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ABSTRACT

Nucleoli are nuclear compartments regulating ribo-
some biogenesis and cell growth. In embryonic stem
cells (ESCs), nucleoli containing transcriptionally ac-
tive ribosomal genes are spatially separated from
pericentromeric satellite repeat sequences packaged
in largely repressed constitutive heterochromatin
(PCH). To date, mechanisms underlying such nu-
clear partitioning and the physiological relevance
thereof are unknown. Here we show that repres-
sive chromatin at PCH ensures structural integrity
and function of nucleoli during cell cycle progres-
sion. Loss of heterochromatin proteins HP1a and
HP1B causes deformation of PCH, with reduced
H3K9 trimethylation (H3K9me3) and HP1+y levels, ab-
sence of H4K20me3 and upregulated major satellites
expression. Spatially, derepressed PCH aberrantly
associates with nucleoli accumulating severe mor-
phological defects during S/G2 cell cycle progres-
sion. Hp1a /B deficiency reduces cell proliferation,
ribosomal RNA biosynthesis and mobility of Nucle-
ophosmin, a major nucleolar component. Nucleolar
integrity and function require HP1a /B proteins to be
recruited to H3K9me3-marked PCH and their ability
to dimerize. Correspondingly, ESCs deficient for both
Suv39h1/2 H3K9 HMTs display similar nucleolar de-
fects. In contrast, Suv4-20h1/2 mutant ESCs lacking
H4K20me3 at PCH do not. Suv39h1/2 and Hpla/f
deficiency-induced nucleolar defects are reminiscent
of those defining human ribosomopathy disorders.

Our results reveal a novel role for SUV39H/HP1-
marked repressive constitutive heterochromatin in
regulating integrity, function and physiology of nu-
cleoli.

INTRODUCTION

Nucleoli are the principal sites of ribosome biogenesis in eu-
karyotic cells and hence are essential for cell viability. They
also regulate protein stability in situations of cellular stress
(1-6). Mechanisms controlling the formation and function
of nucleoli as distinct entities within eukaryotic nuclei are
not well understood (7,8).

Nucleoli are formed around genomic nucleolar orga-
nizer regions (NORs), consisting of arrays of tandemly re-
peated rDNA loci. In mouse,  DNA genes are located near
centromeric regions on chromosomes 12, 15, 16, 18 and
19, with certain copy number variations existing between
strains (9,10). Nucleoli are dynamic, undergoing cycles of
disassembly, reassembly and maturation as cells divide and
progress through the cell cycle (11-13). During prophase,
nucleoli disassemble as RNA polymerase I (RNA pol I)-
dependent transcription of rDNA is halted and nucleolar
proteins are released from their respective compartments.
A subset of transcription factors such as UBF remain,
however, associated with NORs throughout mitosis, effec-
tively facilitating the resumption of rDNA transcription
upon mitotic exit. In early G1, nucleolar components first
accumulate in cytoplasmic nucleolus-derived foci (NDFs)
and pre-nucleolar bodies (PNBs) in the nucleoplasm. Next,
such components accumulate around active NORs thereby
assembling small nucleoli (11). In subsequent S and G2
phases, small nucleoli coalesce into larger round nucleoli ac-
commodating multiple NORs.
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Nucleoli are partitioned into three distinct sub-
compartments defined classically by their appearance
in electron microscopy and nowadays according to the
presence of specific proteins involved in ribosome synthesis
(14,15). They comprise the lightly stained fibrillar centers
(FCs) that are surrounded by dense fibrillar components
(DFCs), both of which are embedded in the granular
component (GC). Transcription of rDNA occurs at the
interface between the FC and the DFC. Nascent immature
pre-rRNAs undergo extensive processing in the DFC
and are subjected to pre-ribosome assembly in the GC
(15). The compartmentalization of nucleoli is not static
but instead is considered to represent a multiphase liquid
condensate formed by multivalent interactions between
ribosomal RNAs and nucleolar proteins such as Fibrillarin
(FBL) and Nucleophosmin (NPM1), key components
of DFC and GC layers, respectively (15-18). Homotypic
self-interactions of NPM1 and heterotypic interactions
of NPM1 with ribosomal RNAs and proteins have been
proposed to regulate various kinds of liquid-liquid phase
separation (LLPS) processes thereby controlling the spatial
directionality of pre-ribosomal particle assembly from the
FC/DFC towards the GC and ultimately exit of ribosomal
subunits from the nucleolus into the nucleoplasm (16).

Impairments of overall nucleolar shape, sub-
compartmentalization and integrity have been reported
in a heterogenous group of human diseases referred to
as ribosomopathies, which are characterized by lowered
cellular metabolism and slow growth (7,19-22). Riboso-
mopathy causing mutations have been identified in various
ribosomal proteins such as eL21, ulL2, ulL5 and uLl8,
affecting processing of 45S pre-ribosomal transcripts and
causing an imbalance between mature 18S and 28S rRNAs.
In mutant cells, the nucleolar organization and morphology
are dramatically altered, from a generally round into an
aberrant amorphic appearance. For example, for uL18, loss
of interactions between its Arginine-rich motifs and NPM1
has been proposed to disturb liquid-liquid phase separation
processes underlying the formation of the GC (17,23). Sim-
ilar changes in nucleolar morphology have been reported
in undifferentiated embryonic stem cells (ESCs) and ES5.5
epiblast embryonic cells deficient for Chdl, a chromatin
remodeling enzyme promoting rRNA hyper transcription.
In Chdl mutant cells, the balance between 18S and 28S is
not disturbed arguing that reduced rRNA transcription is
sufficient to impair nucleolar structure and function (24).

In naive undifferentiated ESCs, all I DNA genes are active
and nucleoli are large (25), denoting high ribosome biogen-
esis activity. Upon differentiation, however, several rDNA
clusters become transcriptionally repressed and heterochro-
matinized, acquiring repressive histone H3 lysine9 di- and
tri-methylation (H3K9me2/me3), H3K27 tri-methylation
(H3K27me3) and DNA methylation (26,27). Differentia-
tion induced heterochromatin formation is triggered by the
recruitment of the NoRC complex to rDNA loci in re-
sponse to differential processing of upstream IGS-rRNA
transcripts and the formation of short pRNA molecules
(27,28). Exogenous expression of pPRNAs is sufficient to es-
tablish rRNA gene silencing in ESCs, and to induce differ-
entiation and to some extent a reduction in pluripotency
(27). Remarkably, pRNA expression also induces in ESCs a

dramatic change in overall nuclear organization. For exam-
ple, large heterochromatin structures are formed along nu-
cleoli and the nuclear periphery (27), reminiscent of the nu-
clear organization in differentiated cells (29-31). In mouse,
such peri-nucleolar heterochromatic structures contain cen-
tromeric and pericentromeric sequences which are com-
prised of minor and major satellite repeats.

In undifferentiated ESCs, peri- and centromeric satel-
lites are also heterochromatic, yet are clustered solely in
multiple large roundish chromocenters. Each of these con-
tain pericentromeric constitutive heterochromatin (PCH)
domains of multiple chromosomes. Chromocenters are
formed shortly after mitosis and are distributed throughout
the nucleus. PCH domains contain 234 bp-long major satel-
lite repeats stretching over several megabases in length (32).
Molecularly, PCH is characterized by H3K9me3 that is cat-
alyzed by the SUV39H1/2 enzymes (33,34). This histone
modification is bound by chromo domain (CD)-containing
proteins such as the SUV39H1/2 enzymes themselves and,
importantly, by proteins of the Heterochromatin Protein
1 (HP1) family (35,36) comprising HPla (CBXY), HP1B
(CBX1) and HP1y (CBX3) in mice. Since HP1 proteins do
not only recognize H3K9me3 but also bind to SUV39H1/2
enzymes (37-40), they are thought to constitute a positive
feedback loop ensuring effective propagation of H3K9me3
at heterochromatin throughout cell division. HP1 proteins
harbor also a chromo shadow domain (CSD), which me-
diates homo- and heterodimerization between HP1 homo-
logues (41). Dimerization of HP1 proteins is pivotal to
their functioning as primary adaptor molecules that ef-
fectively organize canonical heterochromatin configuration
downstream of the H3K9me3 mark. Firstly, dimerization
is necessary for efficient binding of HP1 to H3K9me3-
marked chromatin (42). Secondly, the CSD dimer inter-
face enables binding of many heterochromatin factors such
as SUV4-20H1/2 and DNMT3A/3B enzymes (43,44) as
well as proteins with a PxVxL motif (41,45,46). Thirdly,
although DNA mobility measurements revealed that con-
densed chromocenters display solid-like behavior in vivo
(47), heterochromatin proteins are dynamically bound at
PCH (48-51) and display liquid-like behavior around the
solid chromatin scaffold driven in part by dimerization and
oligomerization (47,52-56).

From yeast, flies to mice, Suv39hl/2 orthologs ensure
transcriptional repression of satellite sequences and proper
chromosome segregation (34,57-59). Even so, chromocen-
ters remain intact in Suv39h//2 double null (dn) fibrob-
lasts (34). Additional deficiency of Setdbl encoding another
H3K9me3 HMT impairs chromocenter integrity, arguing
that H3K9me3 is instructive to clustering of PCH regions
(60).

Intriguingly, the spatial association of constitutive hete-
rochromatin along the nucleolar periphery appears to be a
conserved feature of nuclear organization in many eukary-
otes (61-63). To date, it is unknown why and by what means
PCH regions are exclusively organized in chromocenters
in undifferentiated cells and only become associated with
nucleoli upon cellular differentiation. Hence, in this study
we investigate the potential role of pericentromeric consti-
tutive heterochromatin in shaping nuclear architecture. To
this end we performed loss-of-function studies in mouse



ESCs, focusing on HP1B and HPla proteins as central or-
ganizers within the constitutive heterochromatin pathway.
Simultaneous loss of both proteins did not impair chro-
mocenter formation. Instead, it induced frequent associa-
tions of PCH domains with nucleoli, and between nucleolar
proteins and major satellite transcripts. It further impaired
the structural integrity of nucleoli which in part was phe-
nocopied by chemical disruption of weak hydrophobic in-
teractions in nuclei. Our data demonstrate that the unique
nuclear organization in undifferentiated ESCs with distinct
chromocenters and nucleoli depends on the capacity of HP1
proteins to dimerize and to localize at PCH. Notably, resem-
bling the disruption of nucleolar structure and functions in
ribosomopathies, HP1 deletion impaired rRNA biosynthe-
sis and reduced cell proliferation. These data reveal a novel
role of HP1-marked constitutive heterochromatin in regu-
lating cellular physiology.

MATERIALS AND METHODS
Constructs

pCAG-Cre:GFP was a kind gift from Connie Cepko
(Addgene: pCAG-Cre:GFP). pPy-CAG-CreERT2 plasmid
was a kind gift from Joerg Betschinger (FMI, Basel,
Switzerland). GFP-tagged NPM1 was a kind gift from
Karsten Rippe (German Cancer Research Center (DKFZ)
and Bioquant, Heidelberg, Germany). H2B-mCherry was
fused to a 3xKSH-ENE sequence to enhance mRNA sta-
bility (64). HP1B constructs were described before (36). The
HP1B V23M/W170A double point mutant was generated
by Gibson assembly (NEB E5510).

Antibodies

For Western blot analysis of histone modifications and
associated proteins, the following antibodies were used:
monoclonal anti-HP1la (Millipore 05-689, 1:1000), mono-
clonal anti-HP1B (Serotec MCA1946, 1:1000, CST 86765,
1:1000), monoclonal anti-HP1vy (Euromedex clone 2MOD-
1G6, 1:000), monoclonal anti-b-tubulin (Sigma-Aldrich,
1:000), polyclonal anti-H3K27me3 (Active Motif 39156,
1:2000), polyclonal anti-H3K9me3 (Invitrogen 49-1008,
1:1000), polyclonal anti-H3 (Abcam ab1791, 1:2000), poly-
clonal anti-H4K20me3 (IMP 0083, 1:2000), polyclonal
anti-H4 (Abcam abl10158, 1:4000), polyclonal anti-Myc
(Abcam ab9132, 1:1000), monoclonal anti-GFP (Roche
11814460001, 1:1000). Antibodies used for IF stainings
and transmission immuno-electron microscopy were: Mon-
oclonal anti-NPM1 (Invitrogen 32-5200, 1:200), mon-
oclonal anti-FBL (CST 2639 1:200), monoclonal anti-
UBF1 (Santa Cruz sc-13125, 1:200), polyclonal anti-
H3K9me3 (Active motif 39161, 1:1000), monoclonal anti-
HP1B (Serotec MCA1946, 1:500, CST 8676S, 1:500), mon-
oclonal anti-HP1a (Millipore 05-689, 1:500), monoclonal
anti-HP1y (Euromedex 2MOD-1G6-AS, 1:1000), poly-
clonal anti-H4K20me3 (IMP 0083, 1:2000), polyclonal
anti-H3K27me3 (Active motif 39156, 1:500), monoclonal
anti-H2AK119ubl (Upstate 05-678, 1:50), polyclonal anti-
Myc (Abcam ab9132, 1:500).
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Generation of cell lines

To generate constitutive clones, blastocysts from matings
of mice homozygous for HplpY/¥ or Hplp*'*; Hpla*'t
(Cbx1 (Hplp) conditionally deficient mice had been gen-
erated from ESC clone EPD0027_2_H02 (EuCOMM) (65)
and Cbx5 (Hpla) mouse strain was purchased by Eu-
COMM Tg(Cbx5tmla(EUCOMM)Wtsi) were isolated in
a single well of a 96-well plate in ESC medium. After
2 days, when blastocysts hatched, they were trypsinized
and cells were seeded in the same well for other 2 days.
Expanded ESC clones were further tested for their geno-
type by PCR. Cells from single clones of Hplg*¥/F or
HplBT'F: Hpla"/¥ were transfected with either pCAG-Cre-
GFP or pCAG-GFP as a control. GFP positive cells were
sorted by flow cytometry and seeded into 10 cm plates. In-
dividual clones were isolated and expanded. Deletion of
Hpl B or Hpla floxed alleles in pCAG-Cre-GFP transfected
clones was tested by western blotting with appropriate
antibodies.

To generate conditional cell lines HplBY/¥ and Hpl1B%/*;
Hpla®/F ESCs were transfected with a linearized pPy-
CAG-CreERT?2 plasmid. Cells were selected with blastici-
dine for at least 2 weeks. Individual clones were expanded
and tested by addition of 1uM 40OHT in the medium
(H7904, SIGMA). HP1 depletion following addition of
40HT was confirmed by Western blotting experiments with
the appropriate antibodies.

The generation of Suv39hl/2 control and double null
ESCs (WT26, DN57, DN62), Suv4-20hl/2 double null
ESCs (DN1, DN2) and Adnp! control and knock-out (KO)
ESCs have been described previously (44,66,67).

Cell culture

ESCs were cultured in DMEM medium with 4.5 g/1 glu-
cose (Gibco) containing knockout serum replacement (In-
vitrogen), LIF, penicillin, streptomycin, 2 mM L-glutamine,
0.1 mM B-mercaptoethanol, non-essential amino acids, 1
mM sodium pyruvate (Gibco), in the presence of GSK3p3
and MEKI inhibitors (2i) (3 pM CHIR99021, 0.8 pM
PD184352, Axon Medchem) at 37°C 5% CO,. ESCs were
initially cultured on a feeder cell layer but adapted to
feeder-free conditions for experimental purposes. All ex-
periments were performed on ESCs at a passage between
13 and 22. For assessment of cell proliferation, 250 000
ESCs were seeded per gelatin-coated well of a 6-well
culture plate (Corning). After collection on the follow-
ing day(s), ESCs were counted using a hemocytometer.
ESC colonies were imaged on a Leica DMIL microscope
equipped with a Leica DFC320 camera and segmented in
ImageJ /FIJI using auto-thresholding. Transient transfec-
tion of ESCs was performed using Lipofectamine 2000 fol-
lowing the manufacturer’s instructions (Invitrogen). Briefly,
~3 x 10° cells were transfected with 4 wl of Lipofectamine
2000 and 3 g of plasmid DNA prior to seeding onto
gelatin-coated dishes and collected ~1 day later for sub-
sequent experiments. For RT-qPCR and RIP experiments
2 x 10° cells were seeded onto a 10 cm dish (Corning)
and the amount of transfection reagents was scaled up
accordingly.
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Flow cytometry

For sorting of ESCs into G1-, S- and G2-enriched popula-
tions, ESCs were incubated for 1h in cell culture medium
containing Hoechst 33342 (Invitrogen H3570, 1:500) prior
to FACS. After harvesting, cells were resuspended in PBS
and run on a BD FACSAria III flow cytometer (Bec-
ton Dickinson). Cells were gated on FSC-Area vs SSC-
Area. Singlets were gated on Hoechst-Area versus Hoechst-
Height and sorted into three populations exhibiting low
(~2C DNA content), medium and high (~4C DNA con-
tent) Hoechst-A signal intensities. For EdU-labeled sam-
ples, ESCs were incubated with 10 wM EdU (Santa Cruz
Biotechnology) in cell culture medium for 30 min prior to
collection. After harvesting, cells were washed with PBS
and fixed with 4% paraformaldehyde in PBS for 15 min
at room temperature. Next, fixed cells were washed with
1% BSA-PBS and permeabilized with 0.5% triton X-100 in
1% BSA-PBS at room temperature for 15 min. Cells were
then pelleted, resuspended in a solution containing PBS
with 1 mM CuSOy4, 1 uM Alexa Fluor 488 fluorophore-
azide (Thermo Fisher, A10266), and 100 mM ascorbic acid
(fresh) and incubated for 30 min at room temperature in
the dark. Following the labeling reaction, cells were re-
suspended in 1% BSA-PBS + 0.5% Triton X-100 supple-
mented with Hoechst 33342 (Invitrogen H3570, 1:1000)
and 100 pg/ml RNAse A (Sigma Aldrich). Samples were
run on a BD LSRII SORP Analyser (Becton Dickinson).
Cells were gated on FSC-Area versus SSC-Area. Singlets
were gated on Hoechst-Area versus Hoechst-Height. The
positive/negative gates for EAU were gated on a negative
control sample, which was not treated with EAU, but oth-
erwise processed as described above. Cell cycle analysis was
conducted in FlowJo (Becton Dickinson). For assessment
of cell viability, DRAQ?7 (BioStatus DR71000, 0.5 wM) was
added to the PBS-resuspended cells immediately prior to
FACS analysis. Samples were run on a BD LSRII SORP
Analyser (Becton Dickinson) and analyzed in FlowJo (Bec-
ton Dickinson).

Western blot

For protein blot analysis, 2 x 10° ESCs were washed
with PBS and lysed in Laemmli buffer for total pro-
tein extraction. For histones extraction, acid extrac-
tion was performed according to the Abcam protocol,
see: https://www.abcam.com/protocols/histone-extraction-
protocol-for-western-blot. Equal amounts of protein (cor-
responding to ~200 000 cells per sample) were resolved
by SDS-PAGE, transferred to a nitrocellulose membrane
(Biorad), and probed with a primary antibody overnight
at 4°C. Membranes were then incubated with the appro-
priate HRP-conjugated secondary antibodies (1:10 000,
Amersham) and the immunoreactive bands were detected
by chemiluminescence. Quantification of band intensities
was performed in Image] using the commands in the
‘gels submenu’ (see: https://imagej.nih.gov/ij/docs/menus/
analyze.html#gels). To obtain relative protein levels, HPla
or HP1B band intensities were first normalized to the re-
spective b-tubulin loading control and then compared to the
value on ‘Day 1’.

Transmission (immuno-) electron microscopy

ESCs were seeded onto poly-L-lysine coated Thermanox
coverslips. At 50-70% of confluence, ESCs were fixed in 0.1
M HEPES (Sigma-Aldrich, H3375) buffer pH 7.4 contain-
ing 2% paraformaldehyde (Electron Microscopy Science,
15700) and 2.5% glutaraldehyde (Electron Microscopy Sci-
ence, 16200) for half an hour at room temperature and
then overnight at 4°C. After three washes in 0.1 M cacody-
late (Sigma-Aldrich, C0250) buffer (pH 7.4), ESCs were
post-fixed in 1.5% potassium ferrocyanide (Sigma-Aldrich,
60279) and 1% osmium tetroxide (Electron Microscopy Sci-
ence, 19160) in 0.1 M cacodylate buffer (pH 7.4). After 1 h,
the solution was exchanged with 1% osmium in 0.1 M ca-
codylate buffer (pH 7.4) for 1 h. The cells were then washed
in ddH,O and stained with 1% uranyl acetate in ddH,O
for 20 min. After five washes in ddH,O and dehydration
steps in graded alcohol series, the cells were embedded in
EMbed 812 resin (Electron Microscopy Science, 14120) for
12 h and polymerized at 60°C during 24 h. For transmis-
sion electron microscopy (TEM) analysis, a region of in-
terest was selected under light microscopy. After trimming,
silver/gray thin sections (50 nm thickness) were collected on
formvar-coated single-slot copper grids (EMS). After post-
staining with 1% uranyl acetate and Reynold’s lead citrate (5
min each), images were recorded using a FEI Tecnai Spirit
(FEI Company) operated at 120 keV using a side-mounted
2K x 2K CCD camera (Veleta, Olympus).

We performed immuno-EM experiments following a
published protocol (68). In brief, ESCs were seeded onto
poly-L-lysine coated Thermanox coverslips. At 50-70% of
confluence, ESCs were fixed with 2% paraformaldehyde
in PBS (Electron Microcopy Scientific 15700). After three
washes in PBS buffer, ESCs were permeabilized either with
0.1% Triton-X 100 (Sigma T8787) in PBS or with 0.1%
Saponin in PBS (Sigma-Aldrich S0019). The Triton-X 100
permeabilized ESCs group was washed three time in PBS
and after 1 h of blocking with 2% BSA (Sigma-Aldrich
05470) in PBS, the ESCs were incubated with anti-FBL or
anti-UBF1 primary antibodies in PBS containing 2% BSA
for 48 h at 4°C. The Saponin permeabilized ESCs group, as
described by (69) were washed three time in PBS containing
0.1% (w/v) Saponin. After 1h of blocking at room tempera-
ture in PBS containing 2% BSA (Sigma-Aldrich 05470) and
0.1% (w/v) Saponin, ESCs were incubated with either anti-
H3K9me3 primary antibodies or no primary control anti-
bodies (control for unspecific binding) in PBS containing
2% BSA and 0.1% (w/v) Saponin for 1 hour at room tem-
perature. After permeabilization, blocking, washing and
incubation with or without primary antibodies, all ESCs
groups (Triton-X 100 and Saponin treated groups) were
washed two times in PBS and three times with 0.2% BSA-c
(Aurion 900.099) in PBS prior immunolabeling with a bi-
otinylated goat anti-rabbit antibody (Jackson ImmunoRe-
search Europe Ltd 111-066-003) diluted at 1:50 with 0.2%
BSAc (and additional 0.1% Saponin — only for Saponin
treated ESCs group) in PBS for 3 h at room temperature.
Immunostaining was further revealed with a peroxidase-
based enzymatic detection system (Vectasatin Elite ABC
kit, Vector Laboratories, Burlingame, CA, USA, PK-6100).
After washes in TBS (Sigma T5030) ESCs were incubated
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for 6 min in 0.02% 3,3’- diaminobenzidine (Sigma-Aldrich
D8001) and 0.01% (v/v) H,O, (Sigma-Aldrich H1009) in
TBS. The staining reaction was stopped by rinsing the ESCs
in TBS. After two washes in bi-distilled water, ESCs were
post-fixed in 2% glutaraldehyde for 30 min. After three
washes in 100 mM Tris-maleic acid pH 7.4 (Sigma-Aldrich
MO0375) the DAB reaction was silver-intensified during 10
min at 60°C in the dark by incubation in a solution contain-
ing 0.52% hexamethyltetramine (Sigma-Aldrich 398160),
0.04% silver nitrate (Sigma-Aldrich 209139), and 0.04%
sodium tetraborate (Sigma-Aldrich 221732) in 100 mM
Tris-maleic acid buffer pH 7.4. Then ESCs were rinsed in
nanopure H,O and in PBS and placed in a 0.05% solu-
tion of gold chloride (Sigma-Aldrich 520918) for 5 min
at room temperature. To wash away unbound silver parti-
cles samples were first treated with 3% sodium thiosulfate
(Sigma-Aldrich 72049) for 2 min, and then washed three
times in bi-distillated water. The samples were then post-
fixed with 1.5% osmium tetroxide (EMS 19110) for 30min,
rinsed and dehydrated in graded series of ethanol. Sam-
ples were further infiltrated in EMbed 812 (Electron Micro-
copy Scientific 14120) :100% ethanol (1:1 ratio), and then
in pure EMbed 812. Finally ESCs were flat embedded and
cured overnight at 60°C. Thin sections of 50 nm were cut
using a Leica EM UCT7 ultramicrotome, and images were
recorded at different magnifications (between 8.2 kX and
9.9k x for nucleus overviews) and at 16.5k x magnification
for immunolabeling imaging (corresponding to a pixel size
of 2.8 nm) using a Tecnai Spirit (FEI, Eindhoven Company)
operated at 120 kV using a side-mounted 2K x 2K CCD
camera (Veleta, Olympus).

Live cell imaging

Transfected cells were grown on gelatine-coated cham-
bered slides (Ibidi, 81156) and maintained at 37°C and 5%
CO; in a humidity-controlled environment during acqui-
sition. Nucleolar assembly and dynamics during the cell
cycle was imaged for 20 h on a Zeiss AxioObserver 7 in-
verted microscope equipped with a Yokogawa CSU-W1-
T2 spinning disk, a Visitron VS-Homogenizer, a PLAN-
APOCHROMAT 100x/1.40 oil objective, Photometrics
Prime 95B camera and 488-nm (Obis) and 561-nm (Cobolt)
laser lines. Thirty-eight z-axis confocal sections (0.8 pm z-
step) of a 1200 x 1200 pixel frame size were acquired ev-
ery 15 min. The resulting stacks were processed with CARE
(70) and assembled into movies using FIJI/Imagel.

Fluorescence recovery after photobleaching (FRAP)

Transfected cells were grown on gelatine-coated chambered
slides (Ibidi, 81156) and maintained at 37°C and 5% CO,
in a humidity-controlled environment during acquisition.
FRAP experiments were conducted using a Zeiss AxioOb-
server 7 inverted microscope equipped with a Yokogawa
CSU-WI1-T2 spinning disk, a Visitron VS-Homogenizer, a
PLAN-APOCHROMAT 100x/1.40 oil objective, Photo-
metrics Prime 95B camera and a 488-nm laser line (Obis).
All devices were piloted with the software Visiview (Visitron
GmbH, Puchheim, Germany). The FRAP device (Visitron
GmbH, Puchheim, Germany) was mounted on the back
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port of the scope body and controlled via the VisiFRAP
module in the Visiview software (Visitron). Photobleaching
was achieved with a 473nm laser line scanned over user-
defined regions in the sample thanks to two galvo mirrors
in the FRAP device and a long-pass 480nm dichroic mirror
(T4801pxr, Chroma, VT, USA) in the microscope body. Cir-
cular regions of constant size were bleached and monitored
overtime for fluorescence recovery. For each FRAP exper-
iment, a time series of a fixed confocal plane was acquired
every 200 ms before and during fluororescence recovery and
every 400 ms during later time points. Images were acquired
using a frame size of 1200 x 1200 pixels and a pixel depth of
16 bits. Additionally, to calculate the recovery percentage of
the bleached foci, a stack (0.8 wm z-step) was taken before
and after the time series acquisition.

Immunofluorescence (IF) staining and imaging

ESCs were seeded onto poly-L-lysine coated coverslips
or diagnostic slides (Thermo Scientific X1XER308B) and
fixed in 4% paraformaldehyde, followed by 1h of blocking
and permeabilization in 1% Triton-X 100 in PBS containing
3% BSA. ESCs were then incubated with primary antibod-
ies in PBS-T overnight at 4°C. Prior to application of sec-
ondary antibodies ESCs were washed by 3x rinsing in PBS-
T followed by a 5 min incubation, and this procedure was
repeated 3x. Next, ESCs were incubated with secondary
antibodies for 1 h at RT, followed rigorous washing as de-
scribe above. Cells were then mounted in Vectashield con-
taining DAPI (Vector H-1200-10). IF staining for Supple-
mentary Figure S1 were imaged on a laser scanning confo-
cal microscope (LSM 700, Zeiss, software: ZEN). One con-
focal slice through the maximal radius of the cell nuclei was
scanned. IF stainings for the rest of the experiments were
imaged on a Axio Imager M2 spinning-disk confocal mi-
croscope equipped with a Yokogawa CSU W1 Duel cam-
era T2 spinning disk confocal scanning unit, a Visitron VS-
Homogenizer, PLAN/APOCHROMAT 63X/1.4 oil objec-
tive, a PCO.EDGE4.2M camera, 405-nm (Toptica iBeam),
488-nm (Toptica iBeam), 561-nm (Cobolt Jive) and 639-nm
(Toptica iBeam) laser lines. Z-stacks were acquired using a
frame size of 2048 x 2048 pixels, a pixel depth of 16 bits,
and 0.2 pm z-step. Raw image (STK) files were used as an
input for automated segmentation and quantification of IF
data.

3D RNA fluorescence in situ hybridization (FISH)

Following IF staining against NPM1 (as described above),
RNA-FISH was conducted using Stellaris reagents and ac-
cording to the manufacturers protocol. Briefly, cells were
post-fixed in 3.7% PFA in PBS for 10 min at RT. Af-
ter washing with PBS, cells were incubated for 5 min in
freshly prepared wash buffer A (10% formamide in Wash
Buffer A, Biosearch Technologies SMF-WA1-60). A mix-
ture of either forward (5-GCCATATTTCACGTCCTA
AA, 5-TTTCCACCTTTTTCAGTTTT, 5-TCCTACAG
TGGACATTTCTA, 5-AGTTTTCTTGCCATATTCCA,
S-TTTTCAAGTCGTCAAGTGGA) or reverse (5- AA
TCCACTTGACGACTTGAA, 5Y-AAATGTCCACTGTA
GGACGT, 5-GGACGTGAAATATGGCAAGG, 5-AC




122 Nucleic Acids Research, 2023, Vol. 51, No. 1

CTGGAATATGGCGAGAAA) mouse major satellite
RNA probes labeled directly by Quasar 570 (Biosearch
Technologies) was added to 500 ul hybridization buffer (fi-
nal working concentration of each probe was 125 nM). Cells
were incubated in hybridization buffer containing probe
overnight at 37°C in a humidified chamber. Following as-
piration of hybridization buffer cells were rinsed in wash
buffer A and incubated at 37°C for 30 min in the same
buffer. After washing 3 x 5 min in wash buffer B (Biosearch
Technologies SMF-WBI1-20) at RT, cells were mounted
in Vectashield medium containing DAPI (H-1200, Vector
Laboratories).

Imaging analysis

Unbiased automatic quantifications of fluorescence inten-
sities shown in Figure 1 and Supplementary Figure S1 were
performed from tiled images comprising at least 64 im-
ages taken with a 40x /1.3 oil objective. Images were subse-
quently analyzed with a custom Matlab (MathWorks) script
developed in house as described previously (65). Briefly,
DAPI staining was classified into chromocenters (high in-
tensity), euchromatin (medium intensity) and background
(low intensity outside of nuclei). For each cell, the ratio of
mean fluorescence intensity at chromocenters over euchro-
matic regions was calculated for all channels used. Numeri-
cal data was exported into Microsoft Excel and plotted with
the Python data visualization libraries Seaborn and Mat-
plotlib. For statistical analysis Mann—Whitney U tests were
performed.

A custom Python script was used for 3D fluorescence im-
age analysis. Nuclei were first cropped by finding bounding
boxes from max intensity projections along x, y and z-axis.
Then, nuclei masks were obtained by applying Li threshold-
ing on a composite consisting of the DAPI channel summed
with blurred NPM1 and FBL channels to fill the holes (71).
Nucleoli masks within the nuclei were obtained by Otsu
thresholding a composite of the sum of NPM1 and FBL
channels minus DAPI (72). Chromocenters were extracted
by further Otsu thresholding the DAPI channel within the
nuclei mask and excluding the outer boundary (1 pm) (Ta-
ble 1).

Wrongly or incompletely segmented nuclei (i.e. doublets,
nuclei at the edge) were excluded from the final datasets.
For the 3D IF data, the image intensities I for the nucleo-
lus mask are normalized with I' = (I — w)/o for each chan-
nel independently where . and o are respectively the mean
and standard deviation over the nucleus mask (excluding
nucleoli), referred to as Z-score normalization. Plotting and
statistical analysis were conducted as described above. Rep-
resentative IF images shown in figures were deconvoluted
using Huygens Remote Manager v3.6 (Scientific Volume
Imaging B.V.) and minimal thresholding was applied to ad-
just for background signal. In the case of 3D imaging data,
central slices are depicted in figures.

Analysis of FRAP data was conducted in FIJI/Imagel.
For each FRAP time series, we manually assigned the
bleached region as a region of interest (ROI) and calculated
the mean intensity of the ROI. We subtracted the obtained
minimal intensity from these mean intensities. Fluores-
cence intensity data were further corrected for background

fluorescence and photobleaching resulting from both im-
age acquisition as well as the FRAP laser. To calculate
the recovery half-times (#,,,), we performed an exponen-
tial one-component curve fit based on the formula y(x) =
a(l — exp(—bx)).

For immuno-labeled TEM sections, gold nanoparticles
were segmented and counted from 16.5k magnification im-
ages that were stitched to cover an entire nucleus. Tile inten-
sities were rescaled to zero median and unit inter-quartile
range prior to stitching with the OpenCYV stitcher (73). Par-
ticles were segmented by applying a watershed algorithm
on binary masks generated by adaptive thresholding. Noisy
segmentation and debris were removed by area filtering.

For nucleoli and chromocenters segmentation on TEM
sections, a deep learning U-net like fully convolutional net-
work (74) was trained with cross-entropy loss on man-
ual annotations to predict nucleus vs background classes.
Separate networks were trained in similar fashion to
predict either ‘background vs. nucleoli’ or ‘background
vs. nucleoli vs. chromocenters’ classes for the TEM and
the H3K9me3-immune-labelled TEM datasets, respectively.
Nuclei overviews were processed at their native resolution
(2048 x 2048 px?) while stitched images were down-scaled
and padded to 2048 x 2048 px> prior to processing. Mor-
phological properties extracted from binary masks were
corrected for variations in magnification. ‘PCH-Nucleolus
contact’ shown in Figure 3G was calculated as the fraction
of nucleoli borders that are in direct contact with chromo-
center borders. ‘Intra-nucleolar H3K9me3 particles’ repre-
sents the fraction of total segmented H3K9me3 immuno
nano-particles detected within nucleoli’.

RNA-seq

Cells were harvested and RNA was isolated with the
RNeasy mini kit (Qiagen) according to the manufacturer’s
protocol. RNA was further treated with Turbo DNase
(AMbion) to remove residual DNA. rRNA-depleted se-
quencing libraries were prepared with ScriptSeq v2 RNA-
Seq Library Prep Kit (Illumina) and sequencing was per-
formed on HiSeq200 with 50 bp paired end reads according
to manufacturer instructions. Alignment of RNA-seq sam-
ples was done using STAR, allowing multimappers with up
to 300 matches in the genome and choosing positions for
multimappers randomly. Read counting for genes was done
using QuasR with no restriction for mapping quality (i.c.
multimappers included). Genes which had log2(RPKM)
value less than 1 in all samples were removed from the anal-
ysis. After filtering non-expressed genes, 17 968 genes were
analysed in total. Differentially expressed genes were iden-
tified using edgeR package with cutoffs FDR <0.05 and
FoldChange > 1. Multiplicity correction was performed by
applying the Benjamini-Hochberg method on the P-values,
to control the false discovery rate (FDR). Statistical signif-
icance of differential expression was estimated using quasi-
likelihood test.

Chromatin Immunoprecipitation (ChIP)

2 x 10° ESCs were incubated in 200 ul of Lysis Buffer
(15 mM Tris—HCI (pH 7.5), 300 mM Sucrose, 60 mM KClI,
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Figure 1. Morphological alterations to nuclei and nucleoli in Hp/a /8 deficient ESCs. (A) Representative DAPI staining of nuclei from control, HpIB-KO
and Hpla/B-DKO ESCs. Scale bars = 10 pm. (B-D) Violin plots showing the area of chromocenters (B), number of chromocenters (C) and the area
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15 mM NacCl, 5mM MgCl,, 0.1 mM EGTA, 0.25% NP-40,
0.5% DOC, 0.5 mM DTT, 1x Protease Inhibitor Cocktail)
for 10 min on ice. 200 ul of MNase Buffer (85 mM Tris—
HCI (pH 7.5), 300 mM sucrose, 3 mM MgCl,, 5 mM CaCl,,
6 U/ul MNase) were added to the lysate and incubated for
10 min at 25°C. Reaction was stopped by adding 8 ul 0.5M
EDTA and incubating on ice for 10 min. Lysate was cen-
trifuged at 16 000g for 10 min at 4°C, supernatant was trans-
ferred to new tubes and 800 ul of ChIP buffer (50 mM Tris—
HCI (pH 7.5), 300 mM sucrose, 30 mM KCI, 15 mM NacCl,
4 mM MgCl,, 2.5 mM CaCl,, 0.05 mM EGTA, 0.125%
NP-40, 0.25% DOC, 0.25 mM DTT, 1x Protease Inhibitor
Cocktail). DNA concentration was quantified by NanDrop
and chromatin corresponding to 30 ug of DNA was incu-
bated with 20 ul equilibrated protein G Dynabeads in a fi-
nal volume of 500ul adjusted with ChIP buffer for 1 h at
4°C on the rotator. Samples were placed on the magnetic
rack and the supernatant was transferred to new tubes. 5%
of the chromatin was aliquoted to serve as input while the
rest of the sample was incubated with 2 ug/ml a-H3K9me3
antibody at 4°C on the rotator overnight. Next day 20 ul
of equilibrated protein G Dynabeads were added to each
sample for 4 h at 4°C on the rotator. After the incuba-
tion, the Dynabeads were separated from the sample us-
ing a magnetic stand. Dynabeads were washed 3 times with
Low Salt Buffer (10 mM Tris/Cl pH 7.5, 250 mM NacCl, 0.5
mM EDTA 0.1% Triton X-100, 0.05% SDS, 1x Protease
Inhibitor cocktail) and 3 times with High Salt Buffer (10
mM Tris—HCI pH 7.5, 500 mM NacCl, 0.5 mM EDTA 0.1%
Triton X-100, 0.05% SDS, 1x Protease Inhibitor cocktail).
Afterwards the Dynabeads were resuspended in 40 Elution
Buffer (100 mM sodium bicarbonate, 1% SDS) and incu-
bated for 90 min at 65°C. Dynabeads were discarded and
immunoprecipitated DNA was purified by adding 2 vol-
ume of Ampure XP Beads (Beckman Coulter), following
the manufacturer’s instructions and eluted in 25 ul of nucle-
ase free H,O.

RNA Immunoprecipitation (RIP)

2 x 10° ESCs were crosslinking in 0.5% PFA at room tem-
perature for 10 min. Crosslinking was quenched by the addi-
tion of 0.1 M glycine final concentration and cells were cen-
trifuged at 500g for 10 min. After 2 washes with PBS, the cell
pellet was snap frozen in liquid nitrogen, then resuspended
in 200 ul of Lysis Buffer (10 mM Tris-HCI pH 7.5, 150
mM NacCl, 0.5 mM EDTA, 1% Triton X-100, 0.5% SDS,
1% sodium deoxycholate, 1 x Protease Inhibitor cocktail, 40
U/ml RNAsin) and incubated on ice for 10 min. Cell lysate
was sonicated using a Bioraptor for 10 cycles (30 s ON, 30 s

OFF, high output) and centrifuged at 16 000g for 10 min
at 4°C. The supernatant was diluted with 800 ul Dilution
Buffer (10 mM Tris—HCI pH 7.5, 150 mM NacCl, 0.5 mM
EDTA, 1x Protease Inhibitor cocktail, 40 U/ml RNAsin).
50 ul of the supernatant was aliquoted to serve as the input.
25 ul of equilibrated GFP-Trap Dynabeads (Chromotek)
was added to the sample and incubated for 1 h at 4°C on
the rotator. After the incubation, the Dynabeads were sep-
arated from the sample using a magnetic stand. Dynabeads
were washed 3 times with Low Salt Buffer (10 mM Tris—
HCI pH 7.5, 250 mM NaCl, 0.5 mM EDTA 0.1% Triton
X-100, 0.05% SDS, 1x Protease Inhibitor cocktail) and 3
times with High Salt Buffer (10 mM Tris—HCI pH 7.5, 500
mM NacCl, 0.5 mM EDTA 0.1% Triton X-100, 0.05% SDS,
1 x Protease Inhibitor cocktail). Afterwards the Dynabeads
were resuspended in 100 ul Elution Buffer (10 mM EDTA,
1% SDS, 100 mM Tris—HCl pH 7.5, 200 mM NacCl, 1 mg/ml
Proteinase K) and incubated for 15 min at 42°C followed by
1 h at 65°C. Dynabeads were discarded and 300 ul of Trizol
was added to each sample. Subsequently, RNA isolation,
reverse transcription and real time PCR were performed as
described later.

Reverse transcription

RNA isolation was performed using Direct-zol RNA
MiniPrep (Zymo Research, R2050), according to the man-
ufacturer’s instructions. RNA was subjected to an addi-
tional round of DNAse treatment in solution to remove
residual contaminating genomic DNA, followed by a clean-
up step. As a quality control, the purified RNA was run
on an Agilent 2100 Bioanalyzer. Reverse transcription was
performed with SuperScript III Reverse Transcriptase (In-
vitrogen, 18080085) according to the manufacturer’s in-
structions, using random hexamer primers (Thermo Fisher,
SO142).

Real time PCR

Amplification was carried out using SYBR Green PCR
Master Mix (Thermo Fisher, 4309155) and 500 nmol of
the following primers: For RNA amount experiments:
28S rRNA (F: 5- GCGACCTCAGATCAGACGTGG,
R: 5-CTGTTCACTCGCCGTTACTGAG), 5-ETS (1)
(F: 5¥-CTCTTGTTCTGTGTCTGCC, R: 5- GCCCGC
TGGCAGAACGAGAAG), S-ETS (2) (F: 5-GTCTT
CTGGTTTCCCTGTGTG, R: 5- GCTAGAGAAGGA
AACTTTCTCACTG), ITS2 (F: 5- GAGAACGGAG
AGAGGTGGTATC, R: 5- AGAAGCGGAGACGAAG
AAGAQG), IGS (F: Y-GCAGACCGAGTTGCTGTAC,

of nuclei (D) based on the DAPI staining of cells for the indicated genotypes. (E) Representative transmission electron micrographs showing nuclear and
nucleolar morphology of a control (HpI8/F) and constitutive HpI8-KO ESC clone number 2. Scale bars = 2 pm. Nucleoli have been highlighted in higher
magnification panels. (F) Representative transmission electron micrographs showing nuclear and nucleolar morphology of a control (HpIla/¥; Hplpt/F)
and constitutive Hp/a« /B-DKO ESC clone number 1. Scale bars =2 wm. Nucleoli have been highlighted in higher magnification panels. (G) Representative
transmission electron micrographs showing nuclear and nucleolar morphology of a control and a conditional Hpla/B-cDKO ESC (Hpla*/¥: Hp1pF/F,
Cre-ERT?2 ESCs after 4 days of mock EtOH or 4-OHT treatment, respectively). Scale bars = 2 wm. Nucleoli have been highlighted in higher magnification
panels. (H) Left panel: Schematic representation depicting measurement of nucleolus solidity, which is computed as the ratio of the area of a nucleolus to
the area of its convex hull. Right panel: violin plots showing the quantification of nucleolar solidity for the indicated genotypes. (I) Violin plots showing
the quantification of nucleoli number per nucleus for the indicated genotypes. Sample sizes are indicated below each violin. * P < 0.05, ** P < 0.01, ***

P <0.001 (Mann—Whitney U).



Table 1. Parameters used to create fluorescent composite images from
normalized NPM1, FBL and DAPI channels

Channel Threshold
smoothing size ~ Channel weight method
Nuclei 99,99, 5 0.5,0.5,1 Li
Nucleoli 1,19, 19 5,5,-1 Otsu
Chromocenters 0,0,0 0,0,1 Otsu

R:5- GGGTAGGACTTAAGCCTT) on an ABI StepOne-
Plus Real-Time PCR System (Applied Biosystems). Rela-
tive rRNA levels were determined by normalizing to b-actin
(F: 5- CCAACTGGGACGACATGGAG, R: 5-CTCGT
AGATGGGCACAGTGTG). For RIP experiments: 18S
rRNA(F: 5-GTAACCCGTTGAACCCCATT,R: 5-CCA
TCCAATCGGTAGTAGCG), Major Satellite (F: 5-GAC
GACTTGAAAAATGACGAAATC, R: 5-CATATTCCA
GGTCCTTCAGTGTGC). For ChIP experiments: Ma-
jor Satellite and 28S rRNA as before, B- actin pro-
moter (F: 5-GCAGGCCTAGTAACCGAGACA,R: 5-A
GTTTTGGCGATGGGTGCT), rDNA enhancer (F: 5'-
GAAGCCCTCTTGTCCCCGTC,R: 5¥-GATCCAAAGC
TCCAGCTGAC), rDNA promoter (F: 5¥-GACCAGTT
GTTCCTTTGAGG, R: 5- ACCTATCTCCAGGTCCAA
TAG). Numerical data was analyzed in Microsoft Ex-
cel and plotted with the Python data visualization library
Seaborn/Matplotlib. Statistical significance (P-values) was
calculated using a two-sided, unpaired t-test.

RESULTS

Deficiency for HP1a /3 reduces HP1y and H4K20me3 lev-
els at pericentromeric heterochromatin

In mouse cells, HP1a and HP1B are predominantly local-
ized at constitutive heterochromatic regions of the genome,
whereas HP1vy resides both in euchromatic as well as het-
erochromatic compartments (75-78). To study the func-
tion of the main constitutive heterochromatic HP1 par-
alogues in nuclear organization, we derived multiple ESC
lines from mouse blastocyst embryos that are either ho-
mozygously floxed for Hplp alleles (HplB%/F) only or ad-
ditionally for Hpla alleles as well (Hpla®/*; Hplp*/T). We
transiently expressed Cre recombinase and established two
independent Hp1 g single knock-out (HplB-KO #1 and #2)
and two Hpla and Hpl g double knock-out (Hpla/B-DKO
#1 and #2) clonal ESC lines (Supplementary Figure S1A
and Material & Methods). In floxed control ESCs, im-
munofluorescence (IF) staining showed that all three par-
alogs were enriched at PCH-chromocenters relative to sur-
rounding euchromatin, as characterized by bright versus
moderate staining of 4,6-diamidino-2-phenylindole (DAPI)
respectively. The proteins were non-detectable in DAPI-dim
nucleoli (Supplementary Figures S1B, S1C, S1D). In mouse
cells, chromocenters can be easily identified based on bright
DAPI signals, given its preferential binding to AT-rich ma-
jor satellite repeat sequences (Figure 1A) (79).

Beside the anticipated absence of HP1B protein in Hpl -
KO ESCs (Supplementary Figure S1B, S1E), we observed
a significant reduction in HPla and HP1vy levels at PCH
without measuring a reduction in corresponding total cellu-
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lar protein levels by Western blot analyses (Supplementary
Figures S1C, S1D, S1E). In Hpl«a/8-DKO ESCs, HP1a and
HP1B proteins were absent (Supplementary Figures S1B,
S1C, S1E). HP1v localization at PCH was also reduced in
Hpla/B-DKO ESCs as in single Hpl8-KO ESCs (Supple-
mentary Figure SID). These data show interdependencies
between HP1 paralogs in their recruitment to constitutive
heterochromatin in ESCs, as observed in more differenti-
ated cells (80,81).

H3K9me3 intensities at PCH were variably affected in
different stable single and double mutant ESC clones (Sup-
plementary Figures S1G, S11). Importantly, H3K27me3 en-
richment at PCH was slightly reduced in all mutant lines
while H2AK119ubl levels remained unaffected (Supple-
mentary Figures S1H, S1I). This contrasts to Suv39hi/2
dn ESCs in which PCH acquires H3K27me3 in absence of
H3K9me3 (82).

Furthermore, the level of H4K20-trimethylation, cat-
alyzed by the HPl-interacting enzymes SUV4-20H1 and
SUV4-20H2 (83), was greatly decreased at PCH in both
HplB-KO and Hpla/B-DKO ESCs (Supplementary Fig-
ures SIF, S1I). Yet, unlike in Suv4-20h1/2 deficient MEFs,
we did not observe scattering of chromocenters (43). To-
gether, these observations support the notion that HP1
paralogues function at PCH upstream of the SUV4-
20H1/H2 enzymes and downstream of SUV39H1/2-
mediated H3K9me3 (81,83,84).

Deficiency for HP1a /3 perturbs nucleolar morphology

Intriguingly, the number of chromocenters was moderately
decreased and their sizes majorly reduced in both Hplg-
KO and Hpla/B-DKO ESCs (Figure 1A-1C). In addition,
Hploa/B-DKO ESCs exhibited reduced nuclear sizes (Fig-
ure 1D), suggesting a role for HP1 proteins in regulating
nuclear architecture. To investigate such role in more detail,
we performed transmission electron microscopy (TEM) on
ultra-thin sections of ESC colonies. In control ESCs, chro-
matin appeared homogeneously in granularity and devoid
of electron-dense structures, reminiscent of a de-compacted
chromatin configuration characteristic of the pluripotent
state (85,86). Most prominently visible nuclear substruc-
tures were nucleoli, which appeared as rounded, highly con-
trasted compartments (Figure 1E-G, Supplementary Fig-
ure S1J, S1K). Remarkably, we observed a severe disruption
of the typical roundish nucleolar morphology in HpIS-KO
and Hplo/B-DKO ESCs, that instead was characterized by
variable amorphous grainy appearances with extensive cur-
vatures (Figure 1E, 1F, Supplementary Figure S1J, S1K).
To enable an unbiased and quantitative analysis of nucle-
oli structures, we segmented nucleoli in 2D using a machine
learning algorithm and measured the nucleolus solidity, cal-
culated as the ratio of nucleolus area to the area of the small-
est convex shape enclosing the nucleolus area, referred to
as the convex hull (Figure 1H, Materials and Methods).
Notably, nucleolar solidity was high in control cells and re-
duced to variable degrees in HP1 single and double deficient
clones, confirming a general loss of spherically shaped nu-
cleoli in mutant cells (Figure 1H).

To exclude that the atypical non-spherical morphology
observed in Hpla/B stably deficient cells resulted indi-
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rectly from adaptation to in vitro culture conditions, we
derived HplaF/¥; HplgY/F ESC lines stably expressing
CreERT?2 recombinase, thereby allowing rapid conditional
deficiency upon 4-hydroxytamoxifen (4-OHT) administra-
tion (Hpla/B-cDKO). 4-OHT treatment resulted in a ~10-
fold depletion of HP1a/B proteins after two days, and com-
plete loss of both proteins after four days of treatment (Sup-
plementary Figures S2A, S2B). Importantly, ESCs exhib-
ited 4 days upon 4-OHT induced co-depletion of HP1a and
HP1p severe nucleolar defects comparable to their consti-
tutive counterparts as observed by TEM (Figure 1G, H).
The number of nucleoli per cell was not altered in HplS-
KO nor Hpla/B-(c)DKO ESCs (Figure 11). Together, these
data demonstrate that HP1a/B proteins regulate nucleolar
morphology in ESCs.

Perturbations in nucleolar morphology unfold in a cell cycle
dependent manner upon loss of HP1a /B

Since nucleoli assemble during cell cycle progression, we
aimed at monitoring the cell cycle dependence of altered
nucleolar morphology formation in Hpla/B-DKO ESCs.
Towards this, we first expressed GFP-NPM1 and histone
H2B-mCherry fusion proteins to mark the GC of nucle-
oli and overall chromatin, respectively, and performed live
cell microscopy. Upon exit of mitosis, many small nucleoli
in control cells coalesced within 2-3 h into larger mature
spherical nucleolar structures that subsequently underwent
dynamic fusion and fission events throughout the remaining
interphase. In contrast, small nucleoli in DKO cells merged
into larger amorphously shaped nucleoli that maintained
their atypical shapes throughout the cell cycle despite on-
going fusion and fission events (Figure 2A and Movies S1,
S2).

On top, we observed a reduced mobility of GFP-NPM1
proteins in mutant cells in Fluorescence Recovery after Pho-
tobleaching (FRAP) experiments (Figure 2B, 2C). Upon
bleaching, the half recovery time of nucleolar GFP-NPM1
was 1.5-fold elevated and its immobile fraction was dou-
bled in Hpla/B-DKO compared to control ESCs (Figure
2C, 2D), arguing for structural changes underlying the mor-
phological alterations of nucleoli.

To further investigate the temporal aspects of the nucle-
olar defects observed in single and double mutant ESCs,
we sorted cells into G1, S and G2 phase enriched popu-
lations based on their DNA content (Supplementary Fig-
ure S3A) and measured protein levels for major structural
components of nucleoli by Western blot. Cellular levels of
NPMI1 and the rRNA processing enzyme FBL were not
substantially altered upon loss of HP1a/B (Supplementary
Figure S3B). Next we co-stained for NPM1 and FBL, la-
beling the GC and DFC respectively, thereby enabling a
delineation of the intra-nucleolar organization. In control
ESCs, the size of nucleoli increased during cell cycle pro-
gression (Figure 2E, 2F). G1 nuclei often harbored numer-
ous nucleoli as well as dispersed NPM1 or FBL-positive
puncta, corresponding to pre-nucleolar bodies (PNBs). In
S and G2 phase nuclei, PNBs were absent and large nucleoli
were spherical and comprised of a layer of NPM1 surround-
ing a granulated FBL-positive interior (Figure 2E). Intrigu-
ingly, in Hpla/B-DKO ESCs, PNBs and small nucleoli as-

sembled normally in early G1. Nucleoli, however, failed to
subsequently match the volume and spherical shape of their
control counterparts, resulting in smaller, irregular struc-
tures during mid to late interphase. Moreover, NPM1 and
FBL partly co-localized in mutant cells (Figure 2E). Thus,
while nucleolar solidity was not affected at G1, it was signifi-
cantly reduced at S and G2 in Hpl«/B-DKO cells compared
to controls (Figure 2G). Conditional depletion of Hpla/B
also resulted in a marked decrease in volume and solidity
of nucleoli (Supplementary Figures S3C, S3D, S3E). In sin-
gle HplB8-KO ESCs we detected moderate nucleolar defects
(Supplementary Figures S3F, S3G, S3H).

Finally, we investigated the organization of the FCs rel-
ative to the DFCs by probing the spatial distribution of
the Pol I transcription factor UBF1 and FBL using IF and
immuno-TEM approaches (Figure 2H, 2L, 2M). UBF1 was
detected as discrete fluorescent foci in nucleoli, that were
largely excluded from FBL-positive domains (Figure 2H).
In Hpla/B-DKO ESCs we detected a moderate increase
in the number of UBF1 foci per nucleolus (Figure 21) and
closer association of UBF1 foci to the nucleolar periphery
(Figure 2J, 2M) suggesting scattering and mislocalization
of this subnucleolar compartment. Nonetheless, we didn’t
observe significant changes in FBL labeling over UBF1 foci
(Figure 2K). Immunolabeling of TEM samples showed that
FBL was present at more darkly stained DFC compart-
ments and excluded from the pale stained FC compart-
ments in Hpla/B-DKO as in control ESCs (Figure 2L), ar-
guing that these subnucleolar compartments remain sepa-
rate. Together, these data show that HPla and HP1B con-
trol the maturation of nucleolar organization during cell cy-
cle progression.

HP1 proteins prevent aberrant association between PCH and
nucleoli

Given the prominent role of HPla/B proteins in hete-
rochromatin formation at PCH (Figure 1) (35,36,41-44,46),
we investigated the role of PCH in nucleolar deformation in
mutant cells. Time lapse imaging of control and Hpl«/B-
DKO ESCs expressing H2b-mCherry and GFP-NPM1 re-
vealed dynamic invasions of chromatin into nucleoli of mu-
tant but not control cells (Figure 3A, Movies S1-4). IF
analysis of cell cycle sorted constitutive and conditionally
deficient Hpla/B ESCs showed DAPI-bright chromocen-
ter foci co-localizing with and/or being enclosed within
NPM1/FBL-positive regions (Supplementary Figures S4A,
S4B, S4C, Movies S5 and S6). To quantify the spatial in-
teractions between PCH and nucleoli, we applied 3D seg-
mentation on DAPI-bright PCH foci and segmented nucle-
oli. We measured two ‘interaction parameters’: (i) ‘intra-
nucleolar DAPI’ as the z-score normalized intensity of
DAPI inside segmented nucleoli and (ii) ‘chromocenter-
nucleolus intersection’ as the volume of intersection be-
tween segmented chromocenters and nucleolar masks nor-
malized to total chromocenter volume. These quantifica-
tions unambiguously show increased interactions between
chromocenters and nucleoli in both straight and condi-
tional Hpla /B double deficient ESCs, in particular during S
and G2 phases coinciding temporally with the observed nu-
cleolar defects (Figure 3B, 3C, Supplementary Figure S4D,
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S4E). Double staining for H3K9me3 and NPM 1 confirmed
increased colocalization of H3K9me3 and DAPI-labeled
chromocenters and NPM1-demarcated nucleolar areas in
HPIla/B-DKO versus control ESCs (Figure 3D, 3E).

To validate this finding at high resolution, we performed
immuno-TEM for H3K9me3 and segmented nucleoli and
PCH regions, the latter characterized by high concentra-
tions of anti-H3K9me3 immuno-staining. We calculated
the fraction of PCH pixels in direct contact with the nucleo-

lar periphery as a measure of interactions between these do-
mains. In control ESCs, nucleoli and PCH did not intermix
and persisted as clearly separated substructures (Figure 3F,
3G). Hpla/B-DKO ESCs exhibited extensive contacts be-
tween nucleoli and PCH, with the latter being frequently ac-
commodated within nucleolar cavities (Figure 3F, 3G). To-
gether, we conclude that HP1a/ proteins restrain chromo-
centers from dynamically intruding into nucleolar domains
of ESCs.



Chemical perturbation of weak hydrophobic interactions par-
tially phenocopies nuclear disorganization in HP1 deficient
ESCs

Liquid-liquid phase separation (LLPS) mechanisms have
been implicated in the formation and internal organiza-
tion of nucleoli (3,15,16,18). Phase separation mechanisms
have also been suggested to drive heterochromatin forma-
tion via HP1 during fly development (54). Treatment of fly
S2 or mouse NIH3T3 cells with 1,6-hexanediol (1,6-HD),
an aliphatic alcohol disrupting weak hydrophobic interac-
tions, resulted in partial dispersal of HP1 proteins from het-
erochromatin domains (54). To assess the impact of disrupt-
ing weak hydrophobic interactions on the formation of and
interactions between chromocenters and nucleoli as a func-
tion of HP1 protein levels, we treated control and mutant
ESCs with 1,6-HD.

Treatment of control JM8 ESCs for 2.5 min with 0.5%
or 2% 1,6-HD prior to fixation resulted in a major reduc-
tion of the overall volume of nuclei as well as its nucleoli
and chromocenters (Supplementary Figures SSA-S5C), as
reported previously (54). IF staining for NPM1 and FBL
revealed a partial dispersal of these proteins from nucleoli
into the nucleoplasm and onto chromocenters. Staining of
genomic DNA showed reduced DAPI signals at chromo-
centers and increased intensities at nucleoli, possibly point-
ing to mixing of both compartments (Figure 4A, 4B). These
data underscore the importance of weak hydrophobic in-
teractions in structuring and compartmentalizing nuclei of
ESCs.

We then investigated the impact of 1,6-HD treatment on
nucleolar formation during the cell cycle. Treatment of con-
trol ESCs with 2% 1,6-HD for 5 min caused a significant de-
crease in nucleolar solidity in S and G2 but not in G1 popu-
lations, thereby closely phenocopying the nucleolar impair-
ment observed in Hpla/B-DKO ESCs (Figure 4C). Inter-
estingly, HP1B intensities at PCH were partially decreased
upon 1,6-HD treatment (Figure 4D). In contrast 1,6-HD
treatment did not further reduce nucleolar solidity levels in
cells lacking HP1a/B proteins (Figure 4E).

Given these results, we examined whether 1,6-HD treat-
ment causes mixing of nucleoli with chromocenters only
or with euchromatic compartments as well by quanti-
fying H3K9me3 and H3K4me3 levels within nucleoli.
Whereas both marks were elevated at nucleoli in con-
trol ESCs upon 1,6-HD treatment, only H3K9me3 was
elevated in Hpla/B-deficient ESCs, irrespectively of 1,6-
HD treatment (Figure 4F, 4G). Thus, these experiments
show that HPla/B depletion restricts the dynamic re-
sponses of different nuclear compartments to perturba-
tions of weak hydrophobic interactions by 1,6-HD expo-
sure. We further conclude that HP1 sequesters chromocen-
ters away from nucleoli thereby preserving overall nuclear
organization.

Major satellites transcripts accumulate in nucleoli of HP1 de-
ficient ESCs

We next investigated possible mechanisms underlying nu-
cleolar deformation in Hpla/B deficient ESCs. Changes
in nucleolar size and morphology have been linked to
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mis-regulation of genes involved in ribosome biogen-
esis, such as ribosomal subunits and rRNA process-
ing factors (87-90), loss of pluripotency and differenti-
ation of ESCs (25), or heat shock effects (3). We dis-
miss such possibilities since transcriptome analysis did
not show deregulation of ribosome-related, pluripotency
nor heat shock genes among the 105 significantly up-
and 207 down-regulated genes in Hpla/B-DKO ESCs
(Figure 5A, Supplementary Figure S6A-S6C, Tables Sl
and S2).

We further discount a direct role of HP1 proteins in nu-
cleolar function in naive ESCs since previous immunopre-
cipitation coupled to mass spectrometry detection studies
failed to detect interactions between structural components
of nucleoli and HP1 proteins in such cells (67,91,92). Like-
wise, we neither observed HPla/B enrichments at nucle-
oli in control ESCs (Supplementary Figures S1B, S1C). We
performed ChIP-qPCR experiments to measure H3K9me3
levels at promoter sequences of rDNA repeat loci. We ob-
served about 2-fold reduced levels in Hpla/B-DKO ESCs
(Figure 5B, 5C), negating the idea of abnormal heterochro-
matinization of rDNA sequences and cellular differentia-
tion in absence of HP1a/B proteins.

We next investigated in which way degenerated pericen-
tromeric heterochromatin underlying chromocenters (Sup-
plementary Figure S1) may impair nucleolar integrity. Im-
portantly, ChIP-qPCR revealed a decrease in H3K9me3
occupancy at major satellite sequences (Figure 5B, 5C),
which may facilitate aberrant transcription as observed in
Suv39hl /2 deficient ESCs (82,93). To measure major satel-
lite expression, we performed strand specific RNA-FISH
analysis (Figure 5D-G). Forward and reverse strands were
predominantly expressed during S phase in control and mu-
tant cells, which is consistent with reported replication de-
pendency of major satellite transcription (94). Addition-
ally, we detected significant de-repression of major satel-
lites at chromocenters throughout the entire cell cycle in
Hpla/B-DKO ESCs (Figure 5D-5G), in line with reduced
H3K9me3 levels (Figure 5C, Supplementary Figure S1G).
Forward and reverse RNA-FISH signals were more dif-
fusely localized at and around PCH foci and, importantly,
levels were significantly elevated within nucleoli of Hpl« /8-
DKO ESCs (Figure 5D, 5F).

To assess whether such satellite transcripts directly in-
teract with nucleolar components we performed RNA im-
munoprecipitation (RIP) for GFP-NPM1 on transiently
transfected control and Hpla/B-DKO ESCs, followed by
RT-qPCR (Figure SH, I). As expected, /8S rRNA was effi-
ciently recovered in the GFP-NPM1 pulldown, both in con-
trol and mutant populations. The recovery of major satel-
lite RNA with GFP-NPM1 was dramatically increased in
the absence of HP1a/B whereas we did not observe enrich-
ments for b-actin mRNA nor for Linel ncRNA (data not
shown).

These data indicate that pericentromeric major satellites
are aberrantly transcribed throughout the cell cycle in ab-
sence of HPla/B proteins. We propose that such satellite
transcripts perturb the spatial separation between PCH re-
gions and nucleoli from G1 phase onwards and thereby in-
terfere with nucleoli formation during cell cycle progres-
sion.



130 Nucleic Acids Research, 2023, Vol. 51, No. 1

A B DAPI NPM1 FBL
DAPI NPM1 FBL — DAPI—NPM1__FBL 5 g = o 2
Nucleolus g %05 2.5 25
| 23 2.0 <l> 20
N2
23 15 1o
2205 1.0 0.5
] 2 0.0
5 10 £ 10 0.5 8
Chromocenter ” — 06 02
2530 0.4
3t 0.2 0.0
%820 00
N .
>E 02 -0.2
5 g0 04
$500 06 0.4
Nucleoplasm =
as —
£ ns.
< : 0.0 =
2eo02 1 0.3
S o -0.2
5 10 38
Distance [pm] N 500 -0.4 04
22 -0:
% 502 -0.6
2
£%04 08 -0.5!
c D Hp1a/B™® E - PBS 0.5% 2% PBS 0.5% 2% PBS 0.5% 2%
Hp1a/B™ W +PBS +2% 1,6-HD Hp1a/B DKO #1 1,6-HD 1,6-HD 1,6-HD
W+PBS [ +2% 1,6-HD Hp1a/B DKO #1 +PBS  [W+2% 1,6-HD

ns. +PBS  [+2% 1,6-HD

[ I o B

0077
3 P=
’ 1 {: ‘
‘ O .
Fe- 0.2
671139 132 127
81(69

o
N
=3

o

o
o
™

Nucleolar Solidity
o
()

=3
~

Nucleolar Solidity
o o
~ o

in Chromocenter

o
N

170|188 195\296 108\80 117\142

6T s &
Hp1a/B DKO #1

Intensity z-score of HP1B

Hp1a( i 67|74 811

Hp1a/B™®  Hp1a/B DKO #1

DAPI NPM1 H3K9me3 merge —DAPI —NPM1 H3K9me3

%) Hp1a/B™™
LB W+PBS [ +2% 1,6-HD
$ Hp1a/B DKO #1
b +PBS [ +2% 1,6-HD
T % ns.
3 © (|
< . £ 05
X °g
Y 4
8T 09
N8
28
273 -0.5)
Lc
£g
%) £--1.0
5 &
o orlre 8100
[a]
e 4 Hp1a/8"  Hp1a/B DKO #1
S
= I
S
2
&
Distance [pm]
—DAPI —NPM1 —H3K4me3
25|
Hp1a/B™"
g W-+PBS W+2% 1,6-HD
& Hp1a/B DKO #1
2 +PBS +2% 1,6-HD
= - n.s.
T o
I ® 10 1 1
“‘7 [}
py 5 £
N
< o% 05
Q& 8¢
2% 00
o
Z 0
23 05
e
2% 10
£
= 3@ 1.5
g o 7452 46190
[s]
€ Hp1a/B™  Hp1a/B DKO #1
= o
£ I
¢
®
Q

Distance [um]

Figure 4. 1,6-Hexanediol treatment phenocopies the nucleolar defects seen upon Hpla/B deficiency. (A) Left panels: Representative IF staining against
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HP1 dimerization ability and localization at PCH are re-
quired for nucleolus-PCH partitioning and preservation of
nucleolar structural integrity

We next investigated whether exogenous HP1 expression
can reinstate structural and functional integrity of nucle-
oliin Hplwa/B-DKO ESCs. We transiently transfected ESCs
with Myc-tagged full-length Hpla or HplB constructs.
Both proteins were efficiently expressed and targeted to
PCH, and were able to completely restore nucleolar struc-
tural defects in S phase (Figure 6A-6D, Supplementary Fig-
ure S7A) demonstrating functional redundancy between
HPla and HPIB in regulating nucleolar morphology.

To assess which HP1 domains were required for the
preservation of nucleolar stability we transfected Hpla/f-
DKO ESCs with truncated or full-length HP18 point mu-
tants that selectively abrogate (i) binding of the chromo
domain (CD) to H3K9me2/3 (HP1BACP, HPIRY#M),
(i1) dimerization of the chromo shadow domain (CSD)
and/or interactions with PxVxL-motif containing partners
(HP1BACSP, HP1BM8H "HP1B!®E) or (iii) interaction of
the CSD with PxVxL-containing proteins without affecting
dimerization (HP18WV1794) (35,36,45,46,76,95) (Figure 6A).
The different complementation constructs were expressed
at comparable levels (Supplementary Figure S7A). The two
mutants with impaired capacity of binding H3K9me2/3
(HP1BACP, HP1BY*M) showed rather poor enrichment at
PCH and increased nucleoplasmic localization (Figure 6B,
6E), as reported previously (41,56). PCH localization of the
CSD deletion mutant HP1B2®SP and of the two dimeriza-
tion mutants HP1B!6'E and HP1BM1%8H was detectable, but
clearly reduced compared to wild-type HP1B (41) (Figure
6B). In contrast, HP1W17°A which can undergo dimeriza-
tion but lacks the ability to bind PxVxL-motif proteins, was
largely unaffected in its localization to PCH foci (Figure 6B,
6E). These data indicate that binding of HP18 to PCH in
ESCs requires both the CD as well as CSD-mediated dimer-
ization of HP1B, as has been suggested previously for other
cell types (36,41,42,49,95). Interactions with PxVxL-motif
binding partners is, however, not required for PCH localiza-
tion.

Both HP1B4CP and HP1B4SP truncated proteins failed
to rescue the nucleolar phenotype, demonstrating that both
domains contribute to the regulation of nucleolus struc-
ture (Figure 6F). Importantly, the dimerization mutant
HP1B!"!E was neither able to reinstate normal nucleolar
morphology. We confirmed this result by expressing the
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HP1BY%H mutant. The HP1B!® residue in the CSD nor-
mally participates in forming the dimerization interface.
It also interacts with PxVxL-proteins (46) (Figure 6F).
Remarkably, transient transfection with HP1gW17A com-
pletely rescued the nucleolus solidity defect seen in Hpla/B-
DKO ESCs (Figure 6F), indicating that the dimerization of
HP1B, but not its binding to PxVxL-containing interactors,
is required for preserving nucleolar structural integrity.

Unexpectedly, we also observed rescue of nucleolar solid-
ity upon expression of HP18Y?*M, which has been shown to
display impaired affinity for H3K9 methylation (35,36,96)
(Figure 6F). Given that a small fraction of HP1V*M is
retained at PCH foci (Figure 6B, 6E), despite the im-
paired capacity of this mutant to bind H3K9me2/me3,
we reasoned that moderate enrichment of HP1 at PCH
in ESCs could be achieved through binding to PxVxL-
motif containing proteins (81,84,97,98). To test this possi-
bility, we transfected Hpla/B-DKO ESCs with a double-
mutated HP1BV2M/WI70A protein (Figure 6A), which lacks
both the ability to bind H3K9me2/3-marked chromatin
as well as to interact with PxVxL-containing partners.
Whereas HP1BWYT, HPIBW!7°A and to a lesser extent
HP1BY?M showed significant enrichment at segmented
PCH, HP1BYZM/WIT0A protein failed to enrich at PCH
(Figure 6B, 6E), despite comparable expression levels (Sup-
plementary Figure S7A).

We note that these findings agree with previous studies on
HPI1B localization (41) reporting reduced PCH occupancy
of an alternate CD/CSD double mutant HP1gW42L/W170A
compared to just HP1B3V4?L alone. These data indicate that,
while CD interactions with H3K9me2/me3 are undoubt-
edly important for proper localization of HPIB to PCH,
additional interactions between the CSD and PxVxL-motif
proteins contribute further to its stable binding and reten-
tion.

Significantly, we found that expression of
HP1RV2BM/WIT0A \yag the least efficient in rescuing the
nucleolar structural defects of Hpla/B-DKO ESCs (Figure
6F), arguing that the presence of HP1 at PCH is indeed
crucial for maintaining intact nucleolar morphology. Alto-
gether, these data indicate that the regulation of nucleolar
integrity is connected to two key properties of HP1: (i)
threshold enrichment of HPla/B at PCH, which can be
reached through redundant mechanisms such as binding
to H3K9me3-marked chromatin and interactions with
PxVxL-motif containing components present at constitu-
tive heterochromatin and (ii) the ability of HP1 molecules

z-stacks are shown. Right panels: Line scans indicate (co)localization between DAPI (blue), NPM1 (red) and FBL (green) signals. All scale bars = 5 pm.
(B) Violin plots showing the quantification of DAPI (left), NPM1(middle) and FBL (right) signal intensities inside nucleoli (upper), at PCH (middle) or in
the nucleoplasm (lower) (normalized to total nuclear signal intensities, respectively) in control JM8 ESCs treated with PBS or 1,6-hexanediol as described
in (A). (C) Violin plots showing the quantification of nucleolar solidity in G1, S and G2 of control (Hpla'/¥; Hplp*/F) ESCs treated with PBS or 2%
1,6-hexanediol for 5 min prior to fixation. Based on IF staining against NPM1 and FBL. (D) Violin plots showing the z-score normalized intensities of
HP1B at PCH in control (Hpla™/f; Hplg¥/¥) and Hpla/B-DKO ESCs treated with PBS or 2% 1,6-hexanediol for 5 min prior to fixation. (E) Violin
plots showing the quantification of nucleolar solidity in G1, S and G2 of Hpla/B-DKO ESCs treated with PBS or 2% 1,6-hexanediol for 5 min prior to
fixation. Based on IF staining against NPM1 and FBL. (F, G) Left panels: Representative IF staining against NPM1 and H3K9me3 (F) or H3K4me3 (G)
of control (Hpla*/F; Hplg¥/¥) and Hpla/B-DKO ESCs treated with PBS or 2% 1,6-hexanediol for 5 min prior to fixation. DNA was stained with DAPI.
Central slices of confocal z-stacks are shown. Scale bars = 5 wm. Middle panels: Line scans indicate (co)localization between DAPI (blue), NPM1 (red)
and H3K9me3 (F) or H3K4me3 (G) (green) signals. Right panel: Violin plots showing the quantification of intra-nucleolar H3K9me3 (F) or H3K4me3
(G) in control (Hpla/¥: HplB¥/¥) and Hpla/B-DKO ESCs upon treatment with PBS or 2% 1,6-hexanediol for 5 min prior to fixation. Sample sizes are
indicated below each violin. * P < 0.05, ** P < 0.01, *** P <(0.001 (Mann—-Whitney U-test).
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to dimerize and/or oligomerize once sufficiently recruited
to PCH.

Nucleolar defects are phenocopied in Suv39h dn ESCs

To further investigate the dependency of nucleolar integrity
on PCH composition we turned our attention to ESCs
deficient for the SUV39H1/H2 or SUV4-20H1/H2 HM-
Tases, acting up- and downstream of HPI in depositing
pericentromeric H3K9me3 and H4K20me3, respectively
(34,36,83).

Suv39h dn ESCs lacked enrichment of H3K9me3 and
HPla/B /vy paralogs at PCH (Supplementary Figure S8A)
(82). Suv39h dn ESCs also displayed reduced nucleoli num-
bers and nuclear sizes, as observed in Hpla/B-DKO ESCs,
suggesting an altered nuclear configuration. Chromocenter
numbers and volumes as well as nucleolar volumes were,
however, only slightly more variable in mutant than con-
trol cells (Supplementary Figures S§B-S8F). As shown pre-
viously (93), we detected derepression of major satellites in
Suv39h dn ESCs, with RNA-FISH signals elevated both at
chromocenters and within nucleoli (Figure 7A, 7B). No-
tably, we observed structural defects in nucleoli of Suv39h
dn ESCs in S phase, which were highly reminiscent of those
observed in Hpla/B-DKO ESCs (Figure 7C). Accordingly,
nucleolar solidity was significantly reduced in both Suv39h
dn ESC clones analyzed (Figure 7C, 7D).

Suv4-20h dn ESCs lack H4K20me3 but retain H3K9me3
and HPIB at PCH (Supplementary Figures S8G, S8H)
(83,99). Contrary to Suv39h dn and HPla/B DKO ESCs,
Suv4-20h dn ESCs exhibited slightly larger nuclei, chro-
mocenter volumes and increased number of chromocenters
(Supplementary Figures S8I-S8K), pointing to more re-
laxed heterochromatin, as reported for Suv4-20h dn MEFs
(43). Further, levels of major satellite repeat RNAs were
not elevated in Suv4-20h dn ESCs and, importantly, nucle-
olar morphology was not perturbed (Figure 7E-7H, Sup-
plementary Figure S§L, S§M). Hence, Suv4-20h-controlled
processes such as cohesin recruitment at PCH are not re-
quired to safeguard nucleolar integrity (43).

Besides their well-established role in the Suv39h path-
way at constitutive heterochromatin, HP1 proteins also
form stable complexes with the zinc finger transcription fac-
tor ADNPI1 and the chromatin remodeler CHD4 (67). In
mouse ESCs, this complex, termed ChAHP, represses en-
dodermal gene transcription in a H3K9me3-independent
manner. ChAHP further modulates 3D nuclear organiza-
tion and chromatin looping in ESCs by competing with
CTCEF for binding to SINE elements dispersed through-
out the mouse genome (100). Even so, we did not detect
alterations to nucleolar structure in Adnpl KO ESCs (Sup-
plementary Figure S§N, S80), negating the possibility that
the nucleolar defects observed in Hpl B single and Hpla/B
DKO ESCs are due to lack of HP1 function in the ChAHP
complex.

Together, our findings strongly imply an association be-
tween the chromatin configuration at PCH, notably enrich-
ment of H3K9me3 and HP1 proteins, and the structural
integrity of nucleoli. Although we cannot exclude the pos-
sibility that the SUV39H-HP1 pathway functions in ESCs
at other genomic regions to preserve nucleolar structure

and function, we deem it unlikely since SUV39h-dependent
H3K9me3 enrichments are found almost exclusively at peri-
centromeric and intergenic major satellite repeats apart
from some ERV and LINE elements (101). We favour a
model in which SUV39H1/2-mediated H3K9me3 and re-
cruitment of HP1 proteins modulate biophysical properties
of chromocenters to confer functional sovereignty to PCH
and nucleoli, for instance by restricting major satellite re-
peat transcription and/or preventing such transcripts from
‘escaping’ into neighbouring nuclear domains.

Nucleolar defects are accompanied by reduced rRNA synthe-
sis

To investigate the impact of altered pericentromeric and nu-
cleolar structures and nuclear localizations on cellular phys-
iology, we performed proliferation assays. During the initial
derivation and expansion of both HpIS-KO and Hpla/B-
DKO ESC clones, we noticed a brief phase of impaired
growth which lasted for approximately two weeks (Supple-
mentary Figure S9A). The established single and double
mutant ESC clones, however, recovered following continued
passaging, both in terms of proliferation and colony mor-
phology (Supplementary Figures S9B, S9C).

Remarkably, we observed a dramatic reduction in colony
size and cell proliferation in Hpla/B-cDKO cells after two
days of 4-OHT treatment (Figure 8A-8C), resembling the
defects observed during the initial derivation of the consti-
tutive mutant cell lines. Hpla/B-cDKO ESCs didn’t display
abnormalities in their cell cycle profiles (Supplementary
Figure S9D) and revealed only a modest increase of ~4%
in cell death (Supplementary Figure S9E). Hence, the reduc-
tion in cell proliferation more likely reflects a slow growth
phenotype rather than resulting from impaired cell viability
or cell cycle checkpoint activation. Slow growth phenotypes
have been reported for several congenital or somatic tissue-
specific ribosomopathy diseases which are caused by muta-
tions in ribosomal proteins or ribosome biogenesis factors.
Such mutations affect the processing of ribosomal RNAs
(rRNAs) and ribonucleoproteins, disrupting the integrity of
nucleoli and leading to a shortage of mature ribosomes and
generally hypo-proliferation (15,102,103).

To measure the impact of Hpla/B deficiency on rRNA
synthesis, we quantified rRNA levels throughout the rDNA
locus. Constitutive and conditional deletion of HPla/
resulted in significantly reduced levels of the mature 28S
rRNA transcript. rRNA levels in single HplB-KO cells was
unaffected (Figure 8D, 8E).

We next profiled levels of immature pre-processed 45S
pre-rRNA transcripts using primer sets located within the
5" external transcribed spacer (5" ETS) and internal tran-
scribed spacer 2 (ITS2) regions, as well as within the up-
stream intergenic spacer transcript (IGS). We measured ap-
proximately two-fold reductions in Hpla/B-cDKO ESCs
(Figure 8D, 8F). These data argue that the decreased level
of mature rRNAs is linked to impaired rRNA synthesis. In
addition, the ratio between 28S and 18S rRNAs was slightly
reduced between Hplo/B-DKO and control ESCs (Figure
8G) suggesting compromised pre-rRNA processing.

Given the appearance of the structural nucleolar defects
in Hpla/B deficient ESCs in S phase, we investigated cell
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cycle dependence of rDNA transcription. rRNA synthesis
is known to be lowest in G1 and to increase in S phase due
to the cell cycle-dependent regulation of the Pol I transcrip-
tion factor UBF (104). Indeed, 28S rRNA levels peaked in
S phase in control ESCs (Figure 8 G-I). In contrast, they
remained fairly stable throughout the cell cycle in both
Hpla/B-cDKO and Hpla/B-DKO ESCs as assessed by
RT-gPCR (Figure 8H, 8I) and RNA electrophoresis (Fig-
ure 8G).

Cell cycle-phase normalized analysis revealed a ~2-fold
decrease in 28S rRNA levels during S phase in Hpla/B-
c¢DKO relative to control ESCs whereas rRNA levels in G1
and G2 were comparable between genotypes (Figure 8J).
In constitutive Hpla/B-DKO ESCs at late passage (>20),
however, 288 levels were elevated in G1 and G2 phase com-
pared to control cells (Figure 8K), suggesting that these cells
may have potentially compensated for the impaired rRNA
synthesis in S phase by increasing baseline rRNA transcrip-
tion. Adaptation of transcriptional outputs provides an at-
tractive mechanism to explain the discrepancies in cell pro-
liferation between early passage/conditional and later pas-
sage HP1 mutants (Figure 8A, 8B, 8C, Supplementary Fig-
ure S9A, S9C).

Finally, we transiently expressed HP1gWT, HP1gV?M,
HP1BWIA and HP1BVZM/WITOA proteins in Hpla/B-
DKO ESCs. Expression of control and single residue mu-
tant proteins, but not of the double residue mutant HP13
protein resulted in moderately increased 28S rRNA levels,
reaffirming a link between restoring nucleolar morphology
and elevating rRNA synthesis (Figures 6A and 8L).

DISCUSSION
A role for heterochromatin in regulating nucleolar stability

Here we reveal an essential role for HP1B and HPla in
safeguarding the structural integrity and function of nucle-
oli. Hplu /B-deficiency perturbs the internal tripartite orga-
nization of nucleoli and alters their morphology from dy-
namic round shapes into more static amorphous appear-
ances during the progression of the cell cycle. Compara-
ble morphological alterations have been reported to occur
upon prolonged heat shock exposure causing irreversible
changes in protein composition of nucleoli (3). Likewise, re-
duced levels of particularly late-assembling ribosomal pro-
teins of 60S subunits majorly affect nucleolar structure and
function (7,89).

Contrary to ribosomal proteins, HP1 proteins have not
been detected in nucleoli of undifferentiated ESCs (Supple-

mentary Figures SIB, S1C, S1D) (67,91,92), suggesting an
indirect role for these heterochromatic proteins in modulat-
ing nucleolar integrity. Indeed, the appearance of nucleo-
lar deformations in mid-late interphase in Hpl«/B-deficient
ESCs coincided spatially with increased proximity of chro-
mocenters to aberrant nucleoli, at times resulting even in
partial engulfment of chromocenters by nucleoli. Absence
of HP1a/B proteins and reduced H3K9me3 and HP1vy lev-
els at chromocenters resulted in increased quantities of for-
ward and reverse transcripts of major satellites. These tran-
scripts accumulated within associated nucleoli which likely
underlies their increased level of interactions with NPM1
proteins.

De-repressed major satellites along with nucleolar defects
in S phase were also observed in Suv39h dn but not Suv4-
20h dn ESCs, indicating that enrichment of H3K9me3 and
HP1 proteins rather than H4K20me3 and possibly cohesin
at PCH (43) are instructive for preserving nucleolar struc-
ture. In agreement with this notion, the severity of nucleolar
deformation scaled to some extent with levels of pericen-
tromeric H3K9me3 and major satellite transcripts across
our different mutant cell lines. E.g. nucleolar morphology
was only moderately impaired in nuclei of the Hpla/B-
DKO #2 ESC line, which exhibited even slighty increased
H3K9me3 levels and low levels of major satellite transcripts
(data not shown), contrasting the prominent phenotypes
observed in Hpla/B-DKO #1, Hpla/B-cDKO and both
Suv39h dn ESC lines. Typically, loss of HP1 proteins is fol-
lowed by a decrease in pericentromeric H3K9me3 due to
partial co-dependency of HP1 and SUV39H1/2 in their
recruitment to PCH and impaired protein stability of un-
bound SUV39H1/2 (96,99). It is conceivable that adaptive
responses (such as increased SUV39H1/2 activity or com-
pensation by other HMTases like SETDB1) during the ini-
tial derivation of Hplo/B-DKO #2 may have resulted in re-
tention of high H3K9me3 levels at PCH following HP1a/3
removal, thereby mitigating adverse effects on chromocen-
ter and nucleolar structural integrity.

Intriguingly, the mobility of NPM1 within the GC was re-
duced, highlighting biophysical alterations within nucleoli
of Hpla/B deficient ESCs. We propose that accumulation
of aberrant exogenous transcripts like major satellites in nu-
cleoli disturbs the homeostatic LLPS interactions between
various rRNA transcripts and nucleolar RNA-binding fac-
tors such as NPMI1 and FBL, ultimately affecting the in-
ternal nucleolar structural compartmentalization and effi-
ciency of rRNA biogenesis. Consistently, we could partially
phenocopy the nucleolar integrity defects by exposing con-
trol ESCs with 1,6-hexanediol, an aliphatic alcohol that was

Central slices of confocal z-stacks are shown. Scale bars = 5 wm. (B) Violin plots showing the absolute levels of fluorescence intensity of forward major
satellite repeat RNA-FISH signal at chromocenters (left) and nucleolus (right) in control and Suv3941/2 dn ESCs (from A). (C) Representative IF staining
against NPM1 and FBL in S phase of control and two Suv39h1/2 dn ESCs. DNA was stained with DAPI. Central slices of confocal z-stacks are shown.
Scale bars = 5 wm. (D) Violin plots showing the quantification of nucleolar solidity in S phase of control and two Suv39h1/2 dn ESCs from (C). (E)
Representative RNA-FISH detecting forward major satellite repeat transcripts coupled to IF staining against NPM1 in control and Suv4-20h1/2 dn ESCs
in S phase. DNA was stained with DAPI. Central slices of confocal z-stacks are shown. Scale bars = 5 um. (F) Violin plots showing the the absolute levels
of fluorescence intensity of forward major satellite repeat RNA-FISH signal at chromocenters (left) and nucleolus (right) in control and Suv4-20h1/2 dn
ESCs (from E). (G) Representative IF staining against NPM 1 and FBL in S phase of control and two Suv4-20h1 /2 dn ESCs. DNA was stained with DAPI.
Central slices of confocal z-stacks are shown. Scale bars = 5 wm. (H) Violin plots showing the quantification of nucleolar solidity in S phase of control and
two Suv4-20h1/2 dn ESCs from (G). Sample sizes for B, D, F, G are indicated below each violin. * P < 0.05, ** P < 0.01, *** P < 0.001 (Mann-Whitney

U-test).
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previously shown to cause partial dispersal of HP1 from
PCH by perturbing weak hydrophobic interactions (54).

Previously, the SUV39H1/2 HMTases have been shown
to prevent the occurrence of illegitimate interactions be-
tween individual PCH domains at the nuclear periphery
during the onset of meiotic prophase of mouse male germ
cells. This function ensures proper chromosome pairing,
synapsis, progression through meiotic prophase and male
fertility (34). Hence, the SUV39H1/2 and HP1 proteins ap-
pear to function as key regulators of heterochromatic in-
tegrity and providing functional sovereignty to constitu-
tive heterochromatic chromocenters in different nuclear set-
tings. Disorganization of nucleoli has also been reported in
Drosophila salivary gland cells deficient for Su(var)3-9 or
HPI, which was attributed to reductions in H3K9me2 at
repeat DNA (105), suggesting that generally the role of het-
erochromatin in regulating nuclear compartmentalization is
evolutionarily conserved.

Nonetheless, beyond the proposed direct role at chromo-
centers, we cannot exclude the possibility that HP1a/ pro-
teins function at other genomic regions to safeguard nucle-
olar integrity. For example, HPla was recently identified to
function in human U20S cells as a chromatin crosslinker,
providing mechanical strength to mitotic chromosomes and
the nucleus throughout the cell cycle. Transient degrada-
tion of HPla or expression of the HP1a!'®F dimerization
mutant reduced short-extension nuclear stiffness and low-
ered solidity of nuclei, yet without releasing heterochro-
matin from the nuclear periphery nor changing overall lev-
els of H3K9me2/3 (106,107).

Functional redundancy between HP1ae and HP1B

As assessed by IF, transient expression of either HPla or
HPIB in Hpla/B-DKO ESCs completely restored nucle-
olar solidity and reduced aberrant associations of nucle-
oli with DAPI-bright heterochromatin, indicating that both
paralogs function redundantly in preserving the integrity
of nucleolar and heterochromatic compartments in ESCs.
Unique and redundant functions for HP1 paralogs in main-
taining proper PCH configuration have previously been re-
ported (77,81,96). Our western blot and immunofluores-
cence analysis revealed, however, unaltered cellular levels
and residual HP1vy localization at PCH in HPla/B DKO
ESCs. It is therefore unlikely that HP1vy contributes to nu-

cleolar stability in ESCs. Instead, Hply and the H3K9me2
HMT GYa have even been reported to localize at actively
transcribed rDNA loci in somatic cell lines. G9a was shown
to facilitate pre-rRNA synthesis, to suppress R-loop for-
mation at rDNA loci and to prevent fragmentation of
nucleoli, a phenotype different from the irregular amor-
phously shaped nucleoli observed in Hpla/B8-DKO ESCs
(108,109).

Despite a decrease in nucleolar solidity measured at the
ultrastructural level, IF analysis and RT-qPCR experiments
failed to detect major alterations to nucleolar structure and
rRNA synthesis, respectively, in Hplp-KO ESCs, imply-
ing an overall weaker nucleolar phenotype in these mu-
tants compared to Hpla/B-(c)DKO ESCs. Of note, Hpl 8-
KO ESCs also exhibited significantly decreased levels of
HPla at PCH. Thus, even low levels of HPla or HPIR
at PCH appear to be sufficient for ensuring normal mor-
phology of nucleoli (at least at the resolution observed by
light microscopy). In line with this, nucleolar integrity was
largely reinstated in Hpla/B-DKO ESCs by expression of
the H3K9me2/me3 binding mutant HP18V?*M (35,36,96),
which showed only modest PCH occupancy. In contrast,
HPIB truncations and full-length point mutants which
abrogated chromocenter localization entirely (HP132CP,
HP1BACSP HP1BV23M/WIT0A) and/or were deficient for
dimerization (HP1B2ACSP HP1R!6IE HP1RLI68H) failed to
do so. The inability of dimerization-defective HP13 mu-
tants to rescue is not unexpected, given that dimeriza-
tion of HP1 molecules has been implicated in most if
not all heterochromatin-related HP1 functions, including
H3K9me3 binding (36,42), recruitment of heterochromatin
factors (43,44) and mediating biophysical properties of
chromocenters (47,52-56).

Cell cycle dynamics and physiological consequences of nucle-
olar disruption

Intriguingly, the defects in nucleolar structure and PCH-
nucleolus associations in Hpla/B-(c¢)DKO ESCs were
mostly observed in S and G2 phases of the cell cycle.
These temporal dynamics could potentially reflect a situa-
tion whereby absence of HPla/ is initially ‘tolerated’, al-
lowing nucleoli to form normally in G1 but causing progres-
sive accumulation of deformed nucleoli as nucleoli continue
to undergo coalescence and further maturation during in-

quantification of Hpla/B-cDKO ESC colony sizes (relative to Day 2). (C) Cell counts of Hpla™/¥; Hplg*/¥; Cre-ERT2 ESCs upon treatment with 1 pM
4-OHT or EtOH for the indicated time periods. Data are presented as the mean + SEM (n = 3). (D) Schematic representation of a mouse rDNA repeat
with highlighted positions of the primers used for RT-qPCR. (E) Bar plots showing the quantification of RT-qPCR for 28S rRNA in Hp!-KO, Hplwo/B-
DKO (at passage 15) and Hpla/B-cDKO (after 4 days of 4-OHT treatment) compared to their corresponding controls (z = 3). Data were normalized
to b-actin mRNA. (F) Bar plots showing the quantification of RT-qPCR for 5" ETS, ITS2 and IGS rRNA in Hpla/B-cDKO ESCs (after 4 days of 4-
OHT treatment) compared to control (mock treated with EtOH) (n = 3). Data were normalized to b-actin mRNA. (G) Bar plots (right) showing the ratio
from the quantification of band intensities for 18S and 28S rRNA in GI, S and G2 of control and Hpla/B-DKO ESCs obtained by automated RNA
electrophoresis (left) with Agilent 2100 Bioanalyzer (n = 3). Data were normalized to total RNA area. (H) Quantification of RT-qPCR for 28S rRNA in
G1, S and G2 of control and Hpla/B-cDKO ESCs (Hpla®/¥: Hplp*/¥; Cre-ERT2 ESCs after 4 days of mock EtOH or 4-OHT treatment, respectively)
(n = 3). Data were normalized to b-actin mRNA and were compared to G1 for each genotype. (I) Quantification of RT-qPCR for 28S rRNA in G1, S
and G2 of control (Hpla/F; Hplg¥/F) and Hpla/B-DKO ESCs (n = 3). Data were normalized to h-actin mRNA and were compared to G1 for each
genotype. (J) Quantification of RT-qPCR for 28S rRNA in G1, S and G2 of control and Hpla/B-cDKO ESCs (Hpla®/F; Hplp¥/¥; Cre-ERT2 ESCs
after 4 days of mock EtOH or 4-OHT treatment, respectively) (n = 3). Data were normalized to b-actin mRNA and were compared to control 28S levels
at the corresponding cell cycle phase. (K) Quantification of RT-qPCR for 28S rRNA in G1, S and G2 of control ( Hplaf/¥; Hplgf/F) and constitutive
Hpla/B-DKO ESCs (passage > 20) (n = 3). Data were normalized to b-actin mRNA and were compared to control 28S levels at the corresponding cell
cycle phase. (L) Quantification of RT-qPCR for 28S rRNA in Hpl«/B-DKO ESCs (at passage 15) transfected with indicated HP18 point mutants (n = 3).
Data were normalized to h-actin mRNA. * P < 0.05, ** P < 0.01, *** P < 0.001 (two-sided, unpaired #-test).



terphase. The appearance of aberrantly formed nucleoli also
concurs with increased levels of major satellite transcripts in
chromocenters and within nucleoli at S phase, supporting
the notion of major satellite accumulation in nucleoli as a
factor contributing to nucleolar impairment. Importantly,
cell cycle profiling of EAdU labeled cell populations by flow
cytometry were not suggestive of any defects in DNA repli-
cation which could elicit checkpoint activation. Hence, the
reduction in cell proliferation more likely reflects a hypo-
proliferative condition, rather than stemming from a defect
in cell cycle regulation.

Cellular growth and proliferation are crucially depen-
dent on an adequate supply of ribosomes to maintain pro-
tein synthesis levels. A critical aspect of cellular physi-
ology thus falls on the appropriate regulation of rRNA
biogenesis by means of the nucleolus. Accordingly, highly
proliferative cells, such as ESCs or tumor cells, contain
large nucleoli, indicative of high ribosome biosynthesis
activity (25,110-112), whereas downregulation of rRNA
synthesis is correlated with a reduction in nucleolar size
(113). Moreover, the size of the nucleoli has been shown
to correlate positively with nuclear size (114,115). Consis-
tent with this notion, we observed a significant decrease
in both nuclear and nucleolar volume upon deletion of
HPla/B, which was accompanied by a reduction in rRNA
levels and cell proliferative capacity. Interestingly, Hpla /-
DKO ESCs regained their proliferative potential follow-
ing continued passaging, possibly in part through upregu-
lation of baseline rRNA transcription. Similarly, a recent
report (96) described severe growth defects upon condi-
tional deletion of all three HP1 paralogs in mouse ESCs,
whereas constitutive single or double HP1 mutants were
viable.

We note that the Hpla/B deficiency-induced nucleo-
lar defects reported here are reminiscent of those defin-
ing human ribosomopathies. Historically, ribosomopathy
disorders have been described as diseases caused by de-
fects in ribosomal proteins, rRNA processing or ribosome
assembly factors (19,116). These abnormalities manifest
clinically in a diverse, tissue-specific manner but are typ-
ically characterized by hypo-proliferation at the cellular
level.

In addition to ‘classical’ ribosomopathies, decreased nu-
cleolar activity has also been linked to premature aging dis-
orders such as Werner syndrome (117,118) and Cockayne
syndrome (119), as well as neurodegenerative diseases such
as Alzheimer’s disease (120). Intriguingly, both Werner syn-
drome and Cockayne syndrome have been found to be as-
sociated with impairments in constitutive heterochromatin
organization, including dramatic reduction of H3K9me3
and HP1 proteins (121,122). Relaxation of heterochromatin
and de-repression of satellite DNA in the context of cellular
senescence and during natural aging are well documented
(123-126). Thus, decreased nucleolar function associated
with heterochromatin loss may be common hallmarks of
cell aging. Here, we provide evidence that HP1 proteins im-
pact nuclear architecture and cellular physiology through
PCH-dependent regulation of nucleolar structural integrity.
Hence, the role of HP1 proteins as ribosomopathy and/or
cellular aging modulating factors warrants further investi-
gations.
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