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Abstract

Investigation of Cellular Mechanisms Involved in Mammalian Facultative and

Constutvie Heterochromatin Formation

Cecile C. de la Cruz

Heterochromatin is the region of the genome that is cytologically condensed and

transciptionally inactive. The two types of heterochromatin, facultative and constitutive,

differ by their functions within the nucleus as well as their histone modification profiles.

What follows is a study of both types of heterochromatin and the histone methylation

marks integral in gene silencing. In female mammals, one of two X chromosomes is

packaged in facultative heterochromatin by a non-coding RNA, Xist, and the histone

modifying activities that Xist recruits. Here I investigate the spatiotemporal expression

of the Xist RNA during mammalian development and find that its expression is

coincident with the developmental event of cavitation. Secondly, I characterize a

Polycomb Group protein that is recruited to the inactive X chromosome by the Xist RNA,

Suz12. Suz12 is required for deposition of the histone H3 lysine 27 tri-methylation mark

onto the inactive X chromosome. Lastly, the work within this thesis demonstrates that

SUZ12 also plays a role in constitutive heterochromatin formation, and is integral for

proper histone H3 lysine 9 tri-methylation. Together this thesis work contributes to our

understanding of how both facultative heterochromatin and constitutive heterochromatin

are regulated.
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GENERAL INTRODUCTION

The role of proper chromatin structure in the cell is two-fold: it ensures faithful

chromosome organization and regulates gene expression. The central structural unit of

chromatin is the nucleosome, comprised of approximately 146bp of DNA wrapped

around a core of 8 histone proteins. Initial analysis of chromatin by electron micrographs

demonstrated that there are two types of chromatin, distinguished by their conformation

in low and high salt concentrations. Euchromatin is less compacted chromatin and in low

salt conditions exists in a ‘beads on a string conformation, with the beads representing

the nucleosomes, and the DNA being the string. Later it was shown that euchromatin is

the portion of the genome that is transcriptionally active. Heterochromatin contains DNA

that is largely transcriptionally silent due to compact and condensed packaging. The

degree of condensation dictates the extent by which DNA is accessible to transcriptional

machinery. Condensation state is established and maintained by various mechanisms,

including the presence of histone variants in nucelosomes, DNA methylation, and

covalent modifications on the N-terminal tails of histones.

The addition of methyl groups onto histone tails by histone methyltransferases

(HMTases) alters chromatin structure primarily by recruiting histone methyl-binding

proteins. This recruitment subsequently results in chromatin compaction and

transcriptional repression. While some methylation marks mediate transcriptional

activity, my work has focused on the repressive histone methylation marks and their

effect on heterochromatin structure.

There are two types of heterochromatin. Constitutive heterochromatin is

characterized by an enrichment of histone H3 lysine 9 tri-methylation (H3-3mK9)
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deposited by the SUV39H1 HMTase. Pericentric and telomeric regions are enriched with

constitutive heterochromatin, where it plays an essential structural role in cells during all

points of the cell cycle. Perturbations in chromatin structure in these regions result in

chromosomal instability and telomere shortening (Peters et al., 2001; Garcia-Cao et al.,

2004). The other type of heterochromatin, facultative heterochromatin, is

developmentally regulated and regulates gene expression. Facultative heterochromatin is

regulated largely by histone H3 lysine 27 tri-methylation (H3-3mK27). The Polycomb

Repressive Complex (PRC) deposits this mark and its core components are the HMTase

EZH2, EED and SUZ12. - -
º
ºf

A classic example of facultative heterochromatin in mammals is the inactive X
~ * *

chromosome (Xi). In female mammals, one X chromosome is packaged in facultative

heterochromatin and transcriptionally inactive. The other X chromosome is euchromatic

and expressed, ensuring equal expression of one X chromosome in females and males. .* - *

The non-coding RNA Xist is required for the process of X chromosome inactivation. --

Xist is expressed exclusively from the future Xi and coats the X chromosome from which º º
º º

it is expressed. This coating is the first in a series of events that sets up and maintains the º º º
- - - __*

facultative heterochromatin structure of the Xi.

Xist RNA is believed to recruit a variety of chromatin modifying activities to the

Xi, one of which is the HMTase activity of the PRC complex. The Panning Lab and

others demonstrated that H3-3mk27 is enriched on the Xi (Plath et al., 2003; Silva et al.,

2003). Eed and Ezh2 are recruited in an Xist-dependent fashion to the Xi. Furthermore,

these two proteins are required for H3-3mK27 on the Xi (Erhardt et al., 2003; Silva et al.,

2003).
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The following work is a study of facultative heterochromatin within the context of

X-inactivation, as well as characterization of a PRC complex member involved in

constitutive heterochromatin formation, SUZ12. In chapter 1, Xist expression in the

developing female mouse embryo is analyzed to determine the timing of X-inactivation.

Molecules that might be involved in the initiation of X-inactivation are discussed in

chapter 1. The work in chapter 2 characterizes the role of Suz12 in X-inactivation. This

work demonstrates that Suz12 is transiently enriched on the inactive X chromosome

during the initiation of X-inactivation and that this enrichment is dependent on the Xist

RNA. Although Suz12 is an integral component of the PRC complex it is shown that it

has different protein expression profile when compared to its complex members. Lastly,

experiments described in chapter 3 indicate that SUZ12 also plays a role in constitutive

heterochromatin formation. Together this thesis work contributes to our understanding of

how both facultative heterochromatin and constitutive heterochromatin are regulated. :
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CHAPTER 1

XIST RNA COATING OF THE X CHROMOSOME IN VIVO OCCURS

CONCOMITANTLY WITH CAVITATION
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I. Abstract

Regulated alterations in chromatin structure and gene expression are crucial for

specifying the thousands of cell types in higher eukaryotes. Yet the signaling pathways

that trigger these changes in chromatin organization are poorly understood. X

inactivation in female mammals is initiated by expression of Xist RNA and is a

developmentally regulated process by which chromosome-wide changes in chromatin

structure result in transcriptional silencing. In vitro, X-inactivation and the upregulation

of Xist RNA expression occurs concomitantly with female ES cell differentiation. Such

observations have led to the developmental cue hypothesis- the idea that a **

developmentally regulated signal triggers the process of X-inactivation. However, it is

unclear if X-inactivation occurs concomitantly with a major differentiation event in vivo
* -

º
º

during female embryogenesis. I performed in situ hybridization analyses of Xist RNA s

expression during mouse development to determine the exact timing of X-inactivation.
- - : >

Mist RNA expression occurs concomitantly with the process of cavitation, between 5.0-
-

* º }
" *

5.5dpc. These results were surprising because in contrast to ES cells, X-inactivation in *.

vivo occurs prior to differentiation of the three germ layers. If the developmental cue a %

theory is correct, then these findings suggest that the signals that control the process of

cavitation may also trigger X-inactivation. cº

II. Introduction 2

X-inactivation occurs at two stages during embryonic development and is concurrent | |

with the transition from a pluripotent state to a more restricted state (Goto and Monk, º

1998). X-inactivation first occurs in the cells of the extraembryonic lineage, which are s

º
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derived from the pluripotent cells of the preimplantation embryo, and give rise to the

tissues that provide trophic support to the embryo. These tissues undergo imprinted X

inactivation, such that the paternally derived X chromosome is silenced and the

maternally derived X chromosome is active. Later in development, there is a second

wave of differentiation and X-inactivation in the tissues of embryonic lineages. This

inactivation is random: the maternally and paternally- derived X chromosome each have

an equal chance of being chosen to remain active. Both types of X-inactivation,

imprinted and random, serve as a hallmark of specification from a pluripotent to

restricted cell type, suggesting that the signals that induce specification may also induce

X-inactivation.

The X-inactivation center on the X chromosome is required to regulate the

process of X-inactivation and contains the Xist gene (Plath et al., 2002). The Xist gene

encodes a spliced, polyadenylated, non-coding nuclear RNA that coats the Xi in female

somatic cells. Targeted deletions in Xist demonstrate that it is necessary for the initiation

of X-inactivation in cis. Expression of an inducible Xist cDNA transgene from an

autosome is sufficient to cause transcriptional silencing of gene lying in cis. Upon

differentiation, cis spread of Xist RNA to coat the Xi must occur in order to cause X

inactivation. Xist RNA can be detected at the site of transcription by fluorescent in situ

hybridization (FISH) as a pinpoint signal from both active X chromosomes in

undifferentiated female and male embryonic stem (ES) cells and in the inner cell mass of

the embryo. Upon differentiation of ES cells, Xist levels dramatically increase in female

cells but not male cells. Xist spreads to coat the presumptive Xi, while the active X

retains a low-level of Xist expression that is eventually extinguished. The initial coating

-*
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and spread of Xist from the X inactivation center is the first of several steps in

transcriptional silencing of the X chromosome.

Biochemical analyses of the expression of X-encoded proteins and cytogenetic

Studies of the X chromosome have revealed that random X-inactivation begins at the

onset of gastrulation (Monk and Harper, 1979; Takagi et al., 1982). Embryos carrying an

X-linked lacz transgene exhibited a loss of beta-gal activity in individual cells when X

inactivation occurs. Analysis of these embryos suggested that X-inactivation occurs

progressively in the developing embryo, and that some tissues inactivate as late as

11.5dpc (Tan et al., 1993). Yet the perdurance of beta-galactosidase protein may
-

º
-

g = º

inaccurately reflect the onset of X-inactivation and may give a later estimate of the timing .

of X-inactivation. - =

- *

The discovery of Xist has provided an excellent in situ marker to study the timing
º

of X-inactivation in the developing embryo, as the upregulation of Xist and its coating of --

the X chromosome is the first step in the process of X-inactivation. Because of its * -
* *

essential role in X-inactivation, it is of primary interest to find the developmental cues º,
- ºr

that regulate the expression of the Xist gene. In doing so, we can begin to understand -

how X-inactivation is regulated during embryonic development. I performed in situ

hybridization studies in order to determine whether X-inactivation occurs concomitantly

with a major differentiation event during female embryogenesis, and to characterize the

exact timing of Xist expression in vivo. The onset of Xist RNA expression occurs

between 5.0- 5.5dpc. I found that X-inactivation occurs in vivo during the process of

cavitation, prior to differentiation of the three germ layers. These findings suggest that

signals that initiate cavitation may also serve to trigger X-inactivation in vivo.
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III. Materials and Methods

Histology and fluorescent in situ hybridization (FISH)

Collection and paraffin embedding of embryos was performed essentially as described

(Coucouvanis and Martin, 1999). Fluorescent in situ hybridization on paraffin sections

was performed as described (Panning et al., 1997), with the following modifications:

slides were first dewaxed by 3 xylene washes for 5 minutes each, then taken through an

ethanol rehydration series. Following rehydration and one- 5 minute wash with

Phosphate Buffered Saline (PBS), slides were treated with Proteinase K (50ug/ml) for 7

minutes at room temperature, washed with PBS for 5 minutes and then fixed for 20

minutes with 4% paraformaldehyde. Slides were then dehydrated by increasing

percentage ethanol washes to 100% ethanol and air-dried. Slides were either stored long

term at room temperature, or FISH was immediately performed. Xist RNA probe was

generated as described previously (Plath et al., 2003).

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed as described previously (Neubuser et

al., 1997) using a riboprobe prepared against exons 1 and 6 of Xist.

IV. Results

To characterize the temporal expression of Xist in the developing mouse embryo, I

performed whole mount in situ hybridization studies. Xist is highly expressed in female

embryos by 12.5 dpc (Figure 1A) and is not expressed in male embryos (Figure 1B). Xist

- º
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is already expressed in post-gastrulation embryos at 8.5.dpc (Figure 1C) and surprisingly,

in 6.0dpc embryos that have not yet undergone gastrulation (Figure 1D).

To pinpoint the exact age at which Xist is first upregulated in the embryo proper, I

isolated embryos at earlier stages of development. in order to visualize Xist expression at

a single cell level, I sectioned 5.5dpc and 5.0dpc embryos in utero and performed FISH

for Xist. Figure 2 (A-H) shows serial transverse sections through a cavitating embryo.

During cavitation, the center cells of the embryo proper undergo apoptosis while the cells

Surrounding the cavity undergo a cell shape change. The surviving cells of the

embryonic ectoderm change from a cuboidal to columnar shape with a clear apical/basal

polarity (Figure 2E). The embryonic ectoderm at this point forms a cup-shaped pseudo

stratified epithelium, with the proamniotic cavity in the center (Figure 2D-F). The

differentiated cells of the visceral endoderm (an extra-embryonic cell type) that surround

the embryo proper have already undergone imprinted X-inactivation and therefore serve

as a way of identifying female embryos (Monk and Harper, 1979; Takagi et al., 1982).

FISH for Xist RNA on 5.5dpc embryos shows that Xist is already expressed in the

nuclei of the embryonic ectoderm, as well as the sum■ ounding differentiated cells of the

visceral endoderm (Figure 3A and B). In contrast, the pre-cavitated female embryos at

5.0dpc, as identified by Xist expression in the extra-embryonic tissue, do not express Xist

RNA in the cells of the embryonic ectoderm (Figure 3C and D). The Xist RNA probe is

specific for females because expression is observed in the maternally- derived tissue of

the placenta (Figure 4A), and is not detected in male embryos (Figure 4B). Together

these results indicate that the onset of Xist expression in the embryo proper begins at

5.5dpc.
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V. Discussion

In situ hybridization studies demonstrate that Xist expression is first detected in the cells

of the embryo proper at 5.5 dpc, indicating that random X-inactivation occurs at this

developmental stage. The major developmental transition that occurs between 5.0dpc

and 5.5dpc is cavitation, the transition of the solid embryonic ectoderm into a cup-shaped

pseudo-stratified columnar epithelium that surrounds the proamniotic cavity. This

transition is achieved by a combination of differentiation, cell shape changes and

apoptosis that are regulated by interactions between embryonic and extra-embryonic

tissues and the basement membrane separating these two tissues. The X-inactivation

developmental cue theory posits that the molecules mediating these cell changes may also

regulate the onset of X-inactivation.

Bone morphogenic protein 4 (BMP4) produced by the embryonic ectoderm

promotes differentiation of an extra-embryonic tissue, the primitive endoderm, into

visceral endoderm. BMP4, produced in the embryonic ectoderm, and/or BMP 2

produced in the visceral endoderm promote programmed cell death of the inner

embryonic ectoderm cells. The outer cells of the embryonic ectoderm survive because

they receive a “rescue signal’ through contact with the basement membrane that lies

between the embryonic ectoderm cells and the visceral endoderm (Coucouvanis and

Martin, 1995, 1999). BMP4/2 may also promote differentiation of the embryonic

ectoderm cells that contact the basement membrane into the polarized columnar

embryonic epithelium (Coucouvanis and Martin, 1999).

º
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It is possible that BMP4/2 may also promote X-inactivation. To test this

hypothesis, one could study cavitation in ES cells that have perturbed BMP signaling.

Differentiating ES cells can be cultured to form embryoid bodies (EBs) that mimic many

of the early stages of embryo development, including cavitation (Coucouvanis and

Martin, 1995). Blocking BMP signaling by expression of a transgene encoding a

dominant negative form of BMP receptor IB prevented cavitation of EBs (Coucouvanis

and Martin, 1999). One could determine if X-inactivation occurs in cavitating EBs

expressing this transgene in female ES cells. If BMP4/2 or the process of cavitation

mediates X-inactivation, then it would be expected that X-inactivation would not occur in º
º

* -

EBs that lack BMP signaling. Stable female ES cell lines expressing the mutant Bmpr-IB º:

transgene (kindly provided by E. Coucouvanis) were created. Further studies with these - -

cell lines were not pursued because attempts to perform FISH for Xist RNA on wild-type
-

º
cavitating EBs were unsuccessful.

---
f

Differentiation of the embryonic ectoderm is separable from epithelialization, as * -

initially the embryonic ectoderm exhibits alterations in gene expression, such as º

upregulation of Fgf3, and downregulation of Rex 1 and Gbx2, without accompanying º
-**

morphological alterations (Haub and Goldfarb, 1991; Rathjen et al., 1999). The

basement membrane is necessary for cell polarization and cell death but not

differentiation of the embryonic ectoderm. EBs that lack a basement membrane due to a

homozygous Lamc1 mutation are not capable of cavitating (Murray and Edgar, 2000).

Similarly, aPKC mutant embryos exhibit defects in cavitation, such that the epithelial

polarity of the embryonic ectoderm may be disrupted (F. Mariani and G.R. Martin,

personal communication). It would be of interest to examine Lamc/ mutant female ES

º
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cells and apkC mutant female embryos to determine if X-inactivation still occurs in

EBs/embryos that exhibit normal differentiation but altered morphology of the embryonic

ectoderm. Such studies would uncover which process of cavitation is required for X

inactivation to occur: the change in the differentiation status of the cell, or its subsequent

epithelialization.
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VI. Figure legends

Figure 1. Whole mount in situ hybridization for Xist RNA. (A and B) Xist RNA is

expressed exclusively in female (A) and not male (B) 12.5 dpc embryos. Female 8.5dpc

embryos (C) and female 6.0dpc embryos (D) also ubiquitously express Xist.

Figure 2. Serial transverse sections of a cavitating embryo. Paraffin sections were

stained with DAPI to delineate the nuclei. The proamniotic cavity forms via apoptosis of

the inner cells of the embryonic ectoderm (C-F). Surviving embryonic ectoderm cells

arrange themselves in a columnar epithelium (see inset in E). Differentiated visceral

endoderm cells are aligned perpendicular to and surround the embryo proper (see inset in

E).

Figure 3. Xist RNA expression begins at 5.5dpc. FISH for Xist RNA (first column) and

DAPI (second column) to visualize the nuclei. The merged image (third column) consists

of Xist RNA (green) and DAPI (blue). (A and B) Transverse sections of a 5.5dpc

embryo. Xist is expressed in the columnar cells of the embryonic ectoderm as well as the

visceral endoderm. (C and D) Xist is only expressed in the visceral endoderm in female

pre-cavitated 5.0dpc embryos, but not in the cuboidal shaped cells of the embryonic

ectoderm.

Figure 4. Riboprobe against Xist RNA is specific for females. FISH for Xist RNA (first

column) and DAPI (second column) to visualize the nuclei. The merged image (third

column) consists of Xist RNA (green) and DAPI (blue). Maternally-derived placental
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Figure 2
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Figure 3
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Figure 4
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CHAPTER 2

DEVELOPMENTAL REGULATION OF SUZ12 EXPRESSION
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I. Abstract

Chromatin modifications are among the epigenetic alterations essential for genetic

reprogramming during development. The Polycomb group (PcG) gene family mediates

chromatin modifications that contribute to developmentally-regulated transcriptional

silencing. Tri-methylation of histone H3 on lysine 27, mediated by a PCG protein

complex consisting of Eed, Ezh2 and Suz12, is integral in differentiation, stem cell self

renewal, and tumorigenesis. Eed and Ezh2 are also implicated in the developmentally

regulated silencing of the inactive X chromosome, as they are transiently enriched on the

inactive X chromosome when X chromosome silencing is initiated. Here we analyze the

dynamic localization of Suz12 during cellular differentiation and X-inactivation. Though

Suz12 is a requisite member of the Eed/Ezh2 complexes, we found that Suz12 exhibits a

notable difference from Ezh2 and Eed: while Ezh2 and Eed levels decrease during stem

cell differentiation, Suz12 levels remain constant. Despite the differential regulation in

abundance of Suz12 and Eed/Ezh2, Suz12 is also transiently enriched on the Xi during

early stages of X-inactivation and this accumulation is Xist RNA dependent. These

results suggest that Suz12 may have a function that is not mediated by its association

with Eed and Ezh2, and that this additional function is not involved in regulation of X

inactivation.

II. Introduction

Epigenetic gene silencing is critical during development and plays a role in several cell

fate processes, including maintenance of pluripotency, differentiation, and cancer

progression. In each case, heritable gene silencing by chromatin modifications

20
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contributes to changes in gene expression patterns. Methylation of histone H3 on lysine

27, mediated by Polycomb group (PcG) proteins Eed, Ezh2, and Suz12, has been

implicated in transcriptional silencing (Cao et al., 2002; Czermin et al., 2002; Kuzmichev

et al., 2002; Muller et al., 2002; Cao and Zhang, 2004b; Kirmizis et al., 2004; Pasini et

al., 2004).

Dosage compensation in female mammals serves as an excellent model to study

the effects of chromatin modifiers on gene expression, since alterations in the epigenetic

landscape of the X chromosome result in the transcriptional silencing of one of the two X

chromosomes. X-inactivation occurs twice during mouse embryonic development. The

first wave of X-inactivation occurs exclusively on the paternally-inherited X chromosome

during pre-implantation development, resulting in imprinted X-inactivation in extra

embryonic tissues (Heard, 2004). X-inactivation in the embryonic tissues occurs after

implantation and is random, such that either the paternally- or maternally-inherited X

chromosome has an equal probability of being silenced in each cell. Both forms of X

inactivation involve at least two steps: the initial silencing of the inactive X chromosome

(Xi) and stable maintenance of the Xi throughout all subsequent cell divisions.

The Xist gene encodes a 17 kb non-coding RNA that remains in the nucleus to

coat the Xi. When X-inactivation is triggered, Xist RNA spreads in cis from its site of

transcription to cover the Xi (Panning et al., 1997; Sheardown et al., 1997). X

chromosomes bearing Xist deletions are not silenced, demonstrating that Xist is necessary

for X-inactivation in cis (Penny et al., 1996; Marahrens et al., 1997). Expression of an

inducible Xist cDNA transgene from autosomes results in Xist RNA coating and

transcriptional silencing of autosomal genes lying in cis, indicating that Xist RNA coating
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is sufficient for silencing (Wutz and Jaenisch, 2000). Xist continues to be transcribed

exclusively from the Xi in differentiated female cells, where it plays a minor role in

maintenance of the inactive state.

The Xi in Somatic cells is characterized by a series of chromatin modifications

that distinguish it from the active X chromosome and autosomes. The Xi exhibits

enrichment of the variant histone macroH2A, altered levels of histone H3 and H4

methylation, decreased amounts of acetylation on histones H3 and H4, ubiquitination of

histone H2A, and an increase in DNA methylation of CpG islands (de Napoles et al.,

2004; Fang et al., 2004; Heard, 2004; Smith et al., 2004). These changes in chromatin

structure are set up sequentially during the early stages of X-inactivation, indicating that

an ordered series of epigenetic modifications may be required to initiate and establish X

chromosome silencing (Chaumeil et al., 2002).

The tri-methylated form of histone H3 on lysine 27 (H3-3mK27) is enriched on

the Xi during the earliest stages of X-inactivation, suggesting a role in initiation of X

chromosome silencing (Plath et al., 2003; Silva et al., 2003). This modification persists

on the Xi in some somatic cell types during the maintenance phase (Gilbert et al., 2003).

H3-3mK27 accumulation on the Xi is dependent on the PcG proteins Eed and Ezh2,

which are transiently enriched on the Xi in differentiating female embryonic cells

(Erhardt et al., 2003; Plath et al., 2003; Silva et al., 2003). While Eed mutant females

initiate X-inactivation normally, perhaps due to abundant maternal stores of Eed, a subset

of extra-embryonic cells reactivate their Xi, demonstrating a role for this complex in the

maintenance of X-inactivation (Wang et al., 2001; Silva et al., 2003). Although Eed and
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Ezh2 play a vital role in the tri-methylation of histone H3 on lysine 27 on the Xi, it is still

unknown whether Suz12 is also required for this process.

To better understand the function of Suz12 I analyzed the alterations in its amount

and distribution during stem cell differentiation. Eed and Ezh2 levels drop upon

differentiation (Silva et al., 2003; Kuzmichev et al., 2005). In contrast, amount of Suz12

remained constant in differentiating stem cells, suggesting a role for Suz12 in addition to

the regulation of Eed/Ezh2-mediated histone methylation. While Suz12 differed from

Eed and Ezh2 in developmental regulation of abundance, it showed the same transient

enrichment on the Xi in differentiating cells as Eed and Ezh2. Enrichment of Suz12 on

the Xi required Xist RNA. As expected for an essential component of the H3-3m K27

histone methyltransferase complex, knockdown of SUZ12 in human cells results in loss

of Xi-enriched and genome-wide H3-3m K27. These data indicate that Suz12 contributes

to H3-K27 methylation on the Xi.

III. Materials and methods

Cell culture

Trophoblast stem (TS) cells were kindly provided by Uyet al. (Uy et al., 2002) and

cultured as described by Tanaka et al. (Tanaka et al., 1998). To induce differentiation,

TS cells were washed with PBS and then cultured in medium without FGF4, heparin, and

EMFI-CM. Transformed mouse embryonic fibroblasts, transformed mouse fibroblasts,

ES cells, and blastocysts were cultured as described previously (Panning et al., 1997).

Analysis of ES cell differentiation was carried out as indicated in Plath et al., 2003. Male

ES cells carrying a tetracycline inducible Xist gene on the X chromosome, and expressing

23
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the reverse tetracycline-controlled transactivator from the Rosa 26 locus (Plath et al.,

2004) were incubated in the presence of 2 ug/ul doxycyline for 24 hours. The IMR90

human female fibroblasts were purchased from American Type Culture Collection

(ATCC, Cat #CCL-186) and cultured according to ATCC’s handling procedures.

SiRNA transfection

SUZ12 siRNA SMARTpool (M0069570050) and control GFP siRNA oligonucleotides

(D0013000120) were obtained from Dhramacon Research Inc. siRNA duplexes were

transfected into IMR90 cells using Lipofectamine 2000 (Invitrogen) according to º
manufacturer’s instructions. Transfected cells were incubated with the siRNA for 72 :

hours, at which time they were harvested and re-plated at the original starting density. :

Cells were then re-transfected with the oligonucleotides and incubated for an additional -

72 hours. Six days after the initial siRNA transfection, the cells were fixed for º

immunofluorescence as detailed below. º

º
Antibodies º
Antibodies against Ezh2, Eed, H3-3mK27, and RbAp48 have been previously described

(Cao et al., 2002; Hamer et al., 2002; Kirmizis et al., 2003; Kirmizis et al., 2004). Two

different rabbit polyclonal antibodies for Suz12 were used (Abcam; Cao et al., 2002). A

chicken Eed serum (Abcam) gave results identical to the mouse monoclonal (Hamer et al.

2002), and was also employed in some instances. In some experiments a mouse

monoclonal H3-3mK27 antibody (Abcam) was used.
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Immunofluorescence and fluorescence in situ hybridization (FISH)

Immunofluorescence and combined FISH and immunofluorescence were carried out as

described previously (Plath et al., 2003). Xist RNA was detected with a fluorescein-UTP

(Roche) labeled single-stranded RNA probe antisense to mouse Xist exon 7. Human

ÅISTRNA was detected with a fluorescein-UTP (Roche) labeled single-stranded RNA

probe antisense to XIST exon 1.

Western Blotting

For Western blots, ES and TS cells were collected, washed and lysed for 2 hours in an

appropriate amount RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 10 mM NaF, 1 mM

EDTA, 1 mM Na; VO4, 1% NP-40, 0.25% sodium deoxycholate, 0.1 mM PMSF, 0.5 mM

DTT, leupeptin, aprotinin, and pepstatin A, pH 7.4). The solution was then clarified by

centrifuging at top speed for 15 minutes and supernatant proteins were fractionated in a

12% SDS-PAGE. Blotting was carried out using standard procedures.

IV. Results

Suz12 levels remain constant throughout stem cell differentiation

Eed and Ezh2 levels decrease upon differentiation of embryonic stem (ES) cells (Silva et

al., 2003; Kuzmichev et al., 2004). To determine whether Suz12 was also down

regulated during differentiation, we analyzed the amounts of Eed, Ezh2, and Suz12 in

undifferentiated ES cells and a transformed fibroblast cell line. Western blot analysis

showed that levels of Eed and Ezh2 were very low to undetectable in the fibroblast line

and abundant in the undifferentiated ES cells (Figure 5A), consistent with the previously
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reported differentiation-induced decrease in abundance of these two PRC2 proteins

(Kuzmichev et al. 2004; Silva et al. 2003). Suz12 was present in similar quantities in both

cell types (Figure 5A). These results were confirmed by immunostaining for Eed, Ezh2,

and Suz12 in undifferentiated ES cells and fibroblasts (Figure 5B-E). We next examined

whether levels of Suz12 changed during differentiation of stem cells. During an ES cell

differentiation time course, amounts of Ezh2 decreased rapidly upon differentiation, such

that by day 6 no protein was detectable (Figure 6A), consistent with the previously.

reported decrease in Ezh2 and Eed in differentiating ES cells (Kuzmichev et al. 2005;

Silva et al. 2003). In contrast, levels of Suz12 remained constant throughout the time

course. A stem cell type of the extraembryonic lineage, trophoblast stem (TS) cells,

displayed similar dynamics of Ezh2 and Suz12 levels when differentiated (Figure 6C).

Ezh2 was virtually absent by day 6 and Suz12 levels remained uniform upon

differentiation. These data indicate that developmental regulation of Suz12 expression

differs from that of Ezh2 and suggests that Suz12 may carry out functions that are

independent of its interaction with Eed and Ezh2.

Suz12 is transiently recruited to the Xi upon initiation of X-inactivation

Eed and Ezh2 are transiently enriched on the Xi during initiation of X chromosome

silencing (Plath et al., 2003; Silva et al., 2003), and Suz12 has been detected in cells

initiating X-inactivation (de Napoles et al., 2004). As levels of Suz12 remained constant

throughout ES cell differentiation, while the levels of Eed and Ezh2 dropped, it suggested

that Suz12 might show a temporally distinct pattern of Xi-enrichment during the

progression of X-inactivation. To determine whether the kinetics of Xi-localization of
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Suz12 differed from that of Eed, we analyzed the localization of Suz12 and Eed in

differentiating ES cells. Immunostaining for Suz12 was combined with fluorescence in

situ hybridization (FISH) for Xist RNA or immunostaining for Eed to mark the Xi. In

undifferentiated ES cells that had no Xist RNA coating or enrichment of Eed on either of

active X chromosomes, Suz12 was distributed uniformly throughout the nucleus (Figure

7A, 7C). When ES cells were induced to differentiate, Suz12 accumulated on the Xi, as

marked by Xist RNA coating or Eed accumulation (Figure 7B, 7D). By day 2 of

differentiation, 97% of cells that had an Xist RNA-coated Xi showed Xi —enrichment of

Suz12 (Figure 7E). At day 6 of differentiation, 95% of cells that had an Xist RNA-coated

Xi showed Xi-enrichment of Suz12 or Eed (Figure 7E). The proportion of cells with an

Mist RNA-coated Xi that displayed Suz12 or Eed enrichment remained steady until day 8

of differentiation and then dropped, so that by day 13 there were no cells with Suz12 or

Eed Xi-enrichment. These results indicate that Suz12, like Eed, is transiently recruited to

the Xi during initiation of X-inactivation in differentiating ES cells. Since Suz12 levels

remain relatively high in differentiated cells, the lack of Xi-enrichment of Suz12 suggests

that Suz12 can only accumulate on the Xi when it is present in a complex with Eed and

Ezh2.

The enrichment of Eed and Ezh2 on the Xi is transient in extra-embryonic cell

types as well (Plath et al., 2003; Silva et al., 2003). To determine whether Suz12 showed

the same transient enrichment on the Xi we analyzed the distribution of Suz12 and Eed in

cultured blastocysts. Trophoblast giant cells, differentiated extra-embryonic cells derived

from the trophectoderm, develop from cultured blastocysts. We observed progressive loss

of Suzl2 and Eed staining on the Xi in giant cells. Four days after plating, the giant cells

º º
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of female blastocysts showed a strong Xi staining pattern of Suz12 and Eed (Figure 8A).

After 8 days in culture the Xi staining of Suz12 and Eed were considerably weaker, and

many giant cells lacked any detectable staining (Figure 8B). These results demonstrate

that Suz12 shows the same dynamic enrichment on the Xi that was previously observed

for Eed and Ezh2.

TS cells are an extra-embryonic stem cell type that is derived from the

trophectoderm (Tanaka et al., 1998; Kunath et al., 2004). TS cells are unusual in that

they are the only cell type that exhibits enrichment of Eed, Ezh2, and H3-3mk27 on the

Xi in their undifferentiated state (Mak et al., 2002). When TS cells are differentiated,

there is a decrease of Eed, Ezh2 and H3-3mK27 staining on the Xi, and after several days

in differentiating conditions, Xi-enrichment of these marks are no longer detected (Plath

et al., 2003; Silva et al., 2003). To determine if Suz12 showed the same progressive loss

of Xi-enrichment, we performed immunofluorescence for Suz12 on differentiating female

TS cells (Figure 9). Undifferentiated TS cells exhibited enrichment of Suz12 on the Xi,

shown by co-localization of Suz12 with H3-3mK27 (Figure 9A). Differentiating TS cells

showed clear localization of Suz12 and H3-3mK27 on the Xi in all cells at 2 days of

differentiation (Figure 9B). There was a gradual decrease in the proportion of cells

showing Xi-localization of Suz12, such that by day 4 cells with Xi-enrichment of Suz12

were no longer detected (Figure 9C). H3-3mK27 enrichment on the Xi also decreased

over time, and was no longer detectable by day 8 of differentiation (Figure 9E). These

results indicate that Xi-enrichment of Suz12, like Xi-enrichment of Eed, Ezh2 and H3

3mk27, is lost upon differentiation of TS cells. Suz12 redistributed from an exclusively

uniform nuclear staining pattern with Xi-enrichment (Figure 9A) to accumulate in many
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dispersed bright speckles within the nucleus (Figure 9E), suggesting that developmental

regulation of Suz12 localization at regions other than the Xi may occur. In addition

Suz12 was also detected in the cytoplasm of differentiating TS cells, a distribution that

was unique to TS cells.

Suz12 recruitment to the Xi is dependent on Xist RNA

Xi-accumulation of Ezh2, Eed, and H3-3mK27 are dependent on initial coating of the Xi

by Xist RNA (Plath et al., 2003; Silva et al., 2003). To determine whether Xi-enrichment

of Suz12 was also Xist RNA dependent, we assayed whether induction of Xist expression

in undifferentiatied male ES cells was sufficient to recruit Suz12. We employed a cell

line in which the Xist promoter was replaced by a tetracycline-inducible promoter (Plath

et al., 2004). The distribution of Xist RNA and Suz12 was assayed in induced and

uninduced cells. Uninduced cells did not express Xist RNA and did not show any

localized enrichment of Suz12 (Figure 10A). After twenty-four hours of induction

(Figure 10B), Xist RNA coated the X chromosome and Suz12 was also enriched on the

X, indicating that Xist RNA is sufficient to recruit Suz12 to the Xi. Given that Xist RNA

is also sufficient to recruit Eed and Ezh2 (Plath et al. 2003), it is likely that Suz12

recruitment to the Xi occurs as a complex with Eed and Ezh2.

Differentiated cell types do not exhibit constitutive Xi-enrichment of Suz12

To determine if Suz12 is localized to the Xi in somatic cells in the maintenance stage of

X-inactivation, we stained two female transformed clonal fibroblast cell lines for Suz12

and used FISH for Xist RNA to mark the Xi. The majority of these cells exhibited
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nuclear speckles of Suz12 that were not uniformly distributed (Figure 11A). Suz12 was

enriched on the Xi in a very small number of these female somatic cells (Figure 11B).

Therefore, we conclude that Suz12 functions in maintenance of X-inactivation by a

mechanism that, at most, requires only transient enrichment on the Xi.

In transformed mouse fibroblasts the DAPI-intense regions stained less intensely

than the rest of the nucleus with Suz12 antibodies (Figure 11A, B), suggesting that

endogenous Suz12 does not accumulate on constitutive heterochromatin. This contrasts a

previous study, which reported that tagged over-expressed SUZ12 co-localized with

tagged, over-expressed HP1a in COS-1 cells, a transformed monkey kidney cell line

(Yamamoto et al., 2004). These differing results may be due to differences in cell type or

species or due to detection of endogenous versus over-expressed, tagged proteins.

Knockdown of SUZI2 in human somatic cells results in loss of H3-3mk27

Knockdown of SUZ12 in human somatic cells and a mutation of Suz/2 in mouse

embryos cause a significant decrease in amounts of H3-3mK27, indicating that SUZ12

contributes to H3-K27 methylation (Cao and Zhang, 2004b; Kirmizis et al., 2004; Pasini

et al., 2004). We undertook a single cell analysis to determine if SUZ12 is required for

EED/EZH2 complex-mediated H3-K27 methylation on the Xi, employing female human

fibroblast IMR90 cells, which were significantly more efficiently transfected with

siRNAs than mouse embryo fibroblasts. Immunostaining was used to assay the

abundance and distribution of H3-3m K27 in IMR90 cells transfected with siRNA

oligonucleotides directed against SUZ12 or GFP RNA.
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Untransfected and GFP siRNA transfected IMR90 cells exhibited abundant

nuclear staining for H3-3mk27 (Figure 12A and data not shown). In 70% of interphase

nucleithere was enrichment of this methylated form of H3 on the Xi, as visualized by co

localization with XISTRNA (Figure 12A). This result indicates that in IMR90 cells, Xi

enrichment of H3-3mK27 is maintained in a majority of cells, as previously reported for

other somatic cell types (Gilbert et al., 2003). The remaining 30% of GFP siRNA

transfected cells showed a similar intensity of uniform nuclear H3-3mK27 staining,

without enrichment on the XISTRNA-coated Xi (Figure 12B). GFP siRNA transfected

IMR90 cells exhibited a uniform, speckled nuclear distribution of SUZ12 in 100% of

cells with no apparent enrichment on the Xi, even in cells that showed Xi-accumulation

of H3-3mK27 (Figure 12C, D).

Transfection of cells with SUZ12 siRNA resulted in complete knockdown in half

of the cell population (Figure 12E, F). While a small proportion of cells lacking SUZ12

displayed normal H3-3mK27 staining either with or without Xi-enrichment (12% of

cells; Figure 12F), the majority of cells with no detectable SUZ12 did not accumulate

H3–3m K27 (88% of cells, Figure 12F). Cells lacking SUZ12 still retained an XISTRNA

Coated Xi (Figure 12G), demonstrating that H3-3mK27 enrichment on the Xi is not

required for XIST RNA to associate with the Xi in these cells. Knockdown of Suz12 in

transformed mouse embryo fibroblasts also resulted in complete loss of detectable Suz12

and H3-3mK27 staining in a fraction of cells (data not shown). These datum indicate that

complete knockdown of SUZ12 results in the global loss of H3-3m K27. Thus SUZ12 is

necessary for enrichment of H3-3mK27 on the Xi in somatic cells, even though it is not

detectably enriched there. This result also demonstrates that a local enrichment of

2.
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SUZ12 is not required for a local increase in H3-3m K27 histone methyltransferase

activity during the maintenance phase of X-inactivation.

V. Discussion

Suz12 is enriched on the Xi during initiation of X-inactivation (de Napoles et al. 2004).

Here we demonstrate that Suz12 Xi-enrichment is transient during early stages of X

inactivation in embryonic and extra-embryonic cells. While Suz12, Eed, and Ezh2

showed very similar patterns of enrichment on the Xi during development, the total

amount of Suz12 remained fairly constant throughout differentiation while Ezh2 and Eed

levels steadily decreased. Suz12 Xi-enrichment required Xist RNA, consistent with a role

for Xist RNA in targeting Suz12 to the Xi as part of the Eed/Ezh2 complexes. Single cell

analysis revealed that complete knockdown of SUZ12 resulted in loss of all detectable

H3-3mk27 accumulation on the Xi and in other genomic regions, consistent with a role

for SUZ12 in H3-K27 methylation of the Xi.

The developmentally regulated decrease in abundance of Eed and Ezh2 but not

Suz12 suggests one of two possibilities: Suz12 may be a non-stochiometric component

of the Eed/Ezh2 complexes in differentiated cells, or it may have functions outside its

role as part of the Eed/Ezh2 complexes. Analysis of in vitro reconstituted EED/EZH2

complexes, as well as material purified from human somatic cells, indicates that SUZ12

is present in equimolar amounts with EED and EZH2 in active histone methyltransferase

complexes, making it unlikely that Suz12 is required in excess in vivo (Cao et al., 2002;

Kuzmichev et al., 2002; Kuzmichev et al., 2004). Thus it seems likely that Suz12 may

have activities that are independent of its role in the Eed/Ezh2 complexes.
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Drosophila Su(z)12 is unique among PcG genes in that null and hypomorphic

mutations are strong suppressors of position effect variegation, suggesting that in flies

Su(z)12 has functions beyond PcG-mediated facultative heterochromatin formation. The

majority of mutations that affect position effect variegation alter the activity of proteins

involved in constitutive heterochromatin formation. In mammals and flies, facultative

and constitutive heterochromatin are characterized by histone H3 methylation at different

lysine residues, mediated by the Eed/Ezh2 and Suv39h histone methyltransferases

(Jenuwein and Allis, 2001; Cao and Zhang, 2004a). Additionally, RNAs are implicated

in directing these histone methyltransferases to their genomic targets in mammals and

fission yeast (Hall et al., 2002; Maison et al., 2002; Volpe et al., 2002; Plath et al., 2003;

Silva et al., 2003; Volpe et al., 2003). Therefore an additional role for Suz12, as

suggested by its differential developmental regulation from other PcG proteins, may be to

function in constitutive heterochromatin formation, perhaps by affecting activity or

targeting of additional histone methyltransferase complexes.
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VI. Figure Legends

Figure 5. Levels of Suz12 are similar in somatic cells and embryonic stem cells. (A)

Western analysis of Ezh2, Suz12, Eed, and tubulin levels in transformed mouse fibroblast

cells and ES cells. Levels of Ezh2, Suz12 and Eed are abundant in ES cells, whereas

only Suz12 is detectable in fibroblast cells. (B, C). Immunostaining for Ezh2 (first

column) and Eed (second column) in (B) undifferentiated ES cells and (C) a transformed

mouse fibroblast cell line. DAPI delineates the nucleus (third column) and the merge

(fourth column) is an overlay of Ezh2 (green) and Eed (red). (D, E) Immunostaining for

Suz12 (first column) and Eed (second column) in (D) undifferentiated ES cells and (E)

a transformed mouse fibroblasts cell line. DAPI delineates the nucleus (third column) and

the merge (fourth column) is an overlay of Suz12 (green) and Eed (red).

Figure 6. Levels of Suz12 remain constant throughout stem cell differentiation. (A, B)

Western analysis of Ezh2, Suz12, H3-3mK27, Rb/Ap, and tubulin levels in differentiating

ES (A) and TS (B) cells.

Figure 7. Suz12 is enriched on the Xi in differentiating ES cells during the onset of X

inactivation. (A, B) Immunostaining for Suz12 (first column) was combined with FISH

for Xist RNA (second column) in undifferentiated (A) and differentiated (B)ES cells.

DAPI delineates the nucleus (third column) and the merged image (fourth column)

consists of Suz12 (red) and Xist RNA (green). (A) In undifferentiated ES cells, X

inactivation has not occurred and Xist is not expressed. Suz12 is diffuse throughout the

nucleus. (B) In differentiated ES cells, Xist is expressed from the Xi and this is
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accompanied by Xi-enrichment of Suz12. (C, D) Immunostaining for Suz12 (first

column) and Eed (second column) in undifferentiated (C) and differentiated (D) ES cells.

DAPI delineates the nucleus (third column) and the merged image (fourth column) is an

overlay of Suz12 (red) and Eed (green). (C) Suz12 and Eed are diffusely distributed in

undifferentiated ES cells. (D) Four days after induction of differentiation, Suz12

accumulates on the Xi, which is marked by Eed enrichment. (E) Graph indicating the

percentage of ES cells with an Xist RNA-coated Xi accompanied by enrichment of Eed

(gray bar) or Suz12 (black bar) during a differentiation time course (n-100).

Figure 8. Distribution of Suz12 in female blastocysts. (A, B) Immunostaining for

Suz12 (first column) and Eed (second column) in cultured blastocysts. DAPI delineates

the nuclei (third column) and the merged image (fourth column) consists of Suz12 (red)

and Eed (green). (A) Female blastocysts cultured for 4 days. The Xi in differentiated

extra-embryonic cells that have migrated away from the ICM, marked by the

accumulation of Eed, is also enriched for Suz12 (arrow). (B) Xi-enrichment of Eed and

Suz12 is lost in most extra-embryonic cells from blastocysts cultured for 8 days (arrow).

Figure 9. Differentiating trophoblast stem (TS) cells exhibit a transient enrichment of

Suz12. (A-E) Immunostaining for Suz12 (green, first column) and H3-3m K27 (red,

second column) in TS cells throughout several timepoints during differentiation. DAPI

(third column) delineates the nuclei and the merged image (fourth column) consists of

Suz12 and H3-3mk27. (A, B) At day 0 and day 2 of TS differentiation, Suz12 is
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enriched on the Xi, as marked by H3-3mK27. (C) Suz12 Xi-accumulation is lost

completely by day 4. (E) Loss of the histone methylation mark is observed by day 8.

Figure 10. Xi-recruitment of Suz12 is dependent on Xist. (A) Xist RNA coating is

sufficient to recruit Suz12. Immunostaining for Suz12 (first column) with FISH for Xist

RNA (second column) in a male ES cell with a tet-inducible promoter upstream of the

single Xist gene. DAPI (third column) demarcates the nucleus and the merged image

(fourth column) is comprised of Suz12 (red) and Xist RNA (green). (A) Non-induced

cells lack an Xist coated body and no enrichment of Suz12 is observed. (B) Induction of

Mist expression results in coating of the single X chromosome and subsequent recruitment

of Suz12.

Figure 11. Two patterns of Suz12 distribution in somatic cells. (A, B) Immunostaining

for Suz12 (first column) with FISH for Xist RNA (second column) in mouse embryonic

fibroblasts (MEFS), which are aneuploid and in some instances have more than one Xi.

DAPI demarcates the nucleus and the merged image is comprised of Suz12 (red) and Xist

RNA (green). (A) Staining pattern observed in a majority of cells. Suz12 is diffusely

nuclear in somatic cells but do not exhibit an enrichment of Suz12 on the Xist RNA

coated Xi. (B) Staining pattern observed in a small proportion of cells (<1%, n=100).

Suz12 shows co-localization with Xist RNA.

Figure 12. Distribution of SUZ12 and H3-3mK27 in SUZ12 knockdown cells. (A, B)

FISH for XIST RNA (first column) was combined with immunostaining for H3-3mK27
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(second column) in IMR90 primary human fibroblasts. DAPI delineates the nucleus

(third column) and the merged image (fourth column) consists of XISTRNA (green) and

H3-3mk27 (red). Cells exhibit two patterns of H3-3mK27 distribution, fairly uniform

nuclear distribution of fine speckles with (A) or without enrichment on the Xi (B), (C-E)

Immunostaining for SUZ12 (first column) and H3-3mk27 (second column) in IMR90

cells treated with GFP siRNAs (C, D) or SUZ12 siRNAs (E). Nuclei are stained with

DAPI (third column) and the merged image (fourth column) consists of SUZ12 (red) and

H3-3m K27 in green. (C, D) SUZ12 is distributed uniformly throughout the nucleus with

many larger speckles of more intense staining in GFP siRNA treated cells, the same

distribution that is observed in mock transfected or untransfected cells (data not shown). e

After SUZ12 siRNA treatment, half the cells exhibited little or no SUZ12 staining. The

majority of these cells contained no H3-3mK27. (F) FISH for XISTRNA (first column)

was performed with immunostaining for H3-3mK27 (second column) in IMR90 cells

subjected to SUZ12 siRNA. DAPI delineates the nucleus (third column) and the merged

image (fourth column) consists of XISTRNA (green) and H3-3mK27 (red). XIST RNA

still coats the Xi in cells lacking H3-3mK27. (G) Graph indicating the proportion of

nuclei in GFP siRNA treated and SUZ12 siRNA treated cells with different patterns of

H3-3m K27 distribution (n >100 cells). Only SUZ12 siRNA treated cells lacking SUZ12

were used for this analysis. Diagonal striped bars indicate proportion of cells with normal

levels of H3-3m K27 and no enrichment on the Xi, grey bars indicate the proportion of

cells with normal H3-3mk27 levels and Xi-enrichment, white bars indicate reduced

nuclear staining with Xi-enrichment, and black bars indicate no detectable H3-3mk27

staining.
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Figure 6
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Figure 7
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Figure 8
Suz12 (red) +

Eed DAPI Eed (green)
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Figure 9
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Figure 10
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Figure 11

Xist RNA Suz12 (red) +
Xist RNA (green)



&

º

un-nu

millº"

lººutº" º|º

--- --| |
ºº

º
* ºº le| ***
º -

º

*"



Figure 12
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CHAPTER 3

THE POLYCOMB GROUP PROTEIN SUZ12 REGULATES HISTONE H3

LYSINE 9 METHYLATION AND HP10, DISTRIBUTION
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I. Abstract 2

Regulation of histone methylation is critical for proper gene expression and chromosome

function. Suppressor of Zeste 12 (SUZ12) is a requisite member of the EED/EZH2
*

histone methyltransferase complexes, and is required for full activity of these complexes }

in vitro. In mammals and flies, SUZ12/Su(z)12 is necessary for trimethylation of

histone H3 on lysine 27 (H3-3m K27) on facultative heterochromatin. However, the

phenotype of Su(z)12 mutant flies suggested a function for Su(z)12 in constitutive

heterochromatin formation. We investigated the molecular consequences of SUZ12

depletion in human cells. In addition to the expected loss of H3-3mK27, knockdown of

SUZ12 also caused a reduction of bulk histone H3 lysine 9 tri-methylation (H3-3mK9)

and altered the distribution of HP10. In contrast, EZH2 knockdown caused loss of H3

3m K27 but not H3-3mK9, indicating that SUZ12 regulates H3-K9 methylation in an

EZH2-independent fashion. This work uncovers a role for SUZ12 in H3-K9 methylation.

II. Introduction

Heterochromatin is the portion of the genome that is cytologically highly condensed.

Different sequences are packaged into facultative heterochromatin in each cell type,

allowing cells to stably maintain their unique expression patterns or cellular

transcriptional memory. In contrast, constitutive heterochromatin is formed at pericentric

and telomeric regions to epigenetically regulate centromere and telomere function in all

cell types and developmental stages. Perturbation of heterochromatin can lead to aberrant

gene expression and defective chromosome segregation, contributing to cancer and

developmental disorders.
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In Drosophila, the Polycomb Group (PcG) protein Suppressor of Zeste 12

(Su(z)12) is implicated in the formation of facultative and constitutive heterochromatin.

PcG proteins assemble into several functionally and biochemically distinct complexes,

termed Polycomb repressive complexes (PRCs), to mediate transcriptional silencing

(Lehnertz et al., 2003). PRC2-mediated silencing at Drosophila Hox loci requires

methylation of histone H3 at lysine 27 (H3-K27) and/or lysine 9 (H3-K9) by the

Enhancer of Zeste (E(z)) histone methyltransferase (HMTase) (Czermin et al., 2002;

Muller et al., 2002; Breiling et al., 2004). Suppressor of Zeste 12 (Su(z)12) is an

essential component of the E(z) HMTase complex (Ketel et al., 2005; Nekrasov et al.,

2005).

Genetic and biochemical analyses in Drosophila and Schizosaccharomyces pombe

also implicate HMTases in the formation of constitutive heterochromatin. Suppressor of

variegation 3-9 (Su(var)3-9) is an HMTase that methylates H3-K9 on constitutive

heterochromatin (Rea et al., 2000). Methylation of H3-K9 generates a binding site for

the chromodomain of heterochromatin protein 1 (HP1) (Bannister et al., 2001; Lachner et

al., 2001; Nakayama et al., 2001). In addition, Su(var)3-9 and HP1 directly interact

(Aagaard et al., 1999; Melcher et al., 2000; Grewal and Moazed, 2003; Yamamoto and

Sonoda, 2003). It is postulated that propagation of constitutive heterochromatin occurs

via a self-sustaining loop in which methylated H3-K9 binds HP1; HP1 in turn recruits

more of the methyltransferase (Grewal and Moazed, 2003). Drosophila mutations in

either Su■ var)3–9 or Su(var)2-5, the gene encoding HP1, exhibit defects in position effect

Variegation (PEV), the variable spread of silencing into euchromatic genes ectopically

positioned in proximity to constitutive heterochromatin (Reuter and Wolff, 1981; Sinclair

s
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et al., 1989). Su(z)12 is unique among PCG proteins because mutations of Suz12 exhibit

strong defects in PEV, implicating this protein in regulation of constitutive

heterochromatin (Birve et al., 2001).

Mammals assemble constitutive and facultative heterochromatin structures by

mechanisms that are homologous to those of Drosophila. The mouse homologues of

Su(var)3-9, Suvar39h 1 and Suvar39h2, are required for the accumulation of tri

methylation of lysine 9 on histone H3 (H3-3mK9) and of the mammalian HP1

homologues, HP10, HP15 and HP1), on pericentric heterochromatin (Bannister et al.,

2001; Lachner et al., 2001; Nakayama et al., 2001; Rice et al., 2003). An HMTase

complex that contains a murine homologue of E(z) is required for enrichment of H3

3mk27 on the facultative heterochromatin of the inactive X chromosome (Erhardt et al.,

2003; Plath et al., 2003; Silva et al., 2003). Human EZH2, in complex with different

isoforms of another PcG protein EED, exhibits HMTase activity towards H3-K27,

histone H1 lysine 26, and H3-K9 in vitro (Cao et al., 2002; Kuzmichev et al., 2002;

Kuzmichev et al., 2004). SUZ12, the human homologue of the fly PcG protein Suz(12),

is a component of EED/EZH2 complexes and is necessary for the H3-3mk27HMTase

activity of the EED/EZH2 complex in vivo (Cao and Zhang, 2004b; Kirmizis et al., 2004;

Pasini et al., 2004).

In addition to interacting with EZH2 and EED, SUZ12 also binds to HP1c. (Cao

and Zhang, 2004a; Yamamoto et al., 2004), suggesting that, like the fly homologue,

SUZ 12 may play a role in constitutive heterochromatin formation in mammalian cells.

Levels of murine Suz12 remain constant during mouse embryonic stem cell

differentiation, while Eed and Ezh2 levels decrease, providing a second line of evidence

7,

:
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that Suz12 may function outside the Eed/Ezh2 complexes (de la Cruz et al., 2005). To

determine whether SUZ12 plays a role in constitutive heterochromatin formation, we

examined levels and distribution of H3-3mK9 and HPo in cells that were depleted of

SUZ12 by small interfering RNAs (siRNAs). Knockdown of SUZ12 resulted in a

significant decrease of H3-3mK9 and in a redistribution of HP10. SUZ12 knockdown

also produced nuclear defects consistent with abnormalities in chromosome segregation,

implicating SUZ12 in the regulation of pericentric heterochromatin formation and

centromere function. In contrast, siRNA-mediated knockdown of EZH2, which reduced

levels of H3-3m K27, did not alter the abundance or localization of H3-3m K9. These

results suggest a role of SUZ12 in H3-K9 methylation that occurs in a manner

independent of its interaction with EZH2.

III. Materials and Methods

Antibodies

The chicken H3-3mK9 antibody has been previously described (Plath et al., 2003).

Experiments using H3-3mK27 antibodies employed either a previously characterized

chicken H3-3mK27 antibody (Plath et al., 2003) or a mouse monoclonal antibody

(ab6002, Abcam Inc.). Mouse monoclonal HP10 antibody (MAB3584) purchased from

Chemicon was used for immunoflourescence and the mouse monoclonal HP1c. antibody

(07-346) purchased from Upstate was used for Western Blots. SUV39H1 antibody was

obtained from Upstate (05615). Rabbit EZH2 and SUZ12 antibodies have been

described previously (Cao et al., 2002; Kirmizis et al., 2004). The anti-histone H3

antibody (ab1791, Abcam Inc.), anti-actin antibody (sc-1615, Santa Cruz Biotechnology)

º
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and anti-gamma tubulin antibody (GTU88, Sigma) was used for Western Blots. The H3

3mk9 antibody was used for Western blotting (ab8898, Abcam Inc.), A polyclonal GFP

antibody (ab290, Abcam, Inc.) was used for immunoprecipitation experiments and

Western Blots were performed with a monoclonal GFP antibody from BD Biosciences

(JL-8). Monoclonal anti-c-Myc antibody was used for Western analysis and

immunoprecipitation experiments (Santa Cruz Biotechnology, sc-40).

Cell culture

The IMR90 human female fibroblasts were purchased from American Type Culture

Collection (ATCC, Cat # CCL-186) and cultured according to ATCC’s handling

procedures. HEK 293 cells were cultured in Dulbecco's modified Eagles’ media with

10% fetal bovine serum and antibiotics.

siRNA transfection

SUZ12 siRNA SMARTpool (MOO69570050), EZH2 siRNA SMARTpool (MOO421800)

and control GFP siRNA oligonucleotides (D0013000120) were obtained from

Dhramacon Research Inc. siRNA duplexes were transfected into IMR90 cells using

Lipofectamine 2000 (Invitrogen) according to manufacturer's instructions. Transfected

cells were incubated with the siRNA for 72 hours, at which time they were harvested and

re-plated at the original starting density. Cells were then re-transfected with the

oligonucleotides and incubated for an additional 72 hours. After 6 days post-initial

siRNA transfection the cells were harvested and processed for immunofluorescence and

western blot analysis as detailed below.
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Immunofluorescence (IF)

All cells were grown on coverslips. For Triton X-100 cytoskeleton extraction and IF of

cells refer to Plath et al., 2003. The following secondary and tertiary antibodies were

used for IF at a dilution of 1:200 (Vector Labs); Texas Red anti-mouse IgG, Texas Red

anti-rabbit IgG, Fluorescein anti-mouse IgG. Cells that were not subjected to Triton X

100 extraction were fixed with 4% paraformaldehyde for 10 minutes, then directly

incubated in blocking buffer as described in Plath et al., 2003.

Western blotting

IMR90 cells were harvested from the RNAi experiments and 5 x 10° cells from each

treatment were boiled in 20 ul of loading dye (9% 2-mercaptoethanol, 9% SDS, 0.1%

bromophenol blue, 30% glycerol) for 10 min. The denatured proteins were separated by

SDS/PAGE on a 13% gel and transferred onto a nitrocellulose membrane. The

membrane was incubated in blocking buffer (Tris-buffered saline with 0.1% Tween

[TBS-T] and 5% nonfat dry milk) overnight at 4°C. The next day the membrane was

incubated for 1 hr at room temperature with anti-SUZ12 antibody (Kirmizis et al., 2004)

anti-trimethyl H3-K27 antibody (ab6002, Abcam Inc.), anti-trimethyl H3-K9 antibody

(ab8898, Abcam Inc.), anti-histone H3 antibody (ab1791, Abcam Inc.), or anti-actin

antibody (sc-1615, Santa Cruz Biotechnology). After washing in TBS-T for 15 min, the

blot was incubated for 1 hr with a horseradish peroxidase (HRP)-conjugated anti-rabbit

secondary antibody (sc-2004, Santa Cruz Biotechnology) or an HRP-conjugated anti

mouse secondary antibody (sc-2005, Santa Cruz Biotechnology) and the signals were

visualized by the enhanced chemiluminescence system as described by the manufacturer
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(RPN2106V, Amersham Biosciences). The H3-3m K9 and H3-3mK27 signals were

quantified using ImageOuant and were normalized to the intensities of the histone H3

bands. Fold changes were calculated from the SUZ12 or EZH2 siRNA treated samples

compared to the mock transfected and GFP siRNA transfected samples.

Image acquisition

Images were acquired using an Olympus BX60 microscope with an Olympus 100x

Uplan/Apo oil immersion lens with a numerical aperture of 1.35. A Hamamatsu ORCA

ER camera was used to capture the images, using Openlab 3.1.7 software. Images were

globally adjusted for brightness and contrast, merged and pseudo-colored using Adobe

Photoshop 7.

IV. Results

SUZ12 knockdown decreases histone H3-K9 tri-methylation

Previously, we demonstrated that Suz12 levels remain constant throughout murine

embryonic stem cell differentiation, whereas Eed and Ezh2 levels steadily decline,

indicating that Suz12 may regulate heterochromatin formation in differentiated cells in a

PRC complex-independent manner (de la Cruz et al., 2005). To determine whether

SUZ12 affects constitutive heterochromatin structure in mammalian cells, we performed

siRNA-mediated knockdown of SUZ12 in a primary female human fibroblast cell line

(IMR90). We tested if SUZ12 regulated the levels and/or distribution of H3-3mK9,

which is enriched on pericentric heterochromatin (Lachner et al., 2001; Peters et al.,

2001; Peters et al., 2003; Rice et al., 2003). Immunostaining of IMR90 cells treated with

s
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GFP siRNA showed that SUZ12 levels remained abundant and were identical to non

treated cells, indicating that siRNA treatment did not adversely affect the cells (Figure

1A, data not shown). H3-3mK9 distribution in these cells was diffusely nuclear, with

foci of strong enrichment as well as many speckles (Figure 13A), siRNA-mediated

knockdown of SUZ12 resulted in loss of SUZ12 in about 50% of the population (de la

Cruz et al., 2005). H3-3mK9 levels were markedly reduced in 92% of these cells (Figure

13B, n>100). Western blot analyses of knockdown cells showed a two- to three-fold

decrease of H3-3mK9 when compared to mock transfected and GFP siRNA transfected

cells (Figure 13C). We sought to determine if the SUZ12 knockdown phenotype was

specific for tri-methylation of H3-K9. To this end, we co-immunostained control cells

and SUZ12 siRNA-treated cells for a marker of SUZ12 knockdown, H3-3mk27, and for

di-methylated H3-K9 (H3-2mK9). There was no discernable difference in the levels of

H3-2m K9 between GFP siRNA and SUZ12 siRNA transfected cells as assayed by

immunofluorescence (Figures 13D and E). These results indicate that SUZ12 regulates

levels of H3-3m K9 but not H3–2mK9.

Knockdown of EZH2 results in loss of H3-3mK27 but not H3-3mR9

EZH2/EED complexes have H3-K9 HMTase activity in vitro (Kuzmichev et al., 2002).

To determine if the H3-3mK9 phenotype of SUZ12 knockdown cells was due to

abrogation of EZH2/EED H3-K9 HMTase activity, we performed EZH2 knockdown

experiments. EZH2 knockdown cells were stained using antibodies against H3-3mk27

and H3-3m K9 to examine levels and distribution of these chromatin marks. GFP siRNA

transfected IMR90 cells exhibit a very low level of EZH2 present in dim speckles (Figure

o
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14A). After 6 days of incubation with EZH2 siRNAs, 44% of cells exhibited a loss of

EZH2 accompanied by a drastic reduction of H3-3m K27 (Figure 14B). Cells treated with

EZH2 siRNA were co-immunostained for H3-3mk27 and H3-3m K9 (Figures 14C and

D). In contrast to SUZ12 knockdown, loss of EZH2 caused a reduction of H3-3mK27

staining but did not affect levels of H3-3m K9 (Figures 14C and D). Western blot

analysis of EZH2 knockdown cells corroborated the immunofluorescence results: levels

of H3-3mK27 were reduced 3-fold in EZH2 knockdown cells as compared to mock and

GFP siRNA transfected cells, whereas H3-3mk9 levels were reduced by only 0.2-fold

(Figure 14E). We conclude that the H3-3m K9 phenotype observed in SUZ12

knockdown cells is not linked to the reduction in the overall amount of H3-3m K27. In

addition, these experiments indicate that the SUZ12 siRNA H3-3mK9 phenotype is due

to the loss of a SUZ12 function that is independent of SUZ12's role in the EZH2/EED

HMTase complexes.

HP1a distribution is altered in SUZI2 knockdown cells

Given that HP1 localization is regulated by H3-K9 methylation (Bannister et al., 2001;

Peters et al., 2001; Maison et al., 2002; Rice et al., 2003; Pal-Bhadra et al., 2004;

Yamamoto et al., 2004), we reasoned that localization of HP10 may be affected in

SUZ12 knockdown cells with lowered levels of H3-3mK9. In 80% of GFP siRNA

transfected IMR90 cells, H3-3mK9 exhibited strong foci of enrichment that overlapped

with toroidal HP1a staining (Figure 15A) indicative of constitutive heterochromatin

(Minc et al., 1999; Nielsen et al., 2001). These cells also showed a large number of fine

speckles of HP1a that did not overlap with H3-3mK9 (Figure 15A). The remaining 20%
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of GFP siRNA transfected cells displayed relatively uniform distribution of slightly

larger HP10 speckles, and these cells always displayed a diffuse pattern of H3-3m K9

speckles, with no significant overlap between H3-3mK9 and HP10. (Figure 15B),

consistent with dynamic localization of HP10 on constitutive heterochromatin (Cheutin

et al., 2003; Festenstein et al., 2003; Hayakawa et al., 2003). SUZ12 siRNA cells

exhibiting low levels of H3-3m K9 displayed a diffuse pattern of HP1a in 87% of cells

(n-100).

This diffuse distribution of HP1c in cells lacking H3-3m K9 staining was often

accompanied by diminution in protein levels as detected by immunostaining (Figure

15C). HP1c is present in Triton X-100 soluble and insoluble pools, and the insoluble

pools contain HP10, that is bound to heterochromatin (Taddei et al., 2001). To test if

SUZ12 knockdown affects total levels of HP10, or causes redistribution of HP10, from

insoluble heterochromatin-associated pools to soluble, non-heterochromatin-associated

pools, we performed immunostaining for H3-3m K9 and HP10, on SUZ12 knockdown

cells that had (Figure 15C) or had not been Triton X-100 extracted prior to fixation

(Figure 15D). Non-Triton extracted cells with lowered levels of H3-3mK9 contained

diffusely distributed HP10, in amounts comparable to GFP siRNA treated cells (data not

shown), but never had HP10, toroids. This result suggests that SUZ12 knockdown results

in redistribution of HP10 from heterochromatin-associated pools to soluble pools.

Immunostaining and Western blot analyses of H3-3mK27 (de la Cruz et al., 2005) and

H3-3mK9 (Figure 13) showed a decrease upon SUZ12 knockdown. In contrast, HP10

levels were not different between SUZ12 siRNA-treated cells and controls cells as

assayed by Western blotting (Figure 15E). Because SUZ12 knockdown resulted in the
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redistribution of HP10 from constitutive heterochromatin in a significant proportion of

cells, we conclude that SUZ12 regulates the localization of HP1c.

Enrichment of HP10 on pericentric heterochromatin requires concomitant

accumulation of H3-3mk9, and both of these marks are required for centromere function

and normal chromosome segregation (Peters et al., 2001; Taddei et al., 2001). Given that

levels of H3-3mK9 are reduced on pericentric heterochromatin in a significant fraction of

SUZ12 knockdown cells, we expected that knockdown cells would exhibit defects in

chromosome segregation. A common marker of chromosome instability is the

appearance of micronuclei and chromatin bridges, which form when lagging

chromosomes become surrounded by a nuclear envelope (Hoffelder et al., 2004).

Consistent with a defect in chromosome segregation, there was a 3-fold increase in the

proportion of cells containing micronuclei and chromatin bridges in SUZ12 knockdown

cells compared to the GFP siRNA treated cells (Figures 16A-C). These results suggest

that centromere function is perturbed in SUZ12 knockdown cells.

SUV39H1 levels are not altered in SUZI2 knockdown cells

In mammalian somatic cells, SUV39H1 is the major HMTase that mediates tri

methylation of H3-K9. We performed Western blot analyses on mock transfected, GFP

siRNA transfected, and SUZ12 siRNA transfected cells to determine if loss of this methyl

mark in SUZ12 knockdown cells was due to a decrease in levels of SUV39H1.

SUV39H1 was present in similar amounts in control and SUZ12 siRNA transfected cells,

indicating that SUZ12 knockdown did not substantially alter the levels of SUV39H1

(Figure 17A). Immunostained GFP siRNA treated and SUZ12 knockdown cells was used

to assay whether the distribution of SUV39H1 was affected in SUZ12 siRNA treated

N
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cells. In GFP siRNA-treated cells, SUV39H1 was found in many speckles of variable

intensity scattered throughout the nucleus (Figure 17B). We found that the levels and

distribution of SUV39H1 were not detectably altered in cells lacking SUZ12, indicating

that the altered levels of H3K9me3 detected in SUZ12 knockdown cells were not due to a

loss or aberrant localization of the H3-K9 HMTase, SUV39H1 (Figure 17C).

V. Discussion

We have identified a role for the PcG protein SUZ12 in regulating levels of H3-3mK9 in

primary human fibroblasts. Depletion of SUZ12 resulted in a loss of H3-3m K9, without

affecting the abundance or distribution of the H3-3mk9 HMTase SUV39H1. We also

observed a redistribution of HP10, upon SUZ12 depletion, consistent with the role of H3

3m K9 in the correct localization of HP1c. (Lachner et al., 2001; Peters et al., 2001; Peters

et al., 2003; Rice et al., 2003). Knockdown of SUZ12 lead to an increase in the

proportion of cells with micronuclei and chromatin bridges, likely due to a defect in

chromosome segregation due to perturbation of H3-3mk9/HP10 at constitutive

heterochromatin (Peters et al., 2001). In contrast, knockdown of EZH2 did not change

the amounts of H3-3m K9, indicating that SUZ12 acts independently of EZH2 in

regulation of H3-K9 tri-methylation. We conclude that SUZ12 acts outside of the

EZH2/EED complexes to regulate the H3-3mk9/HP10— containing heterochromatin.

Together, these studies demonstrate that SUZ12 function is critical for correct formation

of both constitutive heterochromatin and facultative heterochromatin.
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In a recent study, knockdown of SUZ12 in HeLa cells had no discernible effect on

H3K9me3 levels by Western blot (Cao and Zhang, 2004b), indicating that SUZ12 does

not regulate H3-K9 tri-methylation in this transformed human cell type. The decrease in

H3-3mK9 levels we observed in primary human fibroblasts could be due to differences in

cell type, knockdown procedures, or method of analysis. In these fibroblasts, H3K9me3

levels were less sensitive than H3-3mk27 to SUZ12 knockdown, as a decrease in

amounts of H3K27me} could be detected after 3 days of siRNA treatment (data not

shown), while the H3-3mK9 phenotype was only apparent after 6 days after siRNA

treatment. This lag may be due to differences in stability of H3-3m K9 versus H3

3mk27. Our single cell analysis revealed that cells completely lacking SUZ12 exhibited

dramatic depletion of H3-3mk9, an effect that was not apparent in analysis of cell

populations by Western blotting.

Amounts and distribution of SUV39H1 were not detectably altered in SUZ12

knockdown cells, and a subset of SUV39H1 co-localized with SUZ12 in IMR90 cells,

suggesting the possibility that SUZ12 may interact with SUV39H1 to regulate its activity.

This suggests that SUZ12 may be present in different complexes: an EZH2/EED complex

that mediates tri-methylation of H3-K27 on facultative heterochromatin, and a second

complex that does not require EZH2 and regulates H3-3mK9 levels and

HP10 distribution. HP10 enrichment on pericentric heterochromatin is no longer detected

in mouse cells lacking the H3-3mk9 HMTases Suv39h] and Suv39h2 (Lachner et al.,

2001; Peters et al., 2001; Peters et al., 2003; Rice et al., 2003), suggesting that the

redistribution of HP1c in SUZ12 knockdown cells may be an indirect effect of the

decrease in H3-3m K9. The interaction between HP1 proteins and the SUV39H family of
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3.

HMTases plays a role in propagation of H3-K9 methylation (Grewal and Moazed, 2003).

HP10, interacts with SUZ12 in vitro and myc-tagged SUZ12 and HA-tagged HP10, co

localize when transfected into HeLa cells (Yamamoto et al., 2004). This suggests an

alternative possibility, that the decrease in H3-3mK9 staining observed in SUZ12

knockdown cells may occur indirectly, due to perturbation of SUZ12/HP10, complexes

that are required for HP10, binding to H3-3m K9.

SUZ12 expression is mis-regulated in many human cancers, implicating SUZ12

in regulation of cell proliferation (Kirmizis et al., 2003). SUZ12 knockdown alters H3

K27 methylation and expression of SUZ12 target genes, such that changes in SUZ12

levels may perturb the expression of genes essential for normal growth and proliferation

(Kirmizis et al., 2003). A high proportion of SUZ12 knockdown cells exhibit

micronuclei and chromatin bridges, which correlate with aneuploidy (Jallepalli and

Lengauer, 2001), suggesting that defects in SUZ12-dependent chromatin may also

contribute to tumorigenesis by increasing genomic instability. Our study demonstrates

that the dual functions of SUZ12 in regulating both facultative and constitutive

heterochromatin may be essential for maintaining appropriate gene expression as well as

genomic integrity.
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VI. Figure Legends

Figure 13. Distribution of H3-3m K9 and H3-2mK9 in SUZ12 knockdown cells. (A and

B) Immunolocalization of SUZ12 (first column) and H3-3mK9 (second column) in

IMR90 cells treated with GFP siRNA (A) or SUZ12 siRNA (B). Nuclei are stained with

DAPI (third column) and the merged image (fourth column) consists of SUZ12 (red) and

H3-3mK9 (green). (C) Western analysis of SUZ12, H3-3mk27, H3-3mK9, histone H3

and actin levels in mock, SUZ12 siRNA, and GFP siRNA transfected IMR90 cells. (D

and E) Immunostaining for H3-3mK27 (first column) and H3-2mK9 (second column) in

IMR90 cells treated with GFP siRNAs (D) or SUZ12 siRNAs (E). Nuclei are stained

with DAPI (third column) and the merged panel (fourth column) consists of H3-3mK27

(green) and H3-2mk9 (red).

Figure 14. EZH2 knockdown results in depletion of H3-3mk27 but not H3-3mK9. (A

and B) Immunostaining for EZH2 (first column) and H3-3m K27 (second column) in

IMR90 cells treated with GFP siRNAs (A) or EZH2 siRNAs (B). Nuclei are stained with

DAPI (third column) and the merged panel (fourth column) consists of EZH2 (red) and

H3-3mK27 (green). (C and D) Immunostaining for H3-3mK27 (first column) and H3

3mk9 (second column) in IMR90 cells treated with GFP siRNAs (C) or EZH2 siRNAs

(D). Nuclei are stained with DAPI (third column) and the merged panel (fourth column)

consists of H3-3mK27 (red) and H3-3mK9 (green). (E) Western blotting for EZH2,H3

3mk27, H3-3mK9, and gamma tubulin in IMR90 cells transfected with no siRNA,

SUZ12 siRNA, or GFP siRNA.
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Figure 15. Distribution of HP10, in SUZ12 knockdown cells. (A and B)

Immunolocalization of HP10 (first column) and H3-3mK9 (second column) in GFP

siRNA treated IMR90 cells. Nuclei are stained with DAPI (third column) and the merged

image (fourth column) consists of HP1c (red) and H3-3mK9 (green). HP10, and H3

3mk9 show two patterns of distribution: HP1c is present in many speckles, which in

some instances are organized into toroids that overlap with H3-3mK9 toroids (A), and

HP10 and H3-3mK9 show many speckles with no toroids and no significant amount of

overlap (B). (C and D) Immunolocalization of HP1c. (first column) and H3-3mK9

(second column) in SUZ12 siRNA treated IMR90 cells. In SUZ12 siRNA-treated cells

that show little or no detectable H3-3m K9, HP1c is also not detectable when cells are

extracted with Triton X-100 (C), but remains detectable in cells that were not Triton X

100 extracted (D). (E) Western blotting for SUZ12, HP10, and histone H3 in IMR90

cells transfected with no siRNA, SUZ12 siRNA, or GFP siRNA.

Figure 16. Increase in micronuclei and chromatin bridges in SUZ12 knockdown cells.

(A-C) Immunostaining for SUZ12 (second column) in IMR90 cells treated with GFP

siRNAs (A) or SUZ12 siRNAs (B and C) Nuclei are stained with DAPI (first column)

and the merged panel (third column) consists of SUZ12 (red) and DAPI (blue). (B) A

SUZ12 knockdown cell with micronuclei. (C) A SUZ12 knockdown cell exhibiting a

chromatin bridge.

Figure 17. Distribution of SUZ12 and SUV39H1 in SUZ12 knockdown cells. (A)

Western blotting for SUZ12, SUV39H1, and gamma tubulin IMR90 cells transfected
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3.

with no siRNA, SUZ12 siRNA, or GFP siRNA. (B and C) Immunostaining for SUZ12

(first column) and SUV39H1 (second column) in IMR90 cells treated with GFP siRNAs

(B) or SUZ12 siRNAs (C). Nuclei are stained with DAPI (third column) and the merged

panel (fourth column) consists of SUZ12 (red) and SUV39H1 (green).
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Figure 13
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Figure 15
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Figure 16
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Figure 17
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CONCLUDING REMARKS

X-inactivation in the developing mouse embryo

The X-inactivation developmental cue theory postulates that a differentiation-induced cue

signals the onset of Xist expression and X-inactivation in the developing female embryo.

In order to determine if X-inactivation in vivo occurs simultaneously with a defined

developmental transition, I performed in situ hybridization studies for Xist RNA in

female embryos. In the work described in chapter 1, I demonstrated that upregulation of

of Xist expression occurs during the developmentally regulated process of cavitation at

the age of 5.5dpc. Previously it was thought that in vivo random X-inactivation occurs as

it does during in vivo imprinted X-inactivation and in vitro random X-inactivation: during

the differentiation of a cell from a pluripotent to a somatic state.

The embryonic ectoderm does undergo a restriction in its multi-potency during

the process of cavitation. Gardner and Rossant (Gardner and Rossant, 1979)

demonstrated that the embryonic ectoderm loses the potential to form primitive endoderm

cells by 5.0dpc. In addition, the cells of the 5.5dpc embryonic ectoderm are unable to

contribute to the development of an embryo when implanted into host blastocysts

(Gardner and Lyon, 1971; Brook and Gardner, 1997). Furthermore, the cells of the

embryonic ectoderm at 5.5dpc are distinguished from the pre-cavitation embryo by

differential expression of Fgf3, Rex 1, and Gbx2 (Haub and Goldfarb, 1991; Rogers et al.,

1991; Chapman et al., 1997). Therefore while in vivo random X-inactivation does not

occur concomitantly with a differentiation event, it does indeed correspond with a

restriction of embryonic ectodermal cell fate.
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I attempted in vitro cavitation and X-inactivation studies using cavitating EBs.

Paraffin sectioning and FISH on EBs proved to be difficult, however. An alternative may

be found in Early Primitive Ectoderm- Like (EPL) cells. By culturing ES cells in a

defined, conditioned medium Rathjen and colleagues differentiated ES cells into the cell

equivalent of the post-cavitated embryonic ectoderm (Rathjen et al., 1999). If it can be

shown that female EPL cells undergo X-inactivation in response to being cultured in the

conditioned medium, then manipulation of EPL cells may serve as a useful in vitro

system for studying the process of X-inactivation.

The silencing process of X-inactivation in vitro occurs in a series of three distinct

events: initiation, establishment, and maintenance (Wutz et al., 2002). During the

initiation and establishment phases, continued Xist expression is required for

transcriptional silencing of the X chromosome. The last step, the maintenance phase, is

defined by the irreversible and Xist-independent continuance of X chromosome silencing.

My studies, taken together with the work of the Rathjen lab, suggest that the

developmental events that occur during cavitation may correlate with these three phases

of X-inactivation. Through their studies with EPL cells, Rathjen and colleagues argue

that formation of the fate-restricted embryonic ectoderm is an obligatory step in the

differentiation of the inner cell mass or ES cells into the germ cell layers (Rathjen et al.,

1999). The timing of this transitional step, which occurs during the process of cavitation

in the embryo, closely resembles the timing of the three phases of X-inactivation (Figure

18). Future studies could include investigation of whether the three phases of X

inactivation occur during the cavitation and gastrulation processes of the embryo.
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Another line of study that can be pursued using the techniques outlined in chapter

1 may be to determine the order of appearance or exclusion of chromatin modifications

on the inactive X chromosome. Temporal studies of histone modifications on the Xi

have been performed in ES cells as well as during imprinted X-inactivation of the early

(two cell stage to 4.0dpc) embryo (Cohen et al., 2005). These studies have already

shown that significant differences exist between these two types of X-inactivation. It is

therefore likely that random in vivo X-inactivation will differ from both random in vitro

X-inactivation and imprinted in vivo X-inactivation. Performing IF for chromatin

modifications in conjunction with FISH for Xist in post-cavitation embryos will thus

provide the most biologically relevant analysis of how the facultative heterochromatin of

the X chromosome is established. Such studies would determine whether X-inactivation

in vitro truly mimics the events of X-inactivation in vivo.

Possible molecular roles for SUZI2 in H3-K9 tri-methylation

SUZ12 is a requisite member of the EED/EZH2 Polycomb Group Complex. Our group

and others had shown that Eed and Ezh2 are involved in depositing the H3-3mK27 mark

on the Xi during the initiation of X-inactivation. The work described in chapter 2

demonstrates that Suz12 is also transiently enriched on the Xi during X-inactivation and

that it is required for enrichment of H3-3mk27 on the Xi. Differential protein expression

of Suz12 with respect to Eed and Ezh2 suggested that Suz12 may have another role

distinct from its function in H3-K27 tri-methylation. Chapter 3 contains data

demonstrating that SUZ12 is required for H3-3mK9 in primary human fibroblasts. In

addition, in vitro studies demonstrate that SUZ12 associates with SUV39H1 (Appendix),
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suggesting that SUZ12 may exert its effect on constitutive heterochromatin through its

interaction with the H3-3m K9 HMTase, SUV39H1.

Clues for the possible molecular functions of SUZ12 in the SUV39H1

methylation system may be found by considering its role in the Polycomb Repressive

Complex. Studies of the Drosophila Esc/E(z) complex demonstrates that at least one role

of Su(z)12 is to mediate binding of the complex to nucleosomes (Nekrasov et al., 2005).

Other studies suggest that Su(z)12 can potentiate activity of the HMTase E(z) (Ketel et

al., 2005). Taken together, Su(z)12 may regulate complex activity by directly contacting

E(z) and by facilitating recruitment of the complex to its substrate. SUZ12 may be

playing a similar role in regulating SUV39H1 activity.

Several lines of experimentation could determine if SUZ12 acts in the same way

with SUV39H1 as it does with EZH2. One could perform ChIP/chip experiments for

SUV39H1 in cells lacking SUZ12. If SUZ12 is required to bring SUV39H1 to the

appropriate loci, one would expect that SUV39H1 distribution would be perturbed in

cells lacking SUZ12. To determine if SUZ12 controls SUV39H1 HMTase function one

could isolate SUV39H1 from cell extracts lacking SUZ12. The resulting SUV39H1

immunocomplexes could then be applied to an HMTase assay. If SUZ12 is required for

proper enzymatic activity of SUV39H1 HMTase activity, then it would be expected that

immunoprecipitates lacking SUZ12 would not behave as well as wild-type

immunoprecipitates. Such studies would help to elucidate the molecular role of SUZ12

in H3-3K9 methylation and constitutive heterochromatin formation.
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Figure Legends

Figure 18. The phases of X-inactivation temporally correlate with ES cell differentiation

and embryonic development. The three phases of X-inactivation (Initiation,

Establishment, Maintenance) occur on a time-scale similar to the three stages of ES cell

differentiation (ES, Embryonic Primitive Ectoderm-Like (EPL), Differentiated), and

development of the embryo proper.
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APPENDIX

Attempted lines of experimentation regarding SUZI2
In an attempt to further characterize the molecular role of SUZ12 in the SUV39H1

methylation system (discussed in Chapter 3), I attempted a number of experiments that

were unsuccessful, inconclusive, or preliminary for a variety of reasons. They are

outlined below:

1) SUZ12 immunoprecipitates H3-K9 HMTase activity

siRNA-mediated depletion of SUZ12 resulted in loss of H3-3mK9, suggesting

that SUZ12 may be associated with H3-K9 HMTase activity. To address this hypothesis

we performed immunoprecipitation experiments on cellular extracts expressing GFP

SUZ12, using a GFP antibody to immunoprecipitate GFP-SUZ12. Samples

immunoprecipitated by anti-GFP from extracts expressing GFP-SUV39H1 only or rabbit

IgG were used as positive and negative controls for HMTase activity. These

immunoprecipitates were then applied to an in vitro HMTase assay, using an unmodified

histone H3 N-terminal tail peptide or a pre-modified histone H3 N-terminal peptide with

an acetyl modification at lysine 9 (H3-acK9) as the substrates (Figure 19). We found that

the GFP-SUZ12 immunoprecipitate contained HMTase activity exclusively for the

unmodified H3 peptide (Figure 19). This result indicates that SUZ12 co

immunoprecipitates of H3-K9 HMTase activity. This activity may be mediated through

SUV39H1 or EZH2.

2) Identification of co-immunoprecipitated proteins via Mass Spectrometry
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In collaboration with Feixia Chu, I performed an immunoprecipitation experiment

for either GFP- tagged SUZ12 or GFP-tagged SUV39H1 and subjected the

immunocomplexes to Mass Spectrometry analysis to identify co-immunoprecipitated

proteins. EZH2 and EED were identified in the GFP-SUZ12 immunoprecipitates, and

HP1a was identified in the GFP-SUV39H1 samples, indicating that the protocol worked

well. However, SUV39H1 was not found in the GFP-SUZ12 immunoprecipitates, nor

was SUZ12 found in the GFP-SUV39H1 immunoprecipitated samples. This suggests

that interaction between SUZ12 and SUV39H1 may be transient.

3) Pull down experiments with recombinant SUV39H1 and SUZ12

Recombinant MBP-SUV39H1 was incubated with cell extracts overexpressing

Myc-tagged SUZ12. In vitro binding assays using amylose-conjugated Sepharose beads

were performed. The precipitates were analyzed for presence of HP10 and Myc-tagged

SUZ12 by Western Blotting. As expected, HP10, was specifically pulled down with

MBP-SUV39H1 indicating that the recombinant protein was functional (Figure 20A).

Myc-SUZ12 was enriched in the MBP-SUV39H1 samples when compared to MBP pull

down (Figure 20B).

Conversely, binding assays were performed using doubly-tagged (GST at the N

terminus and His at the C terminus) SUZ12 as the bait. Recombinant GST-SUZ12-His

was incubated with extracts expressing GFP-SUV39H1. GFP-SVU39H1 was pulled

down non-specifically with GST-SUZ12, as this protein was also present in GST only

controls (data not shown). EZH2, a known SUZ12 partner, was not pulled down with

recombinant SUZ12 (data not shown). It is possible that the presence of the His-tag at
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the C-terminal end of SUZ12 disrupts proper folding of the protein or abrogates SUZ12

function. Future studies would include performing pull-downs using SUZ12 protein

tagged only at the N-terminus.

4) Chromatin immunoprecipitation (ChIP) for SUV39H1, SUZ12, H3-3m K9 and H3

3mk27 at beta satellite repeats

I wished to determine if SUZ12 functions in maintaining the constitutive

heterochromatin structure of pericentric regions by assaying for the presence of SUZ12 in

those areas of the genome. To this end I performed ChIP for SUZ12, SUV3H1 and

Various histone modifications at beta satellite repeats, which are enriched at pericentric

heterochromatin. H3-3mK9 and H3-3mK27 are clearly enriched on beta satellite repeats

(Figure 21, lanes 7 and 8). In addition, it appears as though SUZ12 and EZH2 may be

bound at beta satellites (Figure 21, lanes 5 and 9). SUV39H1 did not ChIP at levels

above background (Figure 21, compare lane 6 with lanes 10 and 11), suggesting that

SUV39H1 association at pericentric regions is transient. I probed SUZ12 and EZH2

chromatin immunocomplexes for presence at the MYT gene. This locus was previously

shown to be bound by these two proteins and therefore served as a positive control for

SUZ12 and EZH2 (Kirmizis et al., 2004). The findings were confounded by the result

that the positive control for SUZ12 and EZH2 did not work (data not shown). Neither of

these proteins bound to the MYT locus. Because the appropriate control experiments

were inconclusive, this line of experimentation was abandoned.
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Materials and Methods

Co-Immunoprecipitation and HMTase assays

Forty-eight hours after transfection, HEK 293 cells were processed for co

immunoprecipitation as described, but in addition the cell extracts were treated with

DNAse I (Worthington, 100 U/ml) for 15 minutes at 37 °C (Chu et al., 2005). The

immunoprecipitations were performed at 4 °C overnight. The resulting

immunoprecipitates were then used for Western Blot analysis or subjected to HMTase

assays essentially as described (Rea et al., 2000). S-Adenosyl-L-(methyl-'H) Methionine

(74.0 Ci/nmol. Amersham) was used as the methyl donor and 5 ug of biotinylated N

terminal peptides were used as the substrate. The following peptides were used: wild

type N terminus of human histone H3 (ARTKQTARKSTGGK) and pre-modified peptide

acetylated at K9 (modified residue is underlined) (ARTKQTARKacSTGGK). The

peptides were kindly provided by Matthew D. Simon. After the HMTase assay, peptides

were spotted onto SAM’ Biotin Capture Membranes (Promega), washed, and subjected to

Scintillation counting as described (Patnaik et al., 2004).

Mass Spectrometry

Mass spectrometric analysis of proteins was followed as outlined (Chu et al., 2005).

MBP and GST in vitro binding assays

Human cDNA of SUV39H1 was cloned into the bacterial expression construct p\MAL

c2X (NEB). Purification of MBP fusion proteins was performed as outlined by
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manufacturers instructions using amylose resin (NEB). The pull-down binding reaction

was performed exactly as described (Tonozuka et al., 2004), with the following

alterations: 25ug of MBP-SUV39H1 or MBP was incubated with 1.5mg cellular extract

for 2 hours at 4°C. Two washes were performed at 4°C, followed by 5 washes at room

temperature using Ultrafree-MC filters (Millipore). The GST-SUZ12-HIS construct was

created by inserting a 6x HIS tag into the 3’ end of the SUZ12 cDNA. The resulting

cDNA was then cloned into the bacterial expression plasmid pCEX-2T (Pharmacia

Biotech). Tandem GST/HIS purification was performed in accordance with standard

protocols using glutathione sepharose 4b beads (Amersham Biosciences) and BD

TALON beads (BD Biosciences), respectively. GST pull-down experiments were

performed as described (Yamamoto et al., 2004), except that 25ug of immobilized fusion

proteins was incubated with 1.5mg cellular extract. Antibodies used in western blotting

were described in chapters 2 and 3. Two washes were performed at 4°C, followed by 5

washes at room temperature using Ultrafree-MC filters (Millipore).

Chromatin Immunoprecipitation

IMR90 cells were harvested and ChIP was performed exactly as outlined by (Kirmizis et

al., 2004), with the exception that protein A or protein G Dynabeads (Invitrogen) were

used. Antibodies used for ChIP are detailed in chapters 2 and 3. PCR primers for the

MYT locus are described (Kirmizis et al., 2004) and beta satellite primers were taken

from (Wang et al., 2005).
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Figure Legends

Figure 19. SUZ12 co-immunoprecipitates with H3-3m K9 HMTase activity. Peptides

containing the first 14 amino acides of the H3 N-terminal tail (ARTKQTARKSTGGK)

were methylated the GFP-SUZ12 immunocomplexes using tritiated SAM as the methyl

donor. A peptide acetylaed at K9 served as a negative control. CCounts incoporated

were measured by filter-binding assay.

Figure 20. Association of SUZ12 and SUV39H1. (A) HP10 associates with MBP

SUV39H1 specifically (lane 3). (B) Cell extracts containing Myc-SUZ12 were incubated

with either MBP-tagged SUV39H1 (lane 7) or MBP alone (lane 6). A control experiment

was performed in which MBP-tagged SUV39H1 was incubated with non-transfected cell

extract (lane 8). Myc-SUZ12 is specifically pulled-down by MBP-SUV39H1 (lane 7).

Figure 21. Chromatin immunoprecipitation at beta satellite repeats. ChIP experiments

in IMR90 cells using antibodies to SUZ12 (lane 5), SUV39H1 (lane 6), H3-3mK9 (lane

7), H3-3mK27 (lane 8), EZH2 (lane 9), and a control IgG (lane 10). A control

immunoprecipitation in which no antibody is used (lane 11). Dilutions of the total input

are shown in lanes 1-4. Chromatin present in the immunocomplexes was analyzed with

PCR using primers to beta satellites.
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Figure 19
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Figure 20
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Figure 21
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