mentioned, TIP60/NuA4-like complexes participate in many different cellular 

processes. TIP60/NuA4 can acetylate the core histones H2A (K5), H3 (K14), and H4 (K4, K8, 
K12 and K18), and also the histone variant H2A.Z (Yamamoto and Horikoshi 1997; Kimura and 
Horikoshi 1998; Keogh et al. 2006).  In general, histone acetylation is associated with 
transcriptional activation by increasing chromatin accessibility and recruiting activating 
complexes.  However, aside from histones, TIP60 also acetylates several transcription factors 
such as myelocytomatosis oncogene c (c-Myc), the upstream binding transcription factor (UBF) 
and the androgen receptor (AR) (Gaughan et al. 2002; Halkidou et al. 2004; Patel et al. 2004).  In 
the case of the AR, TIP60 binds to and acetylates the AR, an activity that is required for AR 
transcriptional coactivation.  TIP60 also competes with histone deacetylase 1 (HDAC1) for 
association with the AR, thus further promoting AR-dependent transcriptional activation. 
Although TIP60 complexes are in general associated with coactivation of gene expression, they 
have also been implicated in a few cases of gene repression.  For example, TIP60 corepresses 
genes regulated by the cAMP response element binding protein (CREB).  CREB is a 
transcriptional activator that is stimulated by hormone and growth factor dependent 
phosphorylation by protein kinase A (PKA).  TIP60 corepresses CREB by binding directly to 
CREB and blocking its stimulation by PKA (Gavaravarapu and Kamine 2000).  Thus, a TIP60-
like complex could function in C. elegans dosage compensation by promoting expression of 
other genes essential for dosage compensation, or by actively contributing to repression of X-
linked genes. 

 
Very little is known about the function of TIP60-like complexes in C. elegans.  

Homologs of TIP60 proteins, including mys-1, have been shown to act in vulval cell fate 
determination by negatively regulating let-60 Ras signaling.  Mutations in several TIP60 C. 
elegans homologs cause multivulva phenotypes (Ceol and Horvitz 2004).  Close similarities in 
mutant TIP60 homolog phenotypes and genetic interactions led to the suggestion that several 
proteins (at least TRR-1, MYS-1 and EPC-1) may also form a histone acetyltransferase complex 
in C. elegans.  However, biochemical experiments have yet to prove physical association.  More 
recently, mys-1 was shown to play a role in meiotic crossover control by modulating levels of 
acetylated H2A at lysine 5 and promoting synaptonemal complex disassembly (Wagner et al. 
2010; Couteau and Zetka 2011).  Thus, we are only beginning to discover the roles that TIP60-
like complexes play in C. elegans development. 

 
In this chapter we provide evidence that the MYST HAT mys-1 and other members of the 

C. elegans TIP60-like HAT complex function in dosage compensation.  We show that RNAi to 
10 of 16 TIP60 homologs increases XX lethality in animals with weak dosage compensation 
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mutations.  In addition, a combination of mutation and RNAi to the TIP60 components mys-1 
and epc-1 causes defects in DCC localization, as measured by immunofluorescence.  We find 
that TIP60 components are also required functionally for execution of dosage compensation, as 
reduction of TIP60 component protein levels results in similar changes in gene expression as in 
dosage compensation mutants.  Unexpectedly, genome-wide analysis of DCC binding in TIP60 
mutant embryos revealed minimal changes in DCC binding.  The level of SDC-3 binding was 
slightly reduced across the X chromosome, but DPY-27 binding was not significantly altered. 
Taken together, these results suggest that activity of a TIP60-like complex is important for 
promoting dosage compensation in C. elegans.  However, it is still unclear how TIP60 
components are involved in the process of dosage compensation, and why DCC binding on X is 
disrupted in TIP60 mutants when assayed by immunofluorescence but not by ChIP-chip 
experiments. 
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MATERIALS AND METHODS 
 
Nematode strains   
Nematode strains used in this study are as follows: 
TY125, wild-type XX (N2) 
TY0810, sdc-2(y93, RNAi) X  
TY2384, sex-1(y263) X 
MT12615, mys-1(n3681) V  
 
Nematode culture 
All worms for embryo ChIP-chip analysis and microarray expression experiments were grown to 
high density on NG agar plates with concentrated HB101 at 20°C.  8 µl of synchronous L1 
larvae were spotted onto 60 10 cm RNAi plates (NG agar with 100ug/ml Carb and 1mM IPTG) 
with 2 mls of concentrated HT115 fermenter-grown bacteria carrying either an empty RNAi 
vector (L4440) or a vector expressing double stranded RNA to epc-1 (Kamath et al. 2003). 
Worms were grown for ~96 hours at 20°C before collecting embryos by bleaching.  Plates were 
split into two batches of 30 plates each before bleaching to create replicates.  
 
ChIP extract preparation  
Embryo extracts were prepared as described previously (Jans et al. 2009).  Briefly, embryos 
collected by bleaching were crosslinked in 2% formaldehyde in M9 for 30 min at 20oC and 
quenched with 100 mM Tris-HCl (pH 7.5). Samples were then washed twice with M9, once with 
Homogenization Buffer (50mM HEPES-KOH (pH 7.6), 0.5% NP-40, 140mM KCl, 1mM 
EDTA, 5mM DTT, 1mM PMSF) and frozen in liquid nitrogen. Samples were sonicated to a 
range of 200 bp – 1 kb using a Heat System XL2020 Sonicator with a Misonix 419 TIP for 10 x 
30 sec at 10%, then centrifuged at 5,000 x g for 20 minutes at 4°C.  The supernatant was again 
sonicated for 10 x30 sec at 10% and spun at 20,000 x g for 20 minutes at 4°C. The resulting 
supernatant was pre-cleared with protein A sepharose for 30 min and frozen in liquid nitrogen. 
 
Antibodies 
Rabbit polyclonal antibodies against DPY-27 (rb699) and SDC-3 (rb1079) were as described 
previously (Chuang et al. 1994; McDonel et al. 2006). 
 
ChIP-chip platform and data analysis   
ChIP-chip experiments were hybridized to 2.1 million feature high-density (HD2), isothermal 
(tm = 76°C) tiling arrays from Nimblegen, covering both the X chromosome and all autosomes 
of WormBase release WS180 (Design ID #6737). Median probe spacing is 40 bp and probe 
length varies in length from 50 to 75 bp, with repeat masking. All samples were hybridized at 
Nimblegen, and Ratio GFF and annotation files were supplied by Nimblegen. Data were 
analyzed and peaks were called using NimbleScan software and viewed using SignalMap 
software as previously described (Jans et al. 2009). 
 
All ChIP-chip experiments were performed at least in duplicate.  In all ChIP-chip profiles, the 
locations of genes are as annotated in WormBase release WS180. For all analyses in which peaks 
are compared to the transcriptional start sites (TSS) the position of each TSS corresponds to the 
Start position for each gene in WS180. 
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Immunofluorescence microscopy 
Embryos were fixed as described in DAVIS and MEYER (1997) and stained as described in 
CHUANG et al. (1994) except that primary antibody staining was done overnight and secondary 
antibody staining was performed for at least 3 hours.  All primary antibodies were used at a 
dilution of 1:200 in 1X PBST and secondary antibodies (Alexa Fluor, Invitrogen) were diluted 
1:500 in 1X PBST. Fixed and stained embryos were mounted in SlowFade Gold (Invitrogen) 
containing 0.5 !g/ml of DNA intercalating dye 4’,6 diamidino-2-phenylindloe (DAPI).  All 
images were captured on a Leica SP2 microscope. 
 
Gene expression arrays and data analysis 
Embryo microarray expression data from sdc-2 mutants were previously published (Jans et al. 
2009). For TIP60 mutant embryos, three samples grown the same as for ChIP-chip were 
collected by bleaching and frozen in 100 µl aliquots. RNA was prepared and hybridized to 
Affymetrix C. elegans Genome Microarrays as previously described (Jans et al. 2009). All array 
normalization, analysis, and determination of expressed genes by MAS5 analysis were 
performed as previously published (Jans et al. 2009). 
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RESULTS 
 

RNAi to C. elegans TIP60 homologs causes synergistic lethality when in combination with 
DC mutants and results in DCC mislocalization  
 
 mys-1 is thought to be a component of a TIP60-like protein complex containing multiple 
subunits. Homologs to most TIP60 complex components have been identified in C. elegans, 
suggesting composition of the TIP60 complex may be conserved (Table 1). Previously, it had 
been shown that RNAi to specific TIP60 complex homologs enhanced the XX-specific lethality 
of animals compromised for dosage compensation (sex-1 mutation) and resulted in DCC 
mislocalization, as measured by immunofluorescence.  To determine whether all TIP60-like 
components have effects on dosage compensation, we tested all homologs found in C. elegans, 
including those previously untested, for synergistic XX embryonic lethality with hypomorphic 
mutation of the X Signal Elememt sex-1, which partially disrupts dosage compensation.  Out of 
the sixteen TIP60 homologs tested, RNAi to ten caused synergistic lethality in combination with 
mutation of sex-1 (mys-1, trr-1, ssl-1, epc-1, y105e8a.17, gfl-1, c27h6.2, t22d1.10, c26c6.1 and 
c17e4.6), one caused growth defects eliminating the ability to score embryonic phenotypes 
(actin), one caused significant lethality in a non-sensitized background (zk616.4) and four genes 
had no significant effect on sex-1 viability (mrg-1,y51h1a.4, c06c3.7 and zk1127.3) (Table 2).  
The synergistic lethality observed for ten of sixteen TIP60 homologs supports a role for a larger 
TIP60-like complex, and not just mys-1, in dosage compensation. 
  
 
Depletion of mys-1 by RNAi, but not other TIP60 homologs rescues xol-1 males 
 
 C. elegans XO males escape reduction in expression of genes on their single X 
chromosome due to a difference in expression of the master switch gene xol-1.  In wild-type XO 
embryos, xol-1 is expressed at high levels.  XOL-1 represses expression of sdc-2 and thus 
loading of the DCC onto X.  Conversely, in XO embryos mutant for xol-1, sdc-2 is expressed 
and the DCC inappropriately loads onto the X chromosome, causing male-specific lethality 
(Miller et al. 1988; Chuang et al. 1994; Dawes et al. 1999).  xol-1 XO lethality is fully 
suppressed by null mutations in dosage compensation genes, and thus rescue of xol-1 lethality is 
a useful assay to identify genes that are functionally important for dosage compensation.  
Depletion of MYS-1 by RNAi does not enhance male viability in xol-1 mutants.  This is not 
necessarily unexpected given the requirement for a dosage compensation sensitized background 
(sex-1) in combination with mys-1 RNAi in order to observe defects in DCC localization.  
Hypomorphic mutation of sex-1 only partially suppresses XO lethality, and the males that do live 
fail to develop full male tail structures or grow to adulthood.  Depletion of MYS-1 by RNAi in 
him-8; xol-1 sex-1 animals rescued male viability from 16 percent to 29 percent (Table 3).  In 
addition, the rescued males were significantly healthier and male tails more fully developed than 
him-8; xol-1 sex-1 alone.  These results further confirm the involvement of mys-1 in proper 
execution of dosage compensation.   
  
 Next, we also asked whether disruption of TIP60 components other than mys-1 by RNAi 
is also able to rescue the sex-specific lethality of xol-1 mutant males.  Eight TIP60 homologs 
(other than mys-1) were assayed for enhanced him-8; xol-1 sex-1 male rescue:  ssl-1, zk616.4, 
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y51h1a.4, mrg-1, t22d1.10, trr-1 and c27h6.2 (Table 3).  Depletion of these 8 TIP60 homologs 
by RNAi did not enhance viability of him-8; xol-1 sex-1 males.  However, in some cases (ssl-1, 
zk616.4, t22d1.1 and trr-1) male viability was actually reduced, if not eliminated all together. As 
these genes also cause significant XX lethality, it is possible that these males die due to unrelated 
roles that TIP60 complexes play in essential developmental processes other than dosage 
compensation.  The lack of xol-1 male rescue in animals treated with RNAi to TIP60 
components other than mys-1 suggests that MYS-1 may be the most essential TIP60 complex 
component in dosage compensation, or that mys-1 RNAi is the most potent.  
   
 
Combination of mutation and RNAi to TIP60 homologs disrupts DCC localization to X in a 
non-sensitized background   
 
 Depletion of TIP60 complex homologs by RNAi only causes disruption in dosage 
compensation in combination with weak dosage compensation mutations, not in wild-type 
embryos.  This requirement for a sensitized background might suggest that either TIP60 
components are not central players in the process of dosage compensation, or that RNAi 
depletion of these genes is inefficient.  To determine whether disruption of TIP60 components in 
a non-dosage compensation-sensitized background could cause DCC mislocalization, we 
depleted TIP60 components by RNAi in animals with a partial loss-of-function mutation in mys-
1.  Further disruption of mys-1 by mys-1 RNAi in mys-1 mutants occasionally resulted in weak 
DCC mislocalization, exemplified by diffuse SDC-3 staining in select nuclei (Figure 1).  
However, DCC disruption was not observed in all embryos and often a single embryo would 
contain nuclei with properly localized DCC, nuclei with diffuse DCC staining, and nuclei with 
no DCC staining. Thus, it is unlikely that mys-1 alone plays an important enough role in dosage 
compensation to promote DCC localization to X.  However, we discovered that depletion of the 
TIP60 component EPC-1 (enhancer of polycomb 1) by RNAi in combination with mutation of 
mys-1 caused abnormal DCC localization, as assayed by immunofluorescence (Figure 2).  Again, 
the DCC staining patterns observed were non-uniform in that some nuclei had no DCC staining 
visible, others had diffuse nuclear DCC staining, and still others appeared wildtype. The ability 
to perturb DCC binding by mutation and knock-down of TIP60 homologs alone, and not only in 
combination with weak dosage compensation mutants confirms that the TIP60 complex is likely 
to play an important role in dosage compensation. 
 
 
Mutations in TIP60 components cause similar changes in gene expression as dosage 
compensation mutants 
 
 Mutation of genes essential for dosage compensation causes an enrichment for  increased 
expression of genes across the X chromosome.  To verify that TIP60 homologs are required for 
dosage compensation functionally we performed genome-wide expression analysis with 
Affymetrix microarrays on XX embryos mutant for TIP60 components.  First, we compared 
mRNA levels in wild-type XX embryos with embryos mutant for mys-1(n3681) and further 
depleted of MYS-1 by RNAi.  Genes that increase in expression in mys-1(n3681, RNAi) embryos 
were significantly enriched on the X chromosome compared to autosomes, as would be expected 
if dosage compensation is not being properly executed (Figure 3A).  Of 2547 X chromosome 
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genes on the array, 344 (13.5 percent) increased in expression in mys-1(n3681, RNAi) embryos, 
while only 156 (6.1 percent) genes decreased in expression (p!0.05, no fold-change cutoff). On 
autosomes, however, there was no significant preference for direction of gene expression 
changes, as 1,248 (7.6 percent) of 15,846 autosomal genes increased in expression in mys-
1(n3681, RNAi), and 1,006 autosomal genes (6.8 percent) decreased in expression (Figure 3A).  
Thus, gene expression changes in mys-1(n3681, RNAi) are consistent with MYS-1 positively 
regulating dosage compensation. 
  
 Since RNAi to epc-1 in mys-1(n3681) mutants causes abnormal DCC localization in 
immunofluorescence experiments, we also measured mRNA levels in epc-1(RNAi); mys-
1(n3681) embryos.  Gene expression changes were even larger in epc-1(RNAi); mys-1(n3681) 
embryos than in mys-1(n3681, RNAi) (Figure 3B).  851 of 2,547 X-linked genes (33 percent) 
increased in expression in epc-1(RNAi); mys-1(n3681) embryos, while 316 X chromosome genes 
(12 percent) decreased in expression in these embryos (p!0.05, no fold-change cutoff).  On 
autosomes, 2,532 of 15,846 genes (16 percent) increased in expression in epc-1(RNAi); mys-
1(n3681) embryos, whereas 3,396 genes (23 percent) decreased in expression. Thus, as would be 
expected of genes essential for dosage compensation, disruption of mys-1 or epc-1 causes 
preferential over-expression of genes on X. 
 
 Not all genes on the X chromosome respond to dosage compensation, thus we sought to 
determine whether the genes that are repressed by dosage compensation also require TIP60 
activity for proper expression.  To this end, we first compared gene expression changes in 
embryos mutant for the DCC component sdc-2 with mys-1(n3681); epc-1(RNAi) (the strongest 
TIP60 mutant condition) (Figure 3C).  Sixty-two percent (874) of genes on the X chromosome 
increased significantly in expression in sdc-2(y93, RNAi).  Of these genes, 556 (64 percent) also 
increased in expression in mys-1(n3681); epc-1(RNAi), a significantly higher percentage than 
would be expected by random chance (33 percent).  Thus, mutation of TIP60 complex 
components results in similar gene expression changes as mutation of DCC components. 
 
 Previously, X-linked genes that are bona fide targets of dosage compensation were 
identified as those that not only increase in expression in dosage compensation mutants, but also 
those that are not expressed at significantly different levels in males and hermaphrodites (Jans et 
al. 2009).  Of the 374 dosage compensated genes, 248 genes (66 percent) increased in expression 
in epc-1(RNAi); mys-1 embryos, while only 64 genes (17 percent) decreased in expression 
(Figure 3D).  Conversely, genes that escape dosage compensation are more likely to decrease in 
expression than increase in mys-1(n3681); epc-1(RNAi).  Of 290 genes that escape dosage 
compensation, only 63 (22 percent) were over-expressed in epc-1(RNAi); mys-1 embryos, 
whereas 126 (43 percent) were under-expressed. Thus, the TIP60 components mys-1 and epc-1 
are not only required for proper DCC localization, as measured by IF, but are also essential 
functionally for repression of dosage compensated genes across X.   
 
 
 
 
 

160



Genome-wide analysis of DCC binding by ChIP-chip indicates binding is only weakly 
perturbed in TIP60 mutant embryos  
  
 Initial immunofluorescence experiments suggested that DCC binding is not always 
correctly targeted to the X chromosome in mys-1(n3681); epc-1(RNAi) embryos, leading to the 
speculation that TIP60 complex components may act to direct DCC recruitment or binding on 
the X chromosome.  To assay precisely how TIP60 components promote DCC binding we 
performed genome-wide chromatin immunoprecipitation followed by microarray hybridization 
(ChIP-chip) of the DCC components SDC-3 and DPY-27 in mys-1(n3681); epc-1(RNAi) 
embryos compared with embryos treated with control empty vector RNAi.  The general ChIP-
chip binding landscapes for both SDC-3 and DPY-27 were relatively unchanged in mys-
1(n3681); epc-1(RNAi) embryos, as assayed by ChIP-chip profiles (Figure 4A,B).  However, the 
overall level of binding on X, specifically for SDC-3, was moderately reduced in TIP60 mutant 
embryos (Figure 5B, Figure 6B).   The average SDC-3 ChIP-chip peak score on X was reduced 
from 0.90 in wild-type to 0.63 in mys-1(n3681); epc-1(RNAi) embryos, which resulted in a 
reduction in the number of strong peak calls (score of 0.75 or greater) by 45 percent.  The 
average peak score for DPY-27 ChIP-chip was also slightly reduced in mys-1(n3681); epc-
1(RNAi) embryos (from 0.72 to 0.62), and yet there was no reduction in the total number of 
strong peak calls (Figure 5A, Figure 6A).  These results were somewhat surprising, given the 
DCC localization defects observed in immunofluorescence experiments, and suggest that TIP60 
components may be more important for DCC function than localization.  Possible explanations 
for the discrepancy in DCC binding between immunofluorescence experiments and ChIP-chip 
experiments are further explored in the discussion section. 
 
 The DCC binds to at least two categories of cis-acting sites on the X chromosome.  rex 
(recruitment element on X) sites recruit the DCC in an autonomous fashion, whereas dox sites 
(dependent on X) only fully bind the DCC when in the environment of an intact X.  In mys-
1(n3681); epc-1(RNAi) embryos the level of SDC-3 binding both rex and dox sites was 
moderately reduced, although both classes of sites retained significant levels of SDC-3 binding.  
rex site binding was reduced from 90 percent bound strongly (score of 0.75 or greater) in wild-
type to 68 percent in epc-1(RNAi); mys-1 (Figure 7B, Figure 8B).  In addition, the average peak 
score at rex sites was reduced from 2.12 in wild-type embryos to 1.59 in moderately reduces 
embryos.  At dox sites, the average SDC-3 ChIP-chip peak score was reduced from 1.08 to 0.78, 
and 27 percent of dox sites bound strongly (score of 0.75 or better) in wild-type were no longer 
bound strongly in mys-1(n3681); epc-1(RNAi).  DPY-27 binding, however, was not significantly 
reduced at rex sites, and dox site binding was only very weakly reduced (Figure 7A, Figure 8A).  
The average DPY-27 ChIP-chip probe score at dox sites was reduced from 1.06 to 1.00, and 18 
percent of dox sites bound strongly (score of 0.75 or better) in wild-type were no longer bound 
strongly in mys-1(n3681); epc-1(RNAi). Thus, the TIP60 components MYS-1 and EPC-1 appear 
to be important for full SDC-3 binding at both rex and dox sites, but not DPY-27. 
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DISCUSSION 

Components of a TIP60-like complex promote C. elegans dosage compensation 

 We have shown that components of a putative TIP60-like HAT complex are essential for 
proper execution of dosage compensation in C. elegans.   RNAi to ten of sixteen TIP60 
homologs causes synergistic lethality of XX animals in combination with a weak dosage 
compensation mutation (sex-1).  In addition, RNAi to five of these TIP60 complex homologs 
causes abnormal DCC localization in immunofluorescence experiments; in many nuclei the DCC 
is diffuse throughout the nucleus, rather than punctate, and in others the level of DCC protein is 
diminished. TIP60 complex homologs are also essential for dosage compensation functionally, 
as TIP60 complex disruption causes similar gene expression changes as in dosage compensation 
mutants.  Genome-wide ChIP-chip experiments revealed a slight reduction in SDC-3 binding on 
the X chromosome at both rex and dox sites, but DPY-27 binding was not significantly altered. 
Thus, components of a TIP60-like complex are clearly important for proper execution of dosage 
compensation, but precisely how is still unclear.  
 
 
DCC localization to X:  Immunofluorescence versus ChIP-chip results 
  
 The first evidence that TIP60 complex components might play a direct role in C. elegans 
dosage compensation came from immunofluorescence experiments showing disrupted DCC 
localization to the X chromosome.  However, high resolution genome-wide ChIP-chip 
experiments revealed only weak disruption of SDC-3 binding on X, and no significant reduction 
in DPY-27 binding. These results were unexpected given DPY-27 and SDC-3 both showed 
defects in X localization by immunofluorescence.   
 
 Several possibilities exist as to why these two DCC binding assays differ in their results.  
First, immunofluorescence experiments never showed consistent DCC localization defects in the 
mutant condition used for ChIP-chip (epc-1(RNAi); mys-1(n3681)).  The level of DCC disruption 
varied from embryo to embryo, and within one embryo the phenotype also varied:  in some 
nuclei the DCC was diffuse throughout the nucleus, in others DCC levels were dramatically 
reduced, and in still others DCC localization to X appeared wild-type.  Heterogeneity in DCC 
binding from embryo to embryo and between cell types could confound ChIP-chip results.  It is 
possible that DCC binding in the nuclei with wild-type DCC localization and in the embryos 
with less severe DCC disruption masks any major defects in other nuclei.  ChIP-chip protocols 
involve both an amplification step and a standard amount of ChIP DNA that is hybridized to the 
array.  Perhaps the combination of these two steps resulted in artificial amplification of the DCC 
binding in undisrupted nuclei.  
 
 It is also possible that small changes in the level of DCC binding on the X chromosome 
can result in more dramatic defects in DCC staining patterns.  There is some precedence for this, 
as null mutations in dpy-27 cause severe SDC-3 disruption, as measured by 
immunofluorescence.  ChIP-chip experiments showed a significant reduction in SDC-3 binding 
on the X chromosome, yet both rex and dox sites were still bound, although at a reduced level 
(Chapter 2).  Thus, it is possible that, for example, a 20% reduction in level of DCC binding on 
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X might be sufficient to detect DCC mis-localization by immunofluorescence, while defects in 
binding by ChIP-chip seem less significant. 
 
 A third possibility is that DCC binding on the X chromosome is not significantly altered 
in embryos mutant for TIP60 complex components, and yet the 3D structure of the X 
chromosome is changed in such a way that it does not occupy a compact compartment of the 
nucleus, and thus appears more diffuse.  If the TIP60 complex is required for rex site interactions 
within the nucleus, then disruption of TIP60 components could cause changes in 3D 
chromosome structure.  Very preliminary experiments measuring the 3D distance between two 
rex sites within the nucleus in mys-1 XX embryos depleted of EPC-1 by RNAi indicate that rex 
site interaction may be perturbed in these TIP60-deficient embryos (Emily Crane, unpublished 
results).  Thus, it is also possible that changes in X chromosome 3D structure and not actual 
DCC binding contributed to the DCC mis-localization observed in TIP60 mutant embryos. 
 

Possible mechanisms of TIP60 complex activity in dosage compensation 

 Histone acetyltransferases such as TIP60/MYS-1 have in general been described as 
transcriptional coactivators (Roth et al. 2001).  In addition, the TIP60 component TRRAP (trr-1 
in C. elegans) is thought to promote interactions between activation domains of DNA 
transcription factors and histone acetyltransferases (Brown et al. 2001).  Thus, the putative TIP60 
complex containing MYS-1, TRR-1, EPC-1 and likely several other TIP60 homologs that have 
been shown to affect dosage compensation, may function in transcriptional activation.  If this is 
the case, one possible mechanism for TIP60-like complex activity in dosage compensation is 
through positively regulating expression of genes that promote dosage compensation.  Gene 
expression microarray analysis in epc-1(RNAi); mys-1(n3681) embryos revealed that the steady 
state transcript level for several different DCC components is decreased in these TIP60 mutant 
embryos (Table 4).  sdc-3 is one of the DCC genes whose expression is most severely affected, 
which might account for the more severe phenotypes observed in ChIP-chip experiments. Thus, 
the TIP60 complex might act indirectly in dosage compensation indirectly, through promoting 
expression of DCC components or other genes that positively regulate dosage compensation. 
 
 Although in the majority of well-studied cases protein acetylation is associated with gene 
activation, a few instances of acetyltransferase activity in transcriptional repression exist.  For 
example, reduced function of the yeast MYST acetyltransferases Sas2p and Sas3p causes defects 
in silencing of the mating type loci and telomeres (Reifsnyder et al. 1996; Ehrenhofer-Murray et 
al. 1997).  In addition the Drosophila Enhancer of Polycomb (E(Pc) in Drosophila or epc-1 in C. 
elegans) is essential for Polycomb-dependent repression of homeobox genes and for 
heterochromatic silencing (Sato et al. 1983; Sinclair et al. 1998).  Thus, it is possible that a 
TIP60-like complex containing MYS-1 and EPC-1 could in fact act in dosage compensation 
through transcriptional repression of X-linked dosage compensated genes, instead of activation.   
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Chromatin modifications and dosage compensation 
 
In other organisms where dosage compensation has been well studied, epigenetic 

modifications, such as histone modification or use of histone variants, are essential to regulation 
of the X chromosome.  For example, one of the fruit fly dosage complex components, MOF, is 
itself a histone methyltransferase. When specifically targeted to the male’s X chromosome MOF 
acetylates Histone 4 at lysine 16 (H4K16), which is thought to set up a more permissive 
chromatin environment and may contribute to the 2-fold increase in X-linked expression in XO 
males (Hilfiker et al. 1997).  In mammalian dosage compensation, expression of the non-coding 
RNA Xist from the X-inactivation center (Xic) leads to heterochromatin formation along the 
inactive X, which is pivotal for reducing X expression in XX individuals (Brockdorff et al. 1992; 
Brown et al. 1992). DNA methylation and replacement of canonical histones with histone 
variants has also been implicated in mammalian X inactivation. C. elegans X chromosomes 
could also adopt a repressive chromatin configuration to achieve partial repression. If this 
hypothesis is correct, genes altering chromatin configuration, such as histone modifying enzymes 
or histone variants, could be involved in recruitment, binding or function of the DCC.   
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TABLE 1 

Yeast and C. elegans homologs to human Tip60 subunits 

Yeast      TIP60         C. elegans 

Subunit      Human homolog(s)              homolog(s)a     Domain(s) 

NuA4 

ESA1        Tip60/Tip60b     mys-1    Chromo/ HAT 

TRA1         TRRAP        trr-1     PI-3 kinase/ATM   

VID21b       hDomino? (p400)   ssl-1    SANT, HAS  

EPL1         Enhancer of Polycomb       epc-1    EpcA  

EAF3         MRG15     mrg-1    Chromodomains 

EAF6         hEaf6 (FLJ11730)   ? 

YNG2        ING3      y51h1a.4   PHD finger 

EAF5         ?          ? 

EAF7  MRGBP    c06c3.7 or ZK1127.3 

EAF2b        DMAP1    y105e8a.17   SANT 

ARP4b         BAF53a    zk616.4   Actin related  

ACT1b         Actin          act-1,2,3,4 

YAF9b         GAS41      gfl-1    YEATS 

SWR1 

SWR1  SRCAP    ssl-1    SNF2  

RVB1         RUVBL1         c27h6.2   AAA ATPase 

RVB2         RUVBL2       t22d1.10   AAA ATPase 

BDF1        BRD8          c26c6.1   Bromo/HMG 
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Vps72  YL-1     c17e4.6 

OtherSWR1  

SWC2/VSP72      t06d8.1? 

SWC3       c42d8.2? 

SWC5       f39h11.1 

SWC6 /VSP71     none 

SWC7       none 

a Complete information on C. elegans homologs listed, by either a CGC gene name or 
sequence name, can be found at WormBase; http://www.wormbase.org. 
 
b This gene is also a component of the SWR1 complex. 
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TABLE 2 

RNAi of C. elegans TIP60/NuA4-like complex members causes synergistic XX-
lethality with sex-1 mutants but not wild type 

 

MYST   wild type    sex-1(y263) 

Gene RNAia  % viabilityb    nc   % viabilityb    nc 

Empty vector      100   900           70 889 

NuA4 

mys-1        101    927             0  697 

trr-1          47  1066             0 1281 

ssl-1e          78   1256               7 1421 

epc-1          99    313             9  278 

mrg-1        102    978           73   970 

y51h1a.4       100     977             76  1268 

c06c3.7        100    963           77  1082 

zk1127.3         99  1063              83  1147 

y105e8a.17e          40      322             0   463 

zk616.4e           2    839                0  1078 

act-1,2,3,4d,e       sickd    NA             sick    NA 

gfl-1e        100    549             6    301 

SWR1 

c27h6.2         79    955                 24   780 

t22d1.10         57   1117             5  1069 

c26c6.1         90   1063              26  1119 

c17e4.6       100    809              37  1006 
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TABLE 2.  RNAi of C. elegans TIP60/NuA4-like complex members causes 
synergistic XX-lethality with sex-1 mutants but not wild type 
 
a Where indicated, gene expression was decreased using RNAi.  Wild type or sex-1(y263) 
hermaphrodites were fed bacteria producing dsRNA generated from plasmids containing 
a genomic fragment corresponding to the gene listed.   
 
b Hermaphrodite viability was calculated as the ratio of adult hermaphrodites to total 
embryos. Genes considered to be synergistically lethal are in red. 
 
c n is the total number of embryos. 
 
d RNAi of the listed gene prevented hermaphrodite larva from developing into fertile  
adults.  Therefore, embryonic phenotypes could not be scored. 
 
e This gene is also a component of the SWR1 complex. 
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TABLE 3 

RNAi of mys-1 but not other TIP60/NuA4-like complex members  

enhances the rescue of xol-1 sex-1 mutant XO animals 

                      Male          Hermaphrodite 

Genotypea                          viability (%)be viability (%)c  nd 

him-8(e1489); xol-1(y9)                0       92    990 

him-8(e1489); xol-1(y9) sex-1(y263)                        16       73  1073 

him-8(e1489); xol-1(y9) sex-1(y263) sdc-2(RNAi)             51        2  2552 

him-8(e1489); xol-1(y9) sex-1(y263) mys-1(RNAi)          29       36  1201 

him-8(e1489); xol-1(y9) sex-1(y263) ssl-1(RNAi)           3       10    841 

him-8(e1489); xol-1(y9) sex-1(y263) zk616.4(RNAi)          0        0    777 

him-8(e1489); xol-1(y9) sex-1(y263) y51h1a.4(RNAi)        9        59  1131 

him-8(e1489); xol-1(y9) sex-1(y263) mrg-1(RNAi)          12       69    999 

him-8(e1489); xol-1(y9) sex-1(y263 t22d1.10 (RNAi)         4       28    596 

him-8(e1489); xol-1(y9) sex-1(y263 c26c6.1 (RNAi)         15       62  1457  

him-8(e1489); xol-1(y9) sex-1(y263) trr-1(RNAi)           0        2    558 

him-8(e1489); xol-1(y9) sex-1(y263 c27h6.2 (RNAi)          6       36    884 

xol-1(y9)                        0      111    416 

xol-1(y9) mys-1 (RNAi)                 0                 107    294 

xol-1(y9) sex-1(y263)                            6                   87    466 

xol-1(y9) sex-1(y263) mys-1 (RNAi)                       32f                 93g     677 
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TABLE 3.  RNAi of mys-1 but not other TIP60/NuA4-like complex members  
enhances the rescue of xol-1 sex-1 mutant XO animals 
 
a Where indicated, gene expression was decreased using RNAi.  Animals were fed 
bacteria producing dsRNA generated from plasmids containing a genomic fragment 
corresponding to the gene listed.  All strains listed that have the him-8(e1489) allele 
segregate 37% male and 63% hermaphrodites. 
 
b Male viability was calculated as the ratio of identifiable larval and adult males to the 
expected number of males, which is (n x 0.37) in him-8 strains and (n x 0.50) in all other 
strains. In stains that lack him-8 males were generated by crossing wild type males into 
the strain listed under genotype. 
 
cHermaphrodite viability is calculated as the ratio of adult hermaphrodites to the expected 
number of hermaphrodite, which is (n x 0.63) in him-8 strains and (n x 0.50) in all other 
strains. 
 
d n is the total number of embryos. 
 
e All animals scored as viable males except in the sdc-2(RNAi) strain were quite sick and 
had incomplete adult male tail structures, indicating they did not develop to adulthood.  
In the sdc-2(RNAi) strain, 36% of males developed to adulthood. 
 
f The animals scored as viable males were also sick but less severely than those described 
in footnote (e) and developed more complete adult male tail structures. 
 
g Hermaphrodite viability is not low, because the hermaphrodites are heterozygous for 
xol-1 and  sex-1. 
!
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TABLE 4 

Genes involved in sex determination and dosage compensation are reduced in 
expression in epc-1(RNAi); mys-1(n3681) embryos 

 
 

   epc-1(RNAi); mys-1(n3681) vs. empty vector (L4440) control 

 Gene   Expression level fold change  p value 

 sdc-1    -3.11    2.23e-5 

 sdc-2    -3.58    2.23e-5 

 sdc-3    -2.52    1.24e-5 

 dpy-21    -1.20    2.94e-2 

 dpy-26    -1.90    6.73e-3 

 dpy-27    -1.46    8.32e-3 

 dpy-28   no significant change 

 dpy-30    -1.97    1.07e-5 

 mix-1    -2.40    1.38e-4 

 capg-1    -1.65    1.12e-3 

 sex-1    -1.63    5.66e-4  

 ceh-39    -1.89    5.66e-4 

 sea-1    -2.66    1.97e-3 

 sea-2    1.25    4.05e-2 

 her-1    -1.43    3.74e-2   

 xol-1   no significant change 
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TABLE 4.  Genes involved in sex determination and dosage compensation are 
reduced in expression in epc-1(RNAi); mys-1(n3681) embryos 
 
Mutation of mys-1 in combination with depletion of EPC-1 by RNAi results in reduced 
expression of many genes involved in sex determination and dosage compensation.  
Shown are fold changes in gene expression, as measured by Affymetrix gene expression 
microarray, for epc-1(RNAi); mys-1(n3681) XX embryos compared to wild-type XX 
embryos treated with empty vector (L4440) RNAi.  A p value of less than or equal to 
0.05 was required for a change in gene expression to be considered significant.   
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FIGURE 1.  Disruption of mys-1 by a combination of mutation and RNAi causes weak 
defects in DCC localization to X  
 
The DCC component SDC-3 is not punctate in some nuclei of embryos mutant for mys-
1(n3681,RNAi), suggesting there may be defects in DCC localization to the X chromosome.  
Shown are confocal images of XX wild-type embryos or embryos with a hypomorphic mutation 
in mys-1 treated with either no RNAi or RNAi to mys-1.  Embryos were co-stained with 4,6-
diamidino-2-phenylindole (DAPI, red in merge) and antibodies against SDC-3 (green in merge).  
In wild-type embryos, with or without mys-1 RNAi, and in mys-1 hypomorphic mutant embryos 
SDC-3 staining is punctate in each nucleus, indicating proper enrichment on the X chromosome.  
However, in embryos depleted of MYS-1 by RNAi in a mys-1 mutant background, SDC-3 is not 
always punctate in all nuclei, suggesting defects in binding to the X chromosome.  mys-
1(n3681,RNAi) defects are not uniform, in that some nuclei have diffuse SDC-3 staining, some 
nuclei have diminished levels of SDC-3 and still others appear wild-type. Scale bar, 5 m. 
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FIGURE 2.  Depletion of epc-1 by RNAi in mys-1 mutants causes more severe defects in 
DCC localization to X  
 
The DCC component SDC-3 is not punctate in many nuclei of embryos mutant for mys-1 and 
depleted of the TIP60 component EPC-1 by RNAi, suggesting the DCC may not correctly 
localize to the X chromosome.  Shown are confocal images of XX wild-type embryos or 
embryos with a hypomorphic mutation in mys-1 and treated with RNAi to epc-1.  Embryos were 
co-stained with 4,6-diamidino-2-phenylindole (DAPI, red in merge) and antibodies against SDC-
3 (green in merge). The scale bar represents 5 m.  In wild-type embryos SDC-3 staining is 
punctate in each nucleus, indicating proper enrichment on the X chromosome.  However, in 
embryos depleted of EPC-1 by RNAi in a mys-1 mutant background, SDC-3 is not always 
punctate in all nuclei, suggesting defects in binding to the X chromosome.  Defects in SDC-3 
localization are not uniform, in that some nuclei have diffuse SDC-3 staining, some nuclei have 
diminished levels of SDC-3 and still others appear somewhat wild-type.  In addition, the severity 
of DCC mislocalization varies from embryo to embryo.  Regardless, the ability to perturb DCC 
binding by mutation and knock-down of TIP60 homologs alone, and not only in combination 
with weak dosage compensation mutants confirms that the TIP60 complex is likely to play an 
important role in dosage compensation. 
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FIGURE 3.  Disruption of the TIP60 components mys-1 and epc-1 causes over-expression of 
dosage compensated genes on X 
 
Mutation of mys-1 in combination with depletion of either MYS-1 or EPC-1 by RNAi results in 
similar changes in gene expression as in dosage compensation mutants.  Shown are histograms 
depicting comparisons of genes over-expressed or under-expressed in each condition compared 
to wild-type XX embryos, as measured by Affymetrix gene expression microarray.  A p value of 
less than or equal to 0.05 was required and no fold change cutoff was imposed.   
 
(A.)  Like dosage compensation mutants, mutation of mys-1(n3681, RNAi) results in a bias 
towards over-expression of genes on the X chromosome compared to wild-type XX embryos. Of 
the 2547 X chromosome genes on the array, 344 genes increase in expression in embryos mutant 
for mys-1 and depleted of MYS-1 by RNAi, and 156 genes decrease in expression. On 
autosomes, there is no preference for direction of gene expression changes, as 1,248 of 15,846 
autosomal genes on the array increase in expression and 1,006 genes decrease in expression.  
 
(B.)  Depletion of EPC-1 by RNAi in mys-1 mutant embryos results in an even stronger bias 
towards over-expression of genes on the X chromosome compared to wild-type XX embryos. Of 
the 2547 X chromosome genes on the array, 851 genes increase in expression in epc-1(RNAi); 
mys-1(n3681) embryos, and 316 genes decrease in expression. On autosomes, 2,532 of 15,846 
genes on the array increase in expression and 3,396 genes decrease in expression.  
 
(C.)  Mutation in dosage compensation complex components and disruption of the TIP60 
complex causes similar sets of genes to be changed in expression level.  Genes significantly 
changed in expression in sdc-2 (y93,RNAi) mutant embryos were assayed for gene expression 
changes in epc-1(RNAi); mys-1 embryos.  64 percent (556) of the 874 genes on the X 
chromosome that are over-expressed in sdc-2 are also over-expressed in epc-1(RNAi); mys-1.  
This is significantly more than the 33 percent expected by random chance.   
 
(D.)  Dosage compensated genes are over-expressed in embryos deficient for TIP60 components.  
Dosage compensated genes were previously determined to be those whose expression increases 
in DCC mutants, and whose expression is equivalent between XX and XO embryos.  Of all 374 
dosage compensated genes, 66 percent significantly increase in expression in epc-1(RNAi); mys-
1 embryos, again significantly more than the 33% expected by random chance.  In addition, only 
22% of all 290 genes that escape dosage compensation increase in expression in TIP60-depleted 
embryos.  Thus, components of a TIP60-like complex are essential for proper execution of 
dosage compensation. 
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FIGURE 4.  DCC binding on X is only slightly reduced by ChIP-chip in embryos mutant 
for TIP60 components  
 
Disruption of the TIP60 complex by RNAi to epc-1 in mys-1 mutant embryos causes a slight 
reduction in the level of DCC binding on X, but in general DCC binding is not significantly 
perturbed in epc-1(RNAi); mys-1(n3681). 
 
(A,B) Shown are representative X chromosome ChIP–chip profiles of two DCC subunits (DPY-
27 and SDC-3) in wild-type XX embryos and epc-1(RNAi); mys-1(n3681) embryos. Gene 
locations are indicated below the ChIP profiles, and the direction of transcription is indicated by 
the box position, with transcription to the right above the line and transcription to the left below 
the line. The overall binding profile of both DPY-27 and SDC-3 on the X chromosome appears 
fairly wild-type in embryos disrupted for TIP60 complex components. However, the level of 
DCC binding, particularly of SDC-3, is somewhat reduced in epc-1(RNAi); mys-1(n3681) 
embyos. 
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FIGURE 5.  Disruption of TIP60 components does not significantly alter the genome-wide 
DCC binding distribution 
 
(A,B)  Histograms depicting the distribution of ChIP–chip probe scores across the X 
chromosome and autosomes in wild-type XX embryos or mys-1 XX embryos depleted of EPC-1 
by RNAi. Probe scores were grouped into bins with a step size of 0.06 (log2 scale), and the 
percentage of total probes in each bin was graphed on the Y-axis. In general, the ChIP-chip 
probe score distributions on X and autosomes are not dramatically altered in epc-1(RNAi); mys-
1(n3681) embryos.  The level of SDC-3 binding on X is however slightly reduced in these TIP60 
mutant embryos, as evident from the slight shift in X chromosome probe score distribution 
towards that of autosomes.   
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FIGURE 6.  The total number of SDC-3 ChIP-chip binding sites is reduced in TIP60-
deficient embryos  
 
(A,B)  Histograms showing quantification of DCC component (SDC-3 and DPY-27) binding by 
ChIP-chip on the X chromosome compared to the average of all autosomes.  The height of the 
bar corresponds to the number of binding sites per Megabase with a peak score of 0.75 or better 
in wild-type (empty vector control) XX embryos versus mys-1 XX embryos treated with epc-1 
RNAi. The asterisk indicates a p value of  0.05, whereas a double asterisk indicates a p value of 

 0.01 for the significance of the difference in binding site numbers on X and autosomes.  The p 
value for comparison of binding site number on X or autosomes in wild-type versus epc-
1(RNAi); mys-1(n3681) is listed below the histrogram. The average peak scores shown in 
parentheses below the histogram were calculated from the scores of all called peaks. Disruption 
of TIP60 complex components by mutation and RNAi causes a reduction in the overall SDC-3 
binding intensity on the X chromosome, resulting in fewer strong (score  0.75) peaks being 
called.  The total number of strong DPY-27 peaks is not reduced in TIP60-compromised 
embryos, but the average peak score is reduced.   
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FIGURE 7.  SDC-3 binding at both rex and dox sites is reduced in TIP60-deficient embryos 
 
Histograms showing quantification of DCC component (DPY-27 and SDC-3) binding at rex and 
dox sites in wild-type (empty vector control) XX embryos versus mys-1 mutant embryos 
depleted of EPC-1 by RNAi.  The height of the bar corresponds to the percentage of bound rex 
and dox sites with a peak score of 0.75 or better in DC mutants, and an asterix indicates a p value 
of  0.01, whereas a double asterix indicates a p value of  0.01 for the significance of the 
difference in percent of sites bound in the two genotypes. The average peak scores shown in 
parentheses below the histogram were calculated from the scores of all called peaks at rex and 
dox sites. Percentages were calculated out of all 50 dox sites and the 39 rex sites that are under 5 
kb (from rex 1-46).  The level of DCC binding at rex and dox sites is reduced in TIP60-deficient 
embryos such that fewer sites have strong peak calls (score  0.75).  This is reflected by a 
reduction in the average peak score and both rex and dox sites in epc-1(RNAi); mys-1 embryos.  
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FIGURE 8.  SDC-3 binding at both rex and dox sites is slightly reduced in embryos 
deficient for TIP60 components  
 

(A,B)  Graphical representations of DCC (DPY-27 and SDC-3) ChIP–chip probe intensities 
along 5-kb regions centered on representative rex and dox sites (green line) in wild-type XX 
embryos (empty vector control) versus epc-1(RNAi); mys-1(n3681) embryos.  The level of  
SDC-3 binding at rex and dox sites is slightly reduced in TIP60-deficient embryos, but all sites 
still retain some level of SDC-3 binding. Binding of the condensin-like DCC component DPY-27 
is less affected than SDC-3 at both rex and dox sites. 
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89987&G#/,".-&"<-#&<+&J"<3<K$=-.&M`dI'2e@AN&=/&$=3,</#&V@A1N&%#,$;-.,=</&./0&
$#,#"<4$"<%.,=4&P#/#&3=-#/4=/P7&>@!4/7&!$>&??8?A??@?7&

M=/4-.="&J'(&G-#PP&BL(&'/,</4$*5&L(&F=-/#&)'(&M,./5*/.3&1(&2*3#&G(&D"=P-=.,,=&)'(&1.33=3&L'(&
!"<45&VY7&?NNa7&U/$./4#"&<+&6<-;4<%H&=3&.&3*KK"#33<"&<+&K<3=,=</A#++#4,&
R."=#P.,=</&=/&J"<3<K$=-.&%#-./<P.3,#"7&6$,$2"+%&$('>&8??A8897&

Y.P/#"&G2(&1*#"R#"3&W(&!.=--=#&JW(&\./<C=,X&LW7&89?97&Z/0A?&"#P*-.,#3&,$#&P-<H.-&
"#4<%H=/.,=</&-./034.K#&=/&G.#/<"$.H0=,=3&#-#P./37&;&201$&("#>&a@NAa:@7&

\.%.%<,<&)(&V<"=5<3$=&F7&?NN[7&B<R#-&3*H3,".,#&3K#4=+=4=,;&<+&,$#&$=3,</#&
.4#,;-,"./3+#".3#&.4,=R=,;&<+&V]IA?A).,&=/,#".4,=R#&K"<,#=/&)=KT97&7/!"#)/(8$9&!#!>&
@9QNQA@9QNa7&
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