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Abstract

Background: Heterochromatin in eukaryotic interphase cells frequently localizes to the nucleolar
periphery (nucleolus-associated domains, NADs) and the nuclear lamina (lamina-associ ated
domains, LADs). Gene expression in somatic cell NADs is generally low, but NADs have not
been characterized in mammalian stem cells.

Results: Here, we generated the first genome-wide map of NADs in mouse embryonic stem cells
(MESCs) via degp sequencing of chromatin associated with biochemically-purified nucleoli.

As we had observed in mouse embryonic fibroblasts (MEFS), the large Type | subset of NADs
overlaps with congtitutive LADs and is enriched for features of constitutive heterochromatin,
including late replication timing and low gene density and expression levels. Conversely, the
Type II NAD subset overlaps with loci that are not lamina-associated, but in mESCs, Type ||
NADs are much less abundant than in MEFs. mESC NADs are al'so much less enriched in
H3K27me3 modified regions than are NADs in MEFs. Additionally, comparision of MEF and
MESC NADs revealed enrichment of developmentally regulated genesin cell type-specific
NADs. Together, these data indicate that NADs are a developmentally dynamic component of
heterochromatin.

Conclusions. These studies implicate association with the nucleolar periphery as a mechanism
for developmentally-regulated gene silencing, and will facilitate future studies of NADs during

MESC differentiation.

Introduction
Eukaryotic genomes are broadly subdivided into more accessible, transcriptionally active

euchromatin, and less accessible, less active heterochromatin. These functional classifications
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are accompanied by spatial separation: heterochromatin is mainly found at the nuclear periphery
and nucleolar periphery, where they comprise nucleolus-associated domains (NADs) (Németh et
al. 2010; van Koningsbruggen et al. 2010) and lamina-associated domains (LADs) (Pickersgill et
al. 2006; Guelen et al. 2008; Peric-Hupkes et al. 2010), respectively. Studies in multiple
organismsindicate that sequestration of heterochromatin to the nuclear and nucleolar peripheries
contributes to gene silencing (Fedoriw et al. 2012b; Zullo et al. 2012; Jakociunas et a. 2013).
Therefore, thereis great interest in discovering the molecular bases for these localizations.
Notably, some trans-acting factors that specifically affect lamina (Zullo et al. 2012; Harr et al.
2015) or nucleolar (Yusufzai et al. 2004; Zhang et al. 2007; Mohammad et al. 2008; Padeken and
Heun 2014; Smith et al. 2014; Matheson and Kaufman 2017; Singh et a. 2018) associations
have been reported, suggesting that distinct mechanisms contribute at the two locations.

Both NADs and LADs are enriched for silent genes and histone modifications
characteristic of constitutive heterochromatin, e.g. H3K9me2 and H3K9me3 (M atheson and
Kaufman 2016; van Steensel and Belmont 2017). LADs have been mapped and studied in
multiple species and cell types (Pickersgill et al. 2006; Guelen et al. 2008; Peric-Hupkes et al.
2010; Kind et al. 2013; Borsos et a. 2019). In contrast, NADs have been characterized in afew
human somatic cell lines (Németh et al. 2010; van Koningsbruggen et al. 2010; Dillinger et al.
2017), in the plant Arabidopsis thaliana (Pontvianne et al. 2016), and recently, in mouse
embryonic fibroblasts (MEFs) (Vertii et a. 2019). Several experiments indicate that LADs can
be redistributed to the nucleolar periphery after passage through mitosis, and vice versa (van
Koningsbruggen et al. 2010; Kind et a. 2013). However, the extent of overlap between LADs

and NADs is unknown in most organisms and cell types.
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Here, we mapped and characterized NADs in mouse embryonic stem cells (MESC), a
tractable system for studying how NADs change during differentiation. Asin MEFs (Vertii et al.
2019), we identified a large subset of MESC NADs that overlap with LADs (Type | NADs), and
asmaller subset of NADs that do not overlap LADs (Type Il NADs). However, Type Il NADs
are less prevalent in mESCs than in MEFs. mESC NADs are also notably less enriched in
H3K27me3 modifications. Comparisons of MEF and mESC NADs also revealed enrichment of
developmentally regulated genesin cell type-specific NADs. These analyses will facilitate future

studies of genome dynamics during stem cell differentiation.

Results

I solation of nucleoli from crosdinked F121-9 mESCs. We isolated nucleoli from formaldehyde-
crosslinked hybrid F121-9 mES cells using methods previously shown to yield reproducible data
using MEF cells (Vertii et al. 2019). In those studies, crosslinked and non-crosslinked MEFs
were directly compared, and shown to yield highly overlapping results, with crosslinked samples
detecting a greater proportion of the genome associated with nucleoli (Vertii et a. 2019). This
suggests crosslinking could assist detection of weak or transient nucleolar interactions.
Therefore, we used crosslinking for all nucleoli isolation experiments here (Fig. 1A). The purity
of isolated nucleoli was confirmed using phase-contrast microscopy (Fig. 1B). Immunoblot
analysis of nucleolar fractions showed that they were enriched for nucleolar protein fibrillarin
relative to beta-actin (Fig. 1C). Quantitative PCR analysis revealed 9-18-fold enrichment of 45S
rDNA sequencesin purified nucleolar DNA relative to genomic DNA (Fig 1D). These results
indicated the enrichment of nucleoli in our preparations, hence we proceeded with whole-

genome sequencing of nucleolar DNA.
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92

93 Bioinformatic analysis of NADs. We performed two biological replicate preparations of

94  crossinked F121-9 mESC nucleoli. In each replicate experiment, we extracted nucleolar-

95  associated DNA from nucleoli, along with genomic DNA from whole cells from the same

96 population of cells. We sequenced approximately 50 million reads from each nucleolar and

97  genomic DNA sample. We note that subsampling analyses of larger M EF datasets previously

98  showed that the number of peaks detected had reached a plateau at this sequencing depth (Vertii

99 et al. 2019). Genomic reads were mostly uniformly distributed across the genome, whereas
100  nucleolar reads contained well-defined peaks and valleys, with peaks overlapping known
101  heterochromatic regions, such as constitutive LADs (CLADS) (Peric-Hupkes et al. 2010) and late
102 replicating regions (Hiratani et al. 2010) (Fig 2A, B). cLADs were previously defined as LADs
103  that arelamina-associated in mESCs, and also in neural precursor cells (NPCs) and astrocytes
104 differentiated from these mESCs (Peric-Hupkes et al. 2010). Previous studies of NADs have
105 identified frequent overlap of NADs with LADs (van Koningsbruggen et a. 2010; Németh et al.
106  2010; Dillinger et al. 2017; Vertii et a. 2019) and with late-replicating regions (Dillinger et al.
107  2017; Vertii et al. 2019), thus we concluded that the nucleolar reads are enriched with bona fide
108 nucleolar heterochromatic regionsin F121-9 mESCs.
109 Calculating the log ratio of nucleolar reads to genomic reads resulted in araw metric of
110  nucleolar association across the genome (Nucleolus/gDNA ratio tracksin Fig. 2A, B). Asin
111  MEFs, visua ingpection of the nucleolus/genomic ratio in mESC revealed a negative slope
112  across chromosomes, especially noticeable on large chromosomes (Fig. 2B). Mouse
113  chromosomes are acrocentric, i.e. the centromere is found at one end of a chromosome, and by

114  convention these are annotated on the | eft. Because pericentromeric regions frequently associate
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115  with nucleolar periphery (Ragoczy et al. 2014), nucleolar associations on centromeric end of
116  chromosomes are usually more frequent. As we have demonstrated previousy using MEFs data,
117  pesak calling based only on nucleolar/genomic ratio would result in identifying peaks mostly at
118 the centromeric end and missing the smaller peaks at the end of chromosome distal to the

119 centromere. For thisreason, we used our previously described Bioconductor package named

120  NADfinder (Vertii et a. 2019) to call NAD peaks in F121-9 mESCs. This software uses local
121  background correction, which was important for detection of validated NAD peaks distal from
122  centromeresin MEFs (Vertii et al. 2019). NADfinder peak calling was performed using the

123  default settings with a 50kb window size, a testing threshold of 10g2(1.5) for background

124  corrected log2(nucleolar/genomic) ratio to define the null hypothesis, and adjusted p-value <
125 0.05 (Vertii et al. 2019). Potential peaks were further filtered to be > 50 kb long and to have log2
126  ratio>1.7.

127

128 3D immuno-FISH confirmation of NAD peaksin F121-9 mESCs. To validate associations of

129  NADswith nucleali by an orthogona method, we performed 3D immuno-FISH experiments,
130  scoring association of BAC DNA probes with nucleolar marker protein fibrillarin (Figs. 3-4). We
131 tested the association of a euchromatic negative control probe, pPK871, which lacks nucleolar
132 association in MEFs (Vertii et al., 2019) and did not contain a peak in our F121-9 NAD-seq data.
133  Thefrequency of nucleolar association for this probe was ~24% (Fig. 4A, B). Three additiona
134  non-NAD BAC probes (pPK 825, pPK 1000, and pPK1003) displayed similar levels of nucleolar
135 association (Fig. 4A). The average association frequency for these non-NAD probesin F121-9
136  celsis22%, similar to the 20% frequency observed in MEF cells (Vertii et a., 2019). These

137  observations result from stochastic positioning of loci within the nuclear volume. We note that
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