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Suv4-20h2 mediates chromatin
compaction and is important tor cohesin
recruitment to heterochromatin
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Cohesin plays an important role in chromatid cohesion and has additional functions in higher-order chromatin
organization and in transcriptional regulation. The binding of cohesin to euchromatic regions is largely mediated
by CTCF or the mediator complex. However, it is currently unknown how cohesin is recruited to pericentric
heterochromatin in mammalian cells. Here we define the histone methyltransferase Suv4-20h2 as a major
structural constituent of heterochromatin that mediates chromatin compaction and cohesin recruitment. Suv4-
20h2 stably associates with pericentric heterochromatin through synergistic interactions with multiple hetero-
chromatin protein 1 (HP1) molecules, resulting in compaction of heterochromatic regions. Suv4-20h mutant cells
display an overall reduced chromatin compaction and an altered chromocenter organization in interphase referred
to as “chromocenter scattering.” We found that Suv4-20h-deficient cells display chromosome segregation defects
during mitosis that coincide with reduced sister chromatid cohesion. Notably, cohesin subunits interact with
Suv4-20h2 both in vitro and in vivo. This interaction is necessary for cohesin binding to heterochromatin, as Suv4-
20h mutant cells display substantially reduced cohesin levels at pericentric heterochromatin. This defect is most
prominent in GO0-phase cells, where cohesin is virtually lost from heterochromatin, suggesting that Suv4-20h2 is
involved in the initial loading or maintenance of cohesion subunits. In summary, our data provide the first
compelling evidence that Suv4-20h2 plays essential roles in regulating nuclear architecture and ensuring proper
chromosome segregation.
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Pericentric heterochromatin in mammalian cells is formed
from large arrays of noncoding satellite repeat sequences.
Heterochromatic domains from different chromosomes can
join into large clusters (so-called chromocenters) that can be
visualized as DAPI-dense regions in interphase cells. Peri-
centric heterochromatin is largely transcriptionally inert
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but serves important functions in ensuring genomic sta-
bility and accurate chromosome segregation (Peters et al.
2001; Ting et al. 2011; Zhu et al. 2011). Thus, dysregulation
of heterochromatin organization leads to severe diseases
and developmental defects (Hahn et al. 2010).

The major constitutive heterochromatin proteins that
are thought to establish the proper chromatin structure
at pericentric heterochromatin are heterochromatin pro-
tein 1 (HP1) isoforms and the histone methyltransferases
Suv39%h and Suv4-20h (Supplemental Fig. S1A). Suv39h
enzymes induce histone H3 Lys 9 trimethylation (H3K9me3)
at heterochromatic regions (Peters et al. 2001). This modi-
fication is recognized by HP1 molecules, which recruit
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Suv4-20h histone methyltransferases that subsequently
establish H4K20me3 (Schotta et al. 2004, 2008). It is
assumed that HP1 is a major regulator of heterochroma-
tin organization and compaction. However, this view is
challenged by the fact that HP1 proteins only transiently
associate with heterochromatin (Cheutin et al. 2003).
Therefore, other more constitutive components might
contribute to regulating heterochromatin organization.

During mitosis, pericentric heterochromatin is impor-
tant to facilitate sister chromatid cohesion. This is ac-
complished by cohesin complexes that connect sister
chromatids at pericentric regions until anaphase onset
(Salic et al. 2004; Tang et al. 2004). The cohesin ring
consists of a Smc1-Smec3 dimer that is connected through
the a-kleisin subunit Scc1/Rad21 (Nasmyth 2011). Cohe-
sin is loaded onto chromatin in early G1 phase. Sites of
cohesin loading can differ from regions with the highest
cohesin enrichment, and therefore the cohesin rings are
assumed to slide several kilobases from the loading site
(Lengronne et al. 2004), where they might be fixed by
interactions with other proteins, such as CTCF (Parelho
et al. 2008; Rubio et al. 2008; Wendt et al. 2008). Due to
the large size and compact structure of pericentric re-
gions, there must be loading sites within heterochroma-
tin, and it is therefore likely that core heterochromatin
proteins assist in stable cohesin recruitment within these
domains. In agreement with this hypothesis, cohesin is
recruited to heterochromatic regions by Swi6/HP1 in
fission yeast (Nonaka et al. 2002). However, HP1 proteins
do not interact with cohesin in mammalian cells (Koch
et al. 2008), and it is currently unknown how recruitment
and maintenance of cohesin at pericentric heterochroma-
tin is mediated.

In this study, we discovered an interaction between the
histone methyltransferase Suv4-20h2 and cohesin. We
found that Suv4-20h2 is required for cohesin recruitment
to pericentric heterochromatin. Suv4-20h-deficient cells
have strongly reduced cohesin levels at pericentric het-
erochromatin, resulting in chromosome segregation de-
fects. Thus, our data demonstrate a novel role of the
Suv39h-Suv4-20h pathway in cohesin recruitment to
pericentric heterochromatin.

Results

Suv4-20h2 is a stable component of pericentric
heterochromatin

We first set out to determine whether any of the hetero-
chromatin core proteins could play structural roles in
heterochromatin. We assessed their mobility in embry-
onic stem (ES) cells by fluorescence recovery after photo-
bleaching (FRAP) analysis specifically at pericentric het-
erochromatin (Supplemental Fig. S1B). Consistent with
previous reports (Cheutin et al. 2003), we found that
HP1la is a very mobile protein (Fig. 1A). This is a common
feature of all HP1 variants, as the other isoforms—HP1B
and HP1vy—also displayed the same fast recovery kinetics
(K Rippe, pers. comm.). The histone methyltransferases
Suv39h1 and Suv4-20h1 showed intermediate mobility.
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Surprisingly, Suv39h2 and Suv4-20h2 stably associate
with heterochromatin, as both proteins showed almost
no recovery on the minute time scale (Fig. 1A). In ad-
dition, we determined the mobility parameters of the
core heterochromatin proteins in another cell system:
mouse embryonic fibroblast cells (MEFs). Interestingly,
the recovery kinetics of all proteins were slower as
compared with ES cells, which is in agreement with the
hypothesis that heterochromatin is less plastic in differ-
entiated cells (Meshorer et al. 2006). Similarly to ES cells,
we found that Suv39h2 and Suv4-20h2 exhibit the stron-
gest binding to heterochromatin (Fig. 1A). These experi-
ments were complemented by fluorescence correlation
spectroscopy (FCS) measurements of Suv4-20h2 at en-
dogenous expression levels (Supplemental Fig. S2). For
these assays, we generated a Suv4-20h28SF knock-in ES
cell line that expresses Suv4-20h2 at nearly endogenous
levels (Supplemental Fig. S2B) and displays clear enrich-
ment of Suv4-20h2 and H4K20me3 at pericentric hetero-
chromatin (Supplemental Fig. S2C). FCS mobility mea-
surements confirm that at endogenous expression levels,
the mobile Suv4-20h2 binds more tightly to chromatin
than HP1, since its apparent diffusion coefficient, which
includes the binding contribution, is reduced (Supple-
mental Fig. S2D). Furthermore, the immobile pool of
Suv4-20h2 was ~10 times higher than that of HP1, as
determined from continuous photobleaching experi-
ments (Supplemental Fig. S2E). Taken together, our
data suggest that the histone methyltransferases Suv39h2
and Suv4-20h2 could play structural roles in pericentric
heterochromatin.

Stable binding of Suv4-20h2 is mediated through
synergistic HP1 interactions

The stable binding of Suv4-20h2 to heterochromatin was
also demonstrated in a previous study for human SUV4-
20H2 (Souza et al. 2009), suggesting that this feature of
Suv4-20h2 is evolutionarily conserved. However, as the
bulk of HP1 only transiently associates with heterochro-
matin, it is surprising that Suv4-20h2 can stably bind
heterochromatin. Therefore, we asked how this stable
association of Suv4-20h2 is mediated. The C terminus of
Suv4-20h2 is responsible for heterochromatin targeting
(Schotta et al. 2004). In order to better define the targeting
domain, we generated a panel of EGFP-tagged Suv4-20h2
truncation proteins as subfragments of the C terminus
(Fig. 1B). Fragment M12, which comprises only 62 amino
acids of the Suv4-20h2 C terminus, showed clear peri-
centric enrichment (Fig. 1B; Supplemental Fig. S2F). We
further subdivided this fragment and found that two
nonoverlapping truncations—M13 and M14—were both
able to localize to pericentric heterochromatin as well
(Fig. 1B; Supplemental Fig. S2F). These data indicate that
at least two independent heterochromatin targeting mod-
ules exist in Suv4-20h2. We then asked whether the M12
region is really crucial for mediating pericentric recruit-
ment of Suv4-20h2 and tested the localization of a Suv4-
20h mutant protein lacking the M12 region. We did not
detect enrichment of this mutant protein at pericentric
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Figure 1. Suv4-20h2 is a stable component of pericentric heterochromatin. (A) FRAP analysis of core heterochromatin proteins. EGFP-
tagged proteins were expressed in wild-type ES cells and MEFs. Laser bleaching and analysis of fluorescence recovery were carried out
specifically at pericentric heterochromatin. FRAP recovery experiments for multiple cells (indicated in the legend) were averaged and
fitted to a reaction diffusion model. Error bars represent the standard deviation of the FRAP measurements in each series. (B) Distinct
regions in the C terminus mediate heterochromatin localization of Suv4-20h2. (Top panel) Schematic showing Suv4-20h2 truncation
proteins that were expressed as EGFP fusion proteins in wild-type MEFs. (Bottom panel:) Confocal sections of MEFs expressing EGFP-
tagged Suv4-20h2 truncations. Bars, 5um. (C) In vitro interaction test of Suv4-20h2 truncation proteins and HP1 isoforms. GST-tagged
Suv4-20h2 truncation proteins were bound to GST beads and incubated with recombinant HP1a, HP1B, and HP1v, respectively. Bound
proteins were separated on SDS page and probed with HP1 isoform-specific antibodies. The asterisk indicates cross-reacting bands with
the HP1vy antibody. (D) FRAP kinetics of Suv4-20h2 truncation proteins at pericentric heterochromatin. The C-terminal fragment M12
is as stable as the full-length Suv4-20h2 protein. Subfragments of M12 (M13 and M14) show a much faster recovery. FRAP recovery
experiments for multiple cells (indicated in the legend) were averaged and fitted to a reaction diffusion model. Error bars represent the
standard deviation of the FRAP measurements in each series. (E) Suv4-20h2 is more dynamic in HPla mutant cells. Suv4-20h2 full-
length and truncation proteins were expressed in wild-type and HP1la knockout cells. FRAP kinetics at heterochromatin of all Suv4-
20h2 truncations are faster in HP1a mutant cells. FRAP recovery experiments for multiple cells (indicated in the legend) were averaged
and fitted to a reaction diffusion model. Error bars represent the standard deviation of the FRAP measurements in each series.

GENES & DEVELOPMENT 3


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on April 25, 2013 - Published by Cold Spring Harbor Laboratory Press

Hahn et al.

heterochromatin (Fig. 1B). Thus, we conclude that the
region comprising amino acids 350-412 represents the
heterochromatin targeting domain in Suv4-20h2.

Heterochromatin targeting of Suv4-20h2 depends on
HP1 proteins (Schotta et al. 2004). We found that Suv4-
20h2 can interact with all three mammalian HP1 iso-
forms in living cells (Supplemental Fig. S3). In vitro
interaction assays revealed that all Suv4-20h2 trunca-
tions that localize to heterochromatin can directly in-
teract with HP1 isoforms (Fig. 1C). Suv4-20h2 fragment
M12 could not be generated as a soluble recombinant
protein. However, as fragment M5 interacts with HP1 and
fragment M7 does not show interaction with HP1, we
conclude that the HP1 interaction domain resides within
fragment M12. This is further supported by our finding
that fragments M13 and M14, which are subregions of
fragment M12, strongly interact with HP1 (Fig. 1C).
Interestingly, HPla and HP1y appear as the major in-
teraction partners with both M13 and M14, whereas
HP1B only interacts with fragment M14 (Fig. 1C). These
data are in line with recent reports on HPI1 interaction
networks that demonstrate that HPla and HP1y share
similar interaction partners that do not necessarily over-
lap with HP1B interactors (Vermeulen et al. 2010). In
summary, these data demonstrate that Suv4-20h2 has
multiple independent HP1 interaction sites within its C
terminus.

We further characterized the Suv4-20h2 truncations by
measuring their mobility in heterochromatin using FRAP
analysis. Full-length Suv4-20h2 stably binds to hetero-
chromatin and showed a recovery of only ~10% at 3 min
post-bleaching (Fig. 1D). The Suv4-20h2-M12 truncation
behaved virtually identical to the full-length protein, in-
dicating that this fragment comprises the essential domain
that “clamps” Suv4-20h2 onto heterochromatin (Fig. 1D).
We therefore refer to this region as the Suv4-20h2 “clamp
domain.” Notably, the mobility of the M12 subfragments
M13 and M14 was much higher. While the mobility of
fragment M14 was in the range of HP1, M13 was more
stably bound than HP1 (Fig. 1D), suggesting that distinct
regions in Suv4-20h2 mediate the stable association with
heterochromatin through interactions with HP1 proteins.

To test this hypothesis, we measured the mobility of
the individual Suv4-20h truncations in fibroblasts with
reduced HP1 levels. HP1a knockout cells retained both
H3K9me3 and H4K20me3 at pericentric heterochroma-
tin, indicating that the recruitment of Suv3d9h and Suv4-
20h enzymes to heterochromatin is not generally im-
paired (Supplemental Fig. S4A). Indeed, the localization of
the Suv4-20h2 truncations was not altered in the absence
of HPla (Supplemental Fig. S4B). However, the FRAP
recovery kinetics of full-length Suv4-20h2 and trunca-
tions M12 and M13 were clearly enhanced (Fig. 1E). We
did not observe faster recovery of fragment M14, as the
FRAP kinetics of this fragment were already in the range
of HP1 in wild-type cells. In summary, our data suggest
that Suv4-20h2 is bound to heterochromatin through at
least two independent interaction sites by HP1 proteins.
As the individual interactions can only generate inter-
mediate stability (M13 and M14), we postulate that
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synergistic interaction with multiple HP1 proteins in the
Suv4-20h2 clamp domain ensures its stable association
with heterochromatin.

Suv4-20h2 regulates chromatin compaction

The tight interaction of Suv4-20h2 with heterochromatin
suggests a direct involvement in regulating the structure
of pericentric heterochromatin. To verify this hypothesis,
we performed micrococcal nuclease (MNase) chromatin
accessibility assays in wild-type, Suv4-20h2 knockout,
and Suv4-20h double-knockout ES cells (Schotta et al.
2008). Notably, we detected higher chromatin accessibil-
ity in both Suv4-20h2 knockout and Suv4-20h double-
knockout cells (Fig. 2A,B). The increased accessibility
clearly involves heterochromatic regions, as demon-
strated by Southern blotting of the digested DNA with
major satellite probes (Fig. 2A,B). A similar increase in
chromatin accessibility was also observed in Suv4-20h-
deficient MEF cells, suggesting that Suv4-20h2 plays
general roles in regulating chromatin structure (Supple-
mental Fig. S5). Importantly, re-expression of Suv4-
20h2, which restores H4K20me3 (Nicetto et al. 2013),
and even of the Suv4-20h2 clamp domain (M12) rescues
the accessibility phenotype of Suv4-20h double-knock-
out cells (Supplemental Fig. S5), indicating that Suv4-
20h2 can induce chromatin compaction through its
clamp domain.

Superresolution three-dimensional (3D) structured illu-
mination microscopy (3D-SIM) is a recently developed
technique that allows imaging of subcellular structures
below the optical diffraction limit (Schermelleh et al.
2008). Using this technique, we detected a slightly re-
duced chromatin density in Suv4-20h double-knockout
cells around the nuclear envelope (Fig. 2C; Supplemental
Fig. S6). We quantified these data by measuring the DAPI
intensity of the nuclear periphery compared with the
overall DAPI intensity of the nuclei (Supplemental
Fig. S6B). These data indicate that wild-type nuclei have
a generally higher chromatin density in the nuclear periph-
ery as compared with Suv4-20h double-knockout cells
(Supplemental Fig. S6C). Interestingly, this reduction in
peripheral heterochromatin correlates with changes in the
distribution of nuclear pores, which are more stochastically
arranged in Suv4-20h double-knockout nuclei (Fig. 2C).
Strong overexpression of Suv4-20h2 results in dramatic
changes of the nuclear structure, most notably in increased
chromatin compaction around chromocenters, nucleoli,
and the nuclear envelope (Fig. 2C; Supplemental Fig. S6A).
The increased density of the peripheral heterochromatin
upon overexpression of Suv4-20h2 is again reflected in
the altered distribution of nuclear pores, which tend to be
excluded from the highly compacted regions. In order to
quantify the effect of Suv4-20h2 on nuclear pore orga-
nization, we developed an automatic 3D image analysis
approach to measure nuclear pore parameters in our
3D-SIM images (Supplemental Fig. S6D). In agreement
with the qualitative analysis of the nuclear pore stain-
ing, we found that the percentage of regions with low
nuclear pore density (sparse nuclear pore regions) was
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Figure 2. Suv4-20h2 mediates chromatin compaction. (A) MNase accessibility assay. Nuclei from wild-type, Suv4-20h2 knockout, and
Suv4-20h double-knockout ES cells were isolated and incubated with increasing amounts of MNase. (Top panel) The digested DNA was
purified, separated on agarose gels, and stained with ethidium bromide. (Bottom panel) Heterochromatic regions were visualized by
Southern blotting using a major satellite-specific probe. (B, left panel) Overlay of DNA electropherograms obtained from Bioanalyzer
runs of the MNase-digested DNA from wild-type, Suv4-20h2 knockout, and Suv4-20h double-knockout ES cells. The first and the last
sharp peaks represent the markers of the Agilent DNA 12000 kit. (FU) Fluorescence units. (Right panel) Intensity line scan of major
satellite Southern blots. Gray values correspond to signal intensities of the Southern blot. (C) 3D-SIM sections of wild-type and Suv4-
20h double-knockout fibroblasts as well as wild-type cells overexpressing Suv4-20h2-EGFP. Immunofluorescence staining with an anti-
NPC antibody marks nuclear pores. Insets show enlargements of the nuclear envelope. Quantifications of peripheral heterochromatin
density and nuclear pore distribution are shown in Supplemental Figure S6.
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reduced in Suv4-20h double-knockout cells and in-
creased in cell overexpressing Suv4-20h2 (Supplemen-
tal Fig. SGE).

We further asked which part of Suv4-20h2 would be
responsible for the compaction phenotype. Overexpres-
sion of the N terminus containing the SET domain does
not lead to obvious alterations of the nuclear structure
(Supplemental Fig. S7). In contrast, the C terminus of
Suv4-20h2 is very potent in inducing chromatin compac-
tion (Supplemental Fig. S7). The Suv4-20h2 clamp do-
main does not show a compaction phenotype. Interest-
ingly, these data show that Suv4-20h2 has important roles
in regulating nuclear architecture, which is independent
of its function as a histone methyltransferase.

Chromocenter scattering in Suv4-20h-deficient cells

Our data so far demonstrate that Suv4-20h2 is a major
regulator at different levels of chromatin organization
in vivo. On the one hand, the observed alterations in
chromatin accessibility suggest that Suv4-20h2 regulates
compaction of chromatin fibers. On the other hand, the
structural changes in Suv4-20h-deficient and overex-
pressing cells indicate that Suv4-20h2 might even medi-
ate long-range interactions between chromatin domains.
We therefore investigated whether organization of peri-
centric heterochromatin is altered in Suv4-20h double-
knockout cells. In mouse cells, heterochromatic regions
of different chromosomes interact and form clusters,
which are well discernible by DAPI staining. How this
clustering is mediated is unknown. In order to visualize

B

major satellite
FISH

DAPI

Number of foci
per nucleus

pericentric heterochromatin very precisely, we performed
fluorescence in situ hybridization (FISH) detection of
major satellite repeats in GO-arrested cells to investigate
the steady-state situation of heterochromatin in the
absence of cell cycle perturbations (Fig. 3A). Stacks of
confocal images were evaluated using an image seg-
mentation procedure to detect and measure individual
FISH foci (Supplemental Fig. S8). In wild-type cells, we
detected ~25-30 foci (Fig. 3A,B), which is consistent with
previous data on chromocenter clustering in mouse
fibroblasts (Guenatri et al. 2004). Suv4-20h double-knock-
out cells, in contrast, showed chromocenter scattering, as
we observed significantly more foci per nucleus (Fig.
3A,B; Supplemental Fig. S9). At the same time, the
average focus volume was smaller in the mutant cells
(Fig. 3B). Notably, re-expression of full-length Suv4-20h2
in Suv4-20h double-knockout cells (DKO+FL) restores
the altered nuclear organization of pericentric hetero-
chromatin close to wild-type levels (Fig. 3B). Re-expres-
sion of the Suv4-20h2 clamp domain (M12) did not lead
to a significant rescue (Fig. 3B; Supplemental Fig. S9),
suggesting that although the clamp domain of Suv4-20h2
is necessary and sufficient to induce chromatin com-
paction as measured by MNase accessibility, additional
features of the full-length protein are required to mediate
long-range chromatin interactions like chromocenter
clustering. Therefore, we asked whether chromocen-
ter organization can be restored by a Suv4-20h2 mu-
tant protein lacking methyltransferase activity (Nicetto
et al. 2013). Re-expression of Suv4-20h2N182AY2174
(SET*) could not significantly reduce chromocenter

Figure 3. Suv4-20h-deficient cells display chromo-
center scattering. (A) FISH analysis of major satellite
repeats in GO-phase wild-type, Suv4-20h double-
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scattering (Supplemental Fig. S10), indicating that estab-
lishment of H4K20me3 is important for normal chro-
mocenter organization.

Based on our data, we propose that Suv4-20h2 can medi-
ate interactions between chromatin fibers by binding to
H3K9me3-rich and HP1-rich domains. Loss of Suv4-20h
enzymes would lead to a compromised heterochromatin
organization, although H3K9me3 and HP1 are still present
at heterochromatic regions.

Suv4-20h-deficient cells display chromosome
segregation defects

Defects in heterochromatin organization often coincide
with genomic instability. Therefore, we examined Suv4-
20h mutant cells for chromosome segregation defects
by analyzing mitotic figures. Significantly more mitotic
abnormalities, such as anaphase bridges and lagging
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p<0.001

p<0.005

w
@

p<0.001

NN W
[ =]

% abnormal mitotic figures
o w 5 &G S

Suv4-20h2 recruits cohesin to heterochromatin

chromosomes, could be observed in the Suv4-20h dou-
ble-knockout cells (Fig. 4A). These defects can be res-
cued by expression of Suv4-20h2 full-length protein
(DKO+FL) and even by expression of the Suv4-20h2 clamp
domain (DKO+M12), demonstrating that Suv4-20h2 is
important for proper chromosome segregation (Fig. 4A).
An analysis of different mitotic stages revealed that the
segregation defects are not due to an altered progression
through mitosis (Supplemental Fig. S11). Therefore, we
tested whether key checkpoint proteins (AurB and Sgol)
or HP1 were altered in the absence of Suv4-20h enzymes.
No obvious difference for either of these proteins was
observed. However, we found that the centromere dis-
tance, as measured by the distance between adjacent
CenpA foci, was wider in Suv4-20h double-knockout
cells (Fig. 4B). Statistical evaluation confirmed an, on
average, 100-nm increased centromere distance in mi-
totic spreads of Suv4-20h double-knockout cells (Fig. 4C).
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Figure 4. Suv4-20h mutants display chromosome segregation defects. (A) Suv4-20h mutant cells have mitotic chromosome
segregation defects. Mitotic cells of wild-type (n = 1497), Suv4-20h double-knockout (n = 1242), and rescue MEFs (DKO+FL, n = 768;
DKO+M12, n = 687) were assessed for anaphase bridges and lagging chromosomes (the right panel shows representative pictures of
these defects). P-values of Student’s t-test are indicated. Error bars correspond to standard deviation. (B) Mitotic marker analysis.
Chromosome spreads of wild-type and Suv4-20h double-knockout cells were stained for specific markers that are known to be
important for chromosome segregation. Representative pictures of mitotic chromosomes are shown. (C) Mean distance of CenpA foci
in wild-type (n = 458), Suv4-20h double-knockout (n = 348), DKO+FL (n = 242), and DKO+M12 (n = 318) mitotic chromosomes. P-values

of Student’s t-test are indicated.
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Re-expression of Suv4-20h2 (DKO+FL) or of the Suv4-
20h2 clamp domain (DKO+M12) lead to centromere
distances comparable with wild-type cells (Fig. 4C).
These data indicate that Suv4-20h2 is important for
mediating normal sister chromatid cohesion. Reduced
cohesion in Suv4-20h double-knockout cells in turn leads
to mitotic abnormalities such as lagging chromosomes
and anaphase bridges.

Suv4-20h2 interacts with cohesin

We thus hypothesized that in addition to having a struc-
tural role in heterochromatin, Suv4-20h2 may recruit
additional proteins that facilitate sister chromatid co-
hesion. We performed GST pull-down assays to identify
potential interaction partners of Suv4-20h2 using two
different C-terminal truncation proteins (Supplemental
Fig. S12A). The first region, M5, comprises the clamp
domain, whereas the second fragment, M7, contains the
very C terminus that does not localize to heterochroma-
tin (see Fig. 1B). We could clearly precipitate all HP1
isoforms with fragment M5 (Fig. 5A), confirming the
direct interaction of HP1 with the Suv4-20h2 clamp
domain. Interestingly, additional proteins consistently
found to coprecipitate with Suv4-20h2-M5 were subunits
of the cohesin complex (Fig. 5A; Supplemental Table S1).
The GST pull-down experiments were performed using
sonicated nuclear extracts that contain genomic DNA
and large chromatin fragments. In order to test whether
cohesin indirectly associates with Suv4-20h2 through

A Suv4-20h2 GST pulldown B

DNA, we repeated the GST pull-down assays using
extracts that were treated with benzonase to degrade all
forms of RNA and DNA. Accordingly, extracts treated
with benzonase were devoid of any contaminating DNA
(Supplemental Fig. S12B). When using benzonase-treated
extracts in GST pull-down assays, we clearly detected
binding of both HP1 and cohesin subunits to Suv4-20h2-
M5 (Fig. 5B). Similar results were obtained when extracts
were treated with ethidium bromide, which disrupts
DNA-protein interactions (Fig. 5B).

In order to verify that Suv4-20h2 interacts with cohesin
subunits in vivo, we performed coimmunoprecipitation
experiments using a Suv4-20h2"A 138 knock-in cell line.
In this cell line, the endogenous Suv4-20h2 locus is
modified to produce a HA-3xFlag-tagged fusion protein,
ensuring endogenous expression levels (Supplemental
Fig. S12C). We developed a two-step extraction protocol
to remove the bulk of cohesin through digestion of the
DNA with benzonase (fraction I, followed by salt extrac-
tion of Suv4-20h2 and the remaining cohesin (fraction II).
Flag affinity purification of Suv4-20h2 from fraction II
extracts coprecipitated cohesin subunits (Fig. 5C). In the
reverse experiment, cohesin subunit Smcl could copre-
cipitate Suv4-20n2HA T8 (Fig 5C). We did not detect
interaction of unrelated proteins such as Suz12, confirm-
ing the specificity of the Suv4-20h2-cohesin interaction.
In the pull-down experiments, we found that Suv4-20h2
fragment M5, containing the clamp domain, interacts
with cohesin subunits. To test whether the clamp domain
is important to mediate interaction with cohesin, we

Figure 5. Suv4-20h2 interacts with cohesin

Benzonase

. M5 M7 subunits. (A) GST pull-down of Suv4-20h2
protein GST  (3a340-441) (aa 409-468) truncation proteins. Suv4-20h2 truncations—
heterochromatin-associated (M5) and disperse
Suv4-20h2 4 112 62 .
nuclear (M7)—were expressed as recombi-
HP 1o 0 41 0 nant GST-tagged proteins, incubated with
HP1p 0 40 0 nuclear extracts, and bound to affinity beads.
HP1y 1 40 0 Mass spectrometry identification of bound
proteins revealed HP1 isoforms and two co-

Smc1 0 7 1 . . g . .
a3 0 s o hesin subunits to specifically interact with
Suv4-20h2 fragment M5 (summary of tripli-
cate experiments). The number of unique
C fraction | fraction Il spectra that were identified for each protein
Isolation 150mM KCl 500mM KCI in the mass spectrometry analysis is indicated
of nuclei Benzonase sonication (Scaffold analysis). The full list of identified
nuclear extract Flag IP Smet IP proteins is shown in Supplemental Table SI.
fraction | fractlon Il input beads input beads P (B) GST pull-down experiments. Benzonase-
wt Kl wt wt K wtKI wt K' wt KI wt K wt_Ki treated nuclear extracts contain no detect-

SUZ12 -_—

able DNA contamination. Ethidium bromide
treatment disrupts protein-DNA interac-
tions. Western blots for GST pull-down ex-
periments using recombinant GST, Suv4-
20h2-M5, and Suv4-20h2-M7 were probed
for GST, HPla, and Smcl. The Input lane
contains the nuclear extract. Degradation
products of the GST-tagged proteins are in-
dicated by asterisks. (C) Suv4-20h2 and co-
hesin interact in vivo. Fractionated nuclear
extracts were prepared from wild-type (wt)

and Suv4-20h25H41%8 knock-in (KI) ES cells. Suv4-20h2 and Smcl were precipitated from fraction II extracts using Flag and Smcl
antibodies, respectively. Bound proteins were visualized by Western blotting using Flag, Smcl, Smc3, and Suz12 antibodies.
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performed immunoprecipitation experiments in cells
expressing full-length Suv4-20h2 or Suv4-20h2-AM12,
which lacks the clamp domain. We detected interaction
of cohesin with full-length Suv4-20h2 but not with Suv4-
20h2-AM12 (Supplemental Fig. S12D), suggesting that the
clamp domain is important to facilitate interaction with
cohesin.

Reduced heterochromatin-associated cohesin

Suv4-20h2 recruits cohesin to heterochromatin

immunoprecipitation (ChIP) experiments for cohesin
subunits and tested their enrichment at major satellite
repeats and control regions outside of pericentric het-
erochromatin. In wild-type cells, heterochromatin is en-
riched for repressive histone modifications (H3K9me3
and H4K20me3) and cohesin subunits (Fig. 6A; Supple-
mental Fig. S13). Strikingly, in Suv4-20h double-knockout
cells, cohesin subunits were strongly reduced at major
satellite repeats (Fig. 6A; Supplemental Fig. S13) but not

at the control regions where cohesin is recruited through
different mechanisms (Parelho et al. 2008; Rubio et al.
2008; Wendt et al. 2008). We observed reduced heterochro-
matin-associated cohesin in two independent Suv4-20h2

in Suv4-20h-deficient cells

To test whether Suv4-20h2 plays a role in recruiting
cohesin to heterochromatin, we performed chromatin
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Figure 6. Suv4-20h2 is important for cohesin recruitment to pericentric heterochromatin. (A) Suv39h double-knockout and Suv4-20h
double-knockout cells display reduced cohesin levels at pericentric heterochromatin. ChIP analysis of histone modifications and the
cohesin subunits Sme3 in wild-type, Suv39h double-knockout, and Suv4-20h double-knockout cells at major satellite repeats. Merge of
two experiments in two independent cell lines with three technical replicates each. Error bars represent standard deviation over all
experiments. (B) Cohesin levels are not generally impaired in Suv4-20h double-knockout cells. Protein extracts of proliferating (left
panel) or GO-arrested (right panel) wild-type and Suv4-20h double-knockout cells were tested for cohesin levels by Western blot for
Smecl (cohesin) and tubulin (loading control). Two different amounts of cell extracts were loaded. (C) Cohesin establishment can be
mediated by the Suv4-20h2 clamp domain. ChIP analysis of H4K20me3 and cohesin (Smc3) at major satellite repeats. Expression of full-
length Suv4-20h2 (DKO+FL) restores H4K20me3 and cohesin in Suv4-20h double-knockout cells. Cohesin is partially rescued by
expression of the Suv4-20h2 clamp domain (DKO+M12). Merge of two independent experiments with three technical replicates. Error
bars represent standard deviation over all experiments. (D) FACS analysis of wild-type cells in GO, S, and M phase. Cells were isolated as
described and stained with propidium iodide prior to FACS analysis. (E) Suv4-20h enzymes are essential for cohesin recruitment to
heterochromatin. Wild-type, Suv4-20h double-knockout, and rescue cell lines (DKO+M12 and DKO+FL) were harvested in GO, S, and
M phase. ChIP analysis for H3K9me3, H4K20me3, and cohesin (Smc3) at major satellite repeats was performed in two independent
experiments with three technical replicates. Error bars represent standard deviation over all experiments.
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knockout and two independent Suv4-20h double-knockout
cell lines (Supplemental Fig. S13). Cohesin levels are not
generally reduced in Suv4-20h double-knockout cells
(Fig. 6B), suggesting specific defects in recruitment of
cohesin to heterochromatin. Association of Suv4-20h2
with pericentric heterochromatin depends on Suv39h-
mediated H3K9me3 and HP1 association. Therefore, we
tested cohesin levels in Suv39h double-knockout cells
that have lost both H3K9me3 and H4K20me3 at peri-
centric heterochromatin (Fig. 6A). Importantly, reduced
cohesin levels could also be detected in two indepen-
dent Suv39h double-knockout cell lines (Fig. 6A; Sup-
plemental Fig. S14), demonstrating that the Suv39h-
Suv4-20h pathway is important for cohesin recruitment
to heterochromatin.

We then asked whether Suv4-20h2 is responsible for
cohesin recruitment to heterochromatin by rescue exper-
iments in Suv4-20h double-knockout cells. Expression
of full-length Suv4-20h2 (DKO+FL) could rescue both co-
hesin and H4K20me3 at major satellite repeats (Fig. 6C).
Interestingly, the Suv4-20h2 clamp domain (DKO+M12)
could also increase cohesin levels at heterochromatin,
although this truncation protein lacks the SET domain
and thus was unable to restore H4K20me3 (Fig. 6C). Cohesin
at control regions was not affected in the different rescue
experiments (Supplemental Fig. S15). We conclude that
Suv4-20h2 plays an important role in recruiting cohesin
to heterochromatic regions through interactions with co-
hesin subunits.

Suv4-20h2 is important for the initial recruitment
of cohesin to pericentric heterochromatin

Finally, we investigated whether Suv4-20h2 is involved
in the initial recruitment/maintenance of cohesin at
heterochromatin. Loading of cohesin onto chromatin
occurs in early Gl phase (Watrin et al. 2006). In the
subsequent cell cycle stages, cohesin is maintained on the
chromosomes until mitosis. During metaphase, cohesin
is removed from chromosome arms by proteolytic cleav-
age (Hauf et al. 2001). Only cohesin at pericentric het-
erochromatin is maintained until the onset of anaphase
to ensure sister chromatid cohesion (Salic et al. 2004;
Tang et al. 2004). In order to investigate whether Suv4-
20h2 is implicated in cohesin loading or maintenance, we
analyzed cohesin levels in different cell cycle stages. We
synchronized cells in GO, S, and G2/M phase (Fig. 6D;
Supplemental Fig. S16) and prepared chromatin for ChIP
analysis. We found that cohesin levels varied only slightly
over the cell cycle in wild-type cells (Fig. 6E). In contrast,
in Suv4-20h double-knockout cells, cohesin was basically
absent from heterochromatic regions in GO phase, sug-
gesting that Suv4-20h enzymes are crucial for loading
and/or maintaining cohesin at heterochromatin. At later
stages in the cell cycle (S and G2/M phase), cohesin levels
increased (Fig. 6E), indicating that additional, Suv4-20h-
independent recruitment mechanisms exist during S phase.
The loss of heterochromatin-associated cohesin in Suv4-
20h double-knockout cells could be rescued by expressing
the clamp domain (M12) or full-length Suv4-20h2 (Fig. 6E),
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whereas cohesin recruitment at unrelated control regions
was not affected in the rescue cells (Supplemental Fig. S17).
Thus, our data demonstrate that Suv4-20h2 is an important
factor for cohesin loading onto heterochromatin.

Discussion

Heterochromatin is a very abundant chromatin state in
mammalian cells, as >30% of the mammalian genome
is composed of repetitive sequences that need to be si-
lenced. Heterochromatin is therefore characterized by
low transcriptional activity and features a less accessible
chromatin structure. These special properties of hetero-
chromatin are established in a step-wise manner. First,
specific proteins need to recognize heterochromatic se-
quences (Bulut-Karslioglu et al. 2012). Second, hetero-
chromatin becomes marked with distinct histone mod-
ifications that recruit additional binding proteins to
ultimately mediate the special properties of this chroma-
tin state. In vivo, heterochromatin is not a stiff entity, but
rather a dynamic equilibrium of a protein interaction
network. Thus, it can both reduce chromatin accessibil-
ity under steady-state conditions and open up chromatin
structure in response to specific stimuli; for example,
DNA damage (Goodarzi et al. 2008). Here we demon-
strate that Suv4-20h2 is an important constituent of this
interaction network for regulating chromatin accessibil-
ity and long-range chromatin interactions. In ES cells and
fibroblasts, these functions do not seem to be shared with
Suv4-20h1, which features a different heterochromatin
targeting domain that is not homologous to the Suv4-
20h2 clamp domain and does not bind so tightly to
heterochromatin (Supplemental Fig. SI8A).

How is Suv4-20h2 integrated into this network and
how can it affect heterochromatin structure? Heterochro-
matin displays abundant H3K9me3, which provides a
binding interface for HP1 proteins. Although HP1 shows
only a weak affinity to H3K9me3 in vitro, the high den-
sity of H3K9me3 can lead to a high HP1 abundance in
heterochromatin. We found that Suv4-20h2 features mul-
tiple HP1 interaction sites in its clamp domain, which can
explain its stable association with regions that feature
high HP1 concentrations. The interaction with multiple
HP1 proteins raises an interesting hypothesis that Suv4-
20h2 might bridge H3K9me3- and HP1-rich chromatin
fibers to render chromatin less accessible. In agreement
with this view, we found that chromatin in cells lacking
Suv4-20h2 is indeed more accessible to nucleases. No-
tably, the level of Suv4-20h2 can alter the balance within
the heterochromatin interaction network and may
therefore modulate the functions of its interacting pro-
teins, like HP1. Another protein that may be affected by
Suv4-20h2 is the linker histone H1. This is inferred by
the observed alterations in the nucleosome repeat length
in Suv4-20h double-knockout cells (Fig. 2B), which is
a typical feature of cells with reduced levels of histone
HI (Fan et al. 2005). The current knowledge of the
topology of the heterochromatin interaction network is
insufficient to distinguish direct effects from indirect
effects. However, our data demonstrate that Suv4-20h2
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is a central node within this network, and therefore
changes of Suv4-20h2 levels lead to drastic alterations in
nuclear architecture.

Interestingly, the clamp domain of Suv4-20h2 is neces-
sary and sufficient for chromatin compaction, as Suv4-
20h double-knockout cells expressing this domain dis-
play normal chromatin accessibility. However, the clamp
domain is not sufficient to mediate long-range chromatin
interactions and condensation of large chromatin do-
mains. Therefore, other domains in Suv4-20h2, such as
an active SET domain, or recruitment of additional pro-
teins are required for these functions. An intriguing
possibility is that heterochromatin-associated cohesin,
which is recruited by Suv4-20h2, is implicated in these
long-range interactions (Hadjur et al. 2009; Kagey et al.
2010; Degner et al. 2011). Recent evidence suggests that
cohesin may be involved in regulating the condensation
of heterochromatic domains. Cohesin is present in a bal-
ance between a chromatin-associated form and a free
form that is adjusted by a loading-releasing cycle (Kueng
et al. 2006; Gause et al. 2010). Perturbation of this balance
by knockdown of the cohesin-releasing factor WAPL
leads to increased cohesin association with chromatin
and a dramatic chromatin compaction phenotype (Seitan
and Merkenschlager 2012). However, we could not detect
significant perturbations in chromocenter organization in
cells lacking the cohesin subunit Sccl/Rad21 (Supple-
mental Fig. S19). Therefore, we expect that other proteins
that interact with Suv4-20h2 outside of the clamp do-
main are necessary to mediate chromocenter clustering.

Although cohesin appears to be dispensable for nu-
clear architecture in interphase cells, heterochromatin-
associated cohesin is absolutely crucial for sister chro-
matid cohesion during mitosis. How cohesin is loaded
onto chromatin and how the cohesin ring stabilizes
interactions between chromatids are currently unclear
(Nasmyth 2011). We found that the Suv39h-Suv4-20h
pathway is important for the loading of cohesin to
pericentric heterochromatin (Fig. 7). Our data are consis-
tent with a study demonstrating that Suv39h-deficient
cells display defects in sister chromatid cohesion and
chromosome segregation (Koch et al. 2008). Although
Koch et al. (2008) could not demonstrate that cohesin
levels in Suv39h double-knockout cells were reduced,
this may be due to their semiquantitative ChIP analysis,
which is not suitable for highly repetitive sequences. We
clearly detected reduced cohesin levels at major satellite
repeats in different Suv39h double-knockout, Suv4-20h
double-knockout, and Suv4-20h2 knockout cell lines. In
none of these cell lines, cohesin was completely lost from
heterochromatin, suggesting additional loading pathways.
Based on our data, we conclude that the primary function
of Suv39h enzymes is to prepare pericentric heterochro-
matin for HP1 recruitment, which is a prerequisite for
stable association of Suv4-20h2. Cohesion recruitment is
then facilitated through interactions of cohesin subunits
with Suv4-20h2 and possibly additional factors. Suv4-20h1
does not interact with cohesin and is therefore unlikely
to contribute to cohesin recruitment (Supplemental Fig.
S18C). Interestingly, cohesin recruitment can be mediated

Suv4-20h2 recruits cohesin to heterochromatin

at least partially through the Suv4-20h2 clamp domain. As
this domain can interact with cohesin and also induce
chromatin compaction, it is not possible to distinguish
which of the two functions is more relevant for cohesin
recruitment to heterochromatin.

The cell cycle analysis revealed that Suv4-20h2 is
essential for cohesin loading in GO phase. During later
stages of the cell cycle, Suv4-20h2-independent pathways
can recruit cohesin to heterochromatin. This would ex-
plain why mitosis is not completely blocked and why
comparably mild mitotic phenotypes were detected in
Suv4-20h-deficient cells. Importantly, our data are consis-
tent with other reports that demonstrate that the fidelity
of mitosis is already compromised when heterochromatin-
associated cohesin levels are only reduced (Eckert et al.
2007). A low level of mitotic defects can therefore ensure
survival of the cells but contributes to genomic instability.

Dysregulation of pericentric heterochromatin has been
suggested to play important roles in cancer development
and progression (Hahn et al. 2010; Zhu et al. 2011).
Cancer cells are frequently characterized by genomic
instability and cohesion defects (Thompson et al. 2010),
but the mechanisms are still poorly understood. Previous
analyses have shown that a reduced level of H4K20me3,
which is an indirect measure for the presence of Suv4-20h
enzymes, characterizes different human tumors (Fraga
et al. 2005). In light of our data, we hypothesize that Suv4-
20h2 might be an important cohesin recruitment factor
in human cells. Its dysregulation could lead to reduced
levels of heterochromatin-associated cohesin, which in
turn contributes to the genomic instability that is char-
acteristic of many human tumors and could explain the
negative survival prognosis with tumors that have low
H4K20me3 levels (Van Den Broeck et al. 2008; Schneider
et al. 2011).

Materials and methods

FRAP

FRAP measurements were performed in MEF and ES cell lines
after transient expression of EGFP-tagged proteins. Analysis of
the recovery curves of the intensity integrated over the region of
interest (ROI) was done using FREDIS software (Muller et al.
2009). For Figure 1, the averaged recovery curves were fitted to
a diffusion model or a reaction diffusion model that incorporates
both diffusion and binding processes.

HP1 interaction test

GST fusion proteins of Suv4-20h2, HP1a, HP1B, and HP1y were
expressed in Escherichia coli and purified using glutathione-
S-sepharose beads (Amersham Biosciences). The GST tag was
subsequently removed using PreScission protease. Interaction
tests were performed by incubating 5 pg of GST-Suv4-20h2
fusion protein with 5 ug of either HP1a, HP1B, or HP1vy for 1 h
at room temperature on a rotating wheel.

Chromatin accessibility assay

Nuclei of wild-type, Suv4-20h2 knockout, and Suv4-20h2 dou-
ble-knockout ES cells and wild-type, Suv4-20h double-knockout,
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Figure 7. Model for Suv4-20h2-mediated chromatin compaction. (A) Functional domains in Suv4-20h2. The SET domain is the
catalytic domain that induces H4K20me3. Establishing this modification is important to mediate chromocenter clustering. The clamp
domain is essential to recruit Suv4-20h2 to pericentric heterochromatin. The clamp domain also mediates the Suv4-20h2-cohesin
interaction and thus the recruitment of cohesin to heterochromatin. (B) Model showing the role of the Suv39h-HP1-Suv4-20h pathway
for chromatin compaction and cohesin recruitment to pericentric heterochromatin. Based on our data, we propose that Suv4-20h2 can
mediate interactions between chromatin fibers by binding to H3K9me3-rich and HP1-rich domains. The loss of Suv4-20h enzymes
leads to a compromised heterochromatin organization (reduced chromatin compaction and chromocenter scattering) although
H3K9me3 and HPI are still present at heterochromatic regions. In GO/G1 cells, the interaction with Suv4-20h2 is important for
cohesin recruitment to pericentric heterochromatin. Cohesin is not completely lost from mitotic chromosomes due to alternative,

Suv4-20h-independent loading pathways during S/G2 phase.

DKO+FL, and DKO+M12 fibroblast cell lines were digested with
different amounts of MNase (Sigma) according to Gilbert et al.
(2007). Genomic DNA was purified and separated on a 1% agarose
gel or loaded onto a DNA LabChip (Agilent Technologies).

3D-SIM

Superresolution 3D-SIM of immunofluorescently labeled and
DAPI-stained nuclei was performed as previously described
(Schermelleh et al. 2008) on a DeltaVision OMX V3 system
(Applied Precision) equipped with a 100X /1.40 NA PlanApo oil
immersion objective (Olympus) and Cascade 1I:512 EMCCD
cameras (Photometrics) using 405-nm and 592-nm diode laser.

12 GENES & DEVELOPMENT

Mitotic abnormalities

To quantify the number of abnormal mitotic figures in MEF
cells, mitotic cells were collected by shake-off, spun onto a glass-
bottomed 96-black well plate (Greiner Bio-One) for 5 min at
400g, fixed in 4% formaldehyde, and stained with VectaShield
containing DAPL

Coimmunoprecipitation

Nuclei of wild-type and Suv4-20h2"A-F138 ES cells were sequen-
tially extracted with low-salt (fraction I) and high-salt (fraction II)
immunoprecipitation buffer and incubated with 5 pg of either
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Flag M2 antibody (Sigma) or Smc1 antibody (Bethyl Laboratories)
coupled to ProteinA/G magnetic beads (Dynabeads, Invitrogen)
overnight at 4°C on a rotating wheel. Bound proteins were
separated on SDS-polyacrylamide gels and analyzed by Western
blotting.

ChIP

ChIP experiments were performed as in Samoshkin et al. (2012)
using the following antibodies: anti-H3K9me3 (Abcam, #ab8898),
anti-H4K20me3 (Active Motif, #39180.3918; or Millipore,
#07-463), anti-Rad21 (Abcam, #ab992), and anti-Smc3 (Abcam,
#ab9263).

Automatic 3D quantification of FISH foci

Major satellite FISH experiments were performed according to
Markaki et al. (2013). To determine quantitative information of
FISH major satellite repeats from the acquired two-channel 3D
confocal microscopy images, we developed a fully automatic 3D
image analysis approach consisting of 3D cell nuclei segmenta-
tion and 3D foci segmentation.
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SUPPLEMENTAL DATA

Figure S1. FRAP analysis of heterochromatin core proteins.

(A) Heterochromatin is marked by two prominent histone modifications, H3K9me3 and H4K20me3.
Suv39h enzymes are recruited by currently unknown mechanisms to pericentric heterochromatin and
induce H3K9me3. This modification is then bound by HPI proteins. Suv4-20h proteins bind to
heterochromatin in an HP1-dependent manner and induce H4K20me3. (B) FRAP analysis in wild type
fibroblast cells expressing HP1a-EGFP or Suv4-20h2-EGFP. Red circle marks the bleached region

which corresponds to pericentric heterochromatin.

Figure S2. Mobility of Suv4-20h2 at endogenous expression level

(A) Suv4-20h2 knock-in strategy to express C-terminally tagged Suv4-20h2-EGFP from the
endogenous locus. The region of the targeting construct is shown as bold line. After homologous
recombination, exon 8 contains an insertion of the EGFP open reading frame just before the regular
STOP codon, followed by a neomycin resistance cassette. (B) Western blot of Suv4-20h2"*" and wild
type ES cells using an antibody specifically recognizing Suv4-20h2 (Dambacher et al. 2012). (C)
Confocal microscopy section of Suv4-20h2""" knock-in cells. The EGFP-tagged Suv4-20h2 is clearly
enriched at pericentric heterochromatin, together with H4K20me3. (D) Quantification of the transiently
bound pool Suv4-20h2 and HP1 isoforms via FCS in terms of the apparent diffusion coefficient.
(E) Immobile fraction of Suv4-20h2 and HP1[ as measured by continuous photobleaching. (F) Western
blot of wild type fibroblast cells which were transiently transfected with EGFP-tagged Suv4-20h2
truncations. Due to variations in transfection efficiency the expression levels of the different

truncations cannot be directly compared. The minus sign (-) denotes an empty lane.



Figure S3. In vivo HP1 interaction test.

BHK cells containing a /ac operator repeat array were co-transfected with expression vectors for lacR-
GBP, Suv4-20h2-EGFP and HP1 isoforms as mCherry fusions. The lacR-GBP fusion protein binds to
the lac operator array and recruits Suv4-20h2-EGFP. All HP1 isoforms interact with Suv4-20h2 in vivo
and show co-localization at the lac operator arrays. Histograms display the percentage of cells where

HP1 proteins co-localize with EGFP and Suv4-20h2-EGFP, respectively.

Figure S4. HP1o. knock-out cells display normal heterochromatin marks.

(A) Wild type and HP1a KO MEFs were stained for HP1o,, H3K9me3 and H4K20me3. HP1a is not
detectable in the HP1ow KO cells. H3K9me3 and H4K20me3 are enriched at heterochromatin in both
wild type and mutant cells (scale bars, Sum). (B) Localization of Suv4-20h2 truncation proteins in
HPlao KO cells. Confocal sections of HPlaw KO fibroblasts expressing EGFP-tagged Suv4-20h2

truncations are shown (scale bars, Sum).

Figure S5. Suv4-20h2 mediates chromatin compaction.

(A) MNase accessibility assay using fibroblast cell lines. Nuclei from wild type, Suv4-20h2 DKO and
rescue cells expressing full length Suv4-20h2 (DKO+FL) or Suv4-20h2-M12 (DKO+M12) were
isolated and incubated with increasing amounts of MNase. The digested DNA was purified, separated
on agarose gels and stained with ethidium bromide (upper panel). Heterochromatic regions were
visualized by Southern blotting using a major satellite-specific probe (lower panel). (B) Overlay of
DNA electropherograms obtained from Bioanalyzer runs of the MNase-digested DNA from wild type,
Suv4-20h2 DKO and rescue cells (left panel). The first and the last sharp peak represent the markers of
the Agilent DNA 12000 kit (FU = fluorescence units). Intensity linescan of major satellite Southern

blots (right panel). Gray values correspond to signal intensities of the southern blot.
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Figure S6. Reduced peripheral heterochromatin and altered arrangement of nuclear pores in
Suv4-20h DKO cells.

(A) 3D-SIM analysis of nuclear structure (DAPI) was performed in wild type, Suv4-20h DKO and wild
type cells over-expressing Suv4-20h2. Inserts are enlargements of the nuclear periphery. (B) Nuclear
periphery of central sections of the 3D-SIM images was automatically segmented to measure DAPI
intensities. Example images for segmented wild type and Suv4-20h DKO nuclei are shown. The area
highlighted in blue was used to measure the DAPI intensity of peripheral heterochromatin. (C) The
relative intensities of peripheral heterochromatin were calculated over several 3D-SIM images as ratio
of peripheral DAPI intensity vs. total nuclear DAPI intensity. The P values of Student’s t-test are
indicated. (D) Automated 3D image analysis of nuclear pores. 3D-SIM images were automatically
segmented based on the DAPI channel to identify the nucleus and the anti-NUP staining to identify
nuclear pores. Image shows an example wild type nucleus as 3D visualization of the segmentation
result. Black spots — nuclear pores on the top surface; gray spots — nuclear pores on the bottom surface.
(E) Quantification of the nuclear pore segmentation. The average nuclear pore density is not
significantly different between wild type and Suv4-20h DKO cells, or cells over-expressing Suv4-20h2
(P values of Student’s t-test). Regions with a low density of nuclear pores (sparse nuclear pore regions:
less than 2 pores in a radius of 0.5um) are less abundant in Suv4-20h DKO cells and are strongly

increased in cells over-expressing Suv4-20h2 (P values of Chi-square with Yates correction).

Figure S7. Large-scale chromatin compaction upon over-expression of Suv4-20h2.
Mouse embryonic fibroblast cells were transfected with constructs expressing EGFP or EGFP-tagged
Suv4-20h2 truncations. 3D-SIM analysis of nuclear structure (DAPI) was then performed in EGFP-

positive cells. Over-expression of Suv4-20h2 full length and C-terminus (aa 280-468) lead to large-



scale chromatin compaction (increased chromatin density of peripheral heterochromatin and around
nucleoli). Neither the N-Terminus (aal-280) of Suv4-20h2 nor the clamp domain (M12) lead to

obvious alterations in nuclear structure.

Figure S8. 3D image segmentation of major satellite FISH experiments.

Example results of 3D nuclei segmentation (green) and 3D foci segmentation (red) for nuclei of three
different cell types: wild type cells (first row), Suv4-20h DKO cells (second row), and Suv4-20h DKO
cells which re-express Suv4-20h2 (third row). The first and second column show contours of the 3D
segmentation results overlaid with the original images (maximum intensity projections, MIPs) of the
FISH and DAPI channel, respectively. The third column shows 3D visualizations of the segmentation

results.

Figure S9. Statistical tests for 3D image segmentation results.

Results of statistical relevance tests performed on the quantified number n of foci per nucleus: (A)
Shapiro-Wilk test testing the null hypothesis that n is normally distributed for wild type cells, Suv4-20h
DKO cells and rescue cells (DKO+FL). For DKO+M12 the null hypothesis is rejected. Therefore a
two-sample Wilcoxon Rank Sum Test was performed showing no significant differences between DKO
and DKO+M12. (B) F-test for homogeneity of variances of n (null hypothesis) between different cell
types, (C) Welch-test for homogeneity of means of n (null hypothesis) between different cell types,
indicating that the difference in FISH foci numbers is significantly different between wild type and

Suv4-20h DKO cells.



Figure S10. The functional SET domain and the clamp domain of Suv4-20h2 are important to
mediate chromocenter clustering.

Quantification of FISH analyses of major satellite repeats in GO phase Suv4-20h DKO and Suv4-20h2
rescue cells expressing Suv4-20h2 with deletion of the clamp domain (DKO+AM12) or Suv4-20h2
containing mutations that render the SET domain inactive (DKO+SET*). Chromocenter foci were
counted and measured using an image segmentation analysis of confocal 3D stacks. Boxplots showing
the numbers of chromocenters in Suv4-20h DKO (n=28), DKO+AM12 (n=25) and DKO+SET* (n=25)
nuclei. The mean number of foci per nucleus is not significantly different between the three cell lines

(statistical tests which correspond to the analysis in Figure S9 are shown in the right panel).

Figure S11. Mitotic stages in wild type and Suv4-20h DKO MEFs.
Progression through mitosis is normal in Suv4-20h DKO cells. Different mitotic stages were counted
for wild type (n=285) and Suv4-20h DKO (n=335) MEFs (P-prophase, PM/M-

prometaphase/metaphase, A-anaphase, T-telophase).

Figure S12. Suv4-20h2 GST pulldown and knock-in strategy.

(A) GST pulldown experiments were performed as described in materials and methods. Proteins which
bound to the GST beads were eluted and loaded on a protein gel followed by silver staining.
Recombinant GST, Suv4-20h2-MS5 and Suv4-20h2-M7 proteins are marked with an arrow head,
degradation products of the recombinant proteins are marked with asterisks. (B) PCR analysis for
major satellite repeats with DNA isolated from sonicated extracts that were used for GST pulldown
experiments and DNA isolated from benzonase-treated extracts. Undigested genomic DNA was used as
control (gDNA). (C) Knock-in strategy for the Suv4-20h2 locus. The region of the targeting construct

which was used for homologous recombination in wild type ES cells is shown as thick line. The knock-



in allele contains the coding sequence for a HA-3XxFLAG tag immediately after the last codon of Suv4-
20h2. A FRT-flanked neomycin selection cassette was used for positive selection of the knock-in
clones. (D) The clamp domain in Suv4-20h2 is important for cohesin interaction. Nuclear extract was
prepared from wild type fibroblast cell lines expressing EGFP, Suv4-20h2-EGFP or Suv4-20h2-AM12-
EGFP. Suv4-20h2 was precipitated from these extracts using EGFP affinity beads. Bound proteins

were visualized by western blotting using Suv4-20h2 and Smc1 antibodies.

Figure S13. Cohesin ChIP in wild type, Suv4-20h2 KO and Suv4-20h DKO cells.

ChIP analysis for histone modifications (H3K9me3, H4K20me3) and cohesin subunits (Rad21, Smc3)
in wild type (E19-8, W9), Suv4-20h2 KO (E29-7, E27-5) and Suv4-20h DKO (E94-4, E35-3) cell lines.
Major satellite repeats represent pericentric heterochromatin. Control regions where cohesin is enriched
independently from H3K9me3-H4K20me3 (pos controls: Chr.6, Chr.7, Chr.10) and where cohesin is
not present (neg. controls: Chr.5, Chr. 6-1, Chr.10-1) are shown. Merge of two experiments with three

technical replicates, each. Error bars represent standard deviation.

Figure S14. Cohesin ChIP in wild type and Suv39h DKO cells.

ChIP analysis for histone modifications (H3K9me3, H4K20me3) and the cohesin subunit Smc3 in wild
type (W9) and two independent Suv39h DKO cell lines. Major satellite repeats represent pericentric
heterochromatin. Control regions where cohesin is enriched independently from H3K9me3-H4K20me3
(pos controls: Chr.6, Chr.7, Chr.10) and where cohesin is not present (neg. controls: Chr.5, Chr. 6-1,
Chr.10-1) are shown. Merge of three technical replicates (two independent experiments for E124-1).

Error bars represent standard deviation.



Figure S15. Cohesin ChIP in wild type and Suv4-20h rescue cells.

ChIP analysis for histone modifications (H3K9me3, H4K20me3) and cohesin (Smc3) were performed
in wild type cells and Suv4-20h DKO cells which express full length Suv4-20h2-EGFP (DKO+FL) or
Suv4-20h2-M12 (DKO+M12). The control region Chr.6 displays detectable levels of H4K20me3 upon
re-expression of Suv4-20h2 in DKO cells, which is probably an over-expression effect. Merge of two

experiments with three technical replicates, each. Error bars represent standard deviation.

Figure S16. FACS analyses of cell cycle synchronized fibroblasts.
FACS analysis of cells in GO, S and M phase. Cells were isolated as described and stained with

propidium iodide prior to FACS analysis.

Figure S17. Cohesin ChIP in wild type and Suv4-20h rescue cells in different cell cycle stages.
ChIP analysis for histone modifications (H3K9me3, H4K20me3) and the cohesin subunit Smc3 were
performed in wild type, Suv4-20h DKO and rescue cell lines expressing full length Suv4-20h2

(DKO+FL) or the Suv4-20h2 clamp domain (DKO+M12).

Figure S18. Suv4-20h1 does not interact with cohesin.

(A) Suv4-20hl is a heterochromatin-associated protein. EGFP-tagged full length (CO) and different
truncations of Suv4-20h1 were expressed in wild type fibroblast cells. Fragment C4 is the smallest
truncation which is still able to localize to heterochromatin. This truncation contains one classical
PxVxL HP1 interaction motif. (B) Knock-in strategy for the Suv4-20hl locus. The region of the
targeting construct which was used for homologous recombination in wild type ES cells is shown as
thick line. The knock-in allele contains the coding sequence for a HA-3XxFLAG tag immediately after

the last codon of Suv4-20hl. A FRT-flanked neomycin selection cassette was used for positive



selection of the knock-in clones. (C) Suv4-20h1 does not interact with cohesin. Nuclear extracts were
prepared from wild type (wt) and Suv4-20h1"*AS knock-in ES cells (KI). Suv4-20hl was
precipitated from these extracts using a FLAG antibody. Bound proteins were visualized by western

blotting using FLAG and Smc1 antibodies.

Figure S19. Cohesin is not important to mediate chromocenter clustering.

(A) Inducible deletion of Sccl/Rad21. Scel”; Cre-ERT2 and Sccl™; Cre-ERT2 (cko) cells (Seitan et
al. 2011). Fibroblasts were arrested in GO by serum deprivation. Addition of 4-OHT activates the Cre
recombinase which leads to conversion of the Sccl flox to a Scc/ mutant allele. Three weeks after
addition of 4-OHT total cell extracts were prepared and analyzed for Sccl protein levels compared to
tubulin loading control. In 4-OHT-induced Scc! cko cells Sccl protein is not detectable. The reduced
signal intensity in lane 2 (induced Scc/ 7+ cells) is due to reduced loading. (B) Quantification of FISH
analyses of major satellite repeats in GO phase non-induced (control) vs. 4-OHT induced Sccl cko
cells. Chromocenter foci were counted and measured using an image segmentation analysis of confocal
3D stacks. Boxplots showing the numbers of chromocenters in Sccl control (n=25) and Sccl cko
(n=28) nuclei. The mean number of foci per nucleus is not significantly different between the two cell

lines (statistical tests which correspond to the analysis in Figure S9 are shown in the right panel).



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Cloning of Suv4-20h2-AM12:

Internal deletion mutants of the Suv4-20h2 cDNA were created by inverse PCR on the Suv4-20h2 wild
type plasmid pDONR207-Suv4-20h2 using a reverse primer upstream and a forward primer
downstream of the M12 region. Primer overhangs were designed to create 15 bp complementary ends

on both sides of the PCR product to allow seamless recircularization using the Infusion HD cloning kit

(Clontech).

Cell culture

MEF and ES cells were cultivated in High Glucose DMEM with L-Glutamine complemented with
sodium pyruvate, fetal calf serum, beta-mercaptoethanol, non-essential amino acids (PAA) and
penicillin/streptomycin (PAA) in a 37°C incubator at 5% CO,. For ES cell culture medium was
supplemented with leukemia inhibitory factor (LIF). Cells were transfected using Lipofectamine 2000
(Invitrogen) or TransIT-LT1 (Mirus). ES cells were seeded on matrigel (BD Biosciences) coated slides

24h before FRAP analysis.

FRAP

FRAP measurements were conducted in MEF and ES cell lines after transient expression of EGFP-
tagged proteins using a Leica TCS SP5 confocal laser scanning microscope (CLSM) equipped with a
HCX PL APO lambda blue 63x/1.4 NA oil immersion objective or an UltraVIEW VoX spinning disk
microscope system (PerkinElmer). The region of interest (ROI) with an effective diameter of 1.9 um
was subjected to high intensity laser pulses to irreversibly bleach EGFP. Post-bleach images were

collected at different time intervals with the laser intensity attenuated to the same level as in the pre-



bleach images. Analysis of the recovery curves of the intensity integrated over the ROI was done using
FREDIS software (Muller et al. 2009). For Figure 1 the averaged recovery curves have been fitted to a

diffusion model or a reaction-diffusion model that incorporates both diffusion and binding processes.

Fluorescence Correlation Spectroscopy

For FCS experiments a Zeiss LSM 710 ConfoCor3 was used. Before measurements, the system was
calibrated with Alexa Fluor 488 C maleimide (Invitrogen) and from these measurements the effective
focal volume was determined. Similar laser intensities were used for all experiments with an
acquisition time of 60 s. For each FCS measurement a continuous photobleaching (CP) fit was applied
to determine the immobile fraction as described previously (Wachsmuth et al. 2003; Muller et al.
2009). FCS data were analyzed as previously described (Erdel et al. 2010) with minor alterations. Since
bleaching occurred during the measurements, especially in heterochromatin regions, only intensity
fluctuations that were monitored 10 s after starting the acquisition were used for fittings. Then a
moving average trend correction was applied and an autocorrelation function was fitted for anomalous
diffusion. Over 15 individual cells per genotype were measured and averaged to derive the mobility

data from the FCS based experiments. FCS data for HP1 were taken from (Muller et al. 2009).

HP1 interaction test

GST fusion proteins of Suv4-20h2, HP1o, HP13 and HP1y were expressed in E. coli and purified using
Glutathione-S-Sepharose beads (Amersham Biosciences). GST-tags of HP1a, HP1P and HP1y were
removed by PreScission (GE Healthcare) cleavage. Interaction tests were performed by incubating Sug
GST-Suv4-20h2 fusion protein with 5ug of either HP 1o, HP1 and HP1y in IP buffer [50 mM Tris pH
7.5, 150 mM NaCl, 1 mM EDTA, 0.1% NP40, 20% glycerol and proteinase inhibitor cocktail (Roche)]

for 1h at room temperature on a rotating wheel. Then 60ul Glutathione-S- Sepharose beads were added
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and incubated for 1h at 4°C on a rotating wheel. The beads were washed 3x with IP buffer containing
300 mM NaCl and eluted with 50 pl SDS sample buffer. Proteins were separated on SDS-
polyacrylamidgels and detected by immunoblotting using isoform-specific HP1 antibodies

(Euromedex).

Chromatin accessibility assay

Cytoplasm of wild type, Suv4-20h2 KO and Suv4-20h2 DKO ES cells and wild type, Suv4-20h DKO,
DKO+FL and DKO+M]12 fibroblast cell lines was removed by spinning through a Ficoll gradient.
Isolated nuclei were resuspended in Ex100 buffer [10 mM HEPES pH 7.6, 100 mM KCI, 1.5 mM
MgCl, 0.5 mM EGTA, 10% Glycerol, proteinase inhibitor cocktail (Roche)] and digested with
different amounts of MNase (Sigma) in the presence of 3mM CaCl,. Digest was stopped after 9 min by
addition of 1/10 volume MNase stop buffer [0.5 M EDTA, 10% SDS]. Genomic DNA was purified and
then separated on a 1% agarose gel, followed by blotting onto a Nylon membrane [Roti-Nylon plus,
Roth] via capillary transfer. Hybridization with a **P-labeled major satellite probe was performed using
standard conditions. MNase digestion patterns were further analyzed using the Agilent 2100
bioanalyzer (Agilent Technologies). 100ng of each sample were loaded onto a DNA LabChip using the
Agilent DNA 12000 kit and analysis was performed using the 2100 expert software (Agilent
Technologies). Southern blot quantification was performed using the line selection and plot profile

function of ImageJ.

Lac-recruitment assay
EGFP-tagged proteins were recruited via a lac I repressor-GFP binding domain fusion protein to
telomeres and promyelocytic leukemia nuclear bodies in a telomerase-negative U20S cell carrying

three integrations of lacO arrays as described (Jegou et al. 2009). 24 h after transfection, cells were
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fixed and mounted with Prolong (Invitrogen). Images were taken with a Leica SP5 microscope and
pictures were analyzed with ImageJ. Signal intensity of mCherry was measured at lacO arrays and
regions adjacent to the lacO arrays. Positive recruitment was defined as the signal increase at the lacO

array by >1.5 fold as compared to adjacent regions.

3D-structured illumination microscopy

Fibroblasts were seeded on No. 1.5H precision coverslips (thickness 0.170+£0.005 mm; Marienfeld
Superior), fixed with 4% formaldehyde, permeabilized with 0.5% Triton X-100, stained with 2 pg/ml
4’ 6-diamidino-2-phenylindole (DAPI) and embedded in Vectashield mounting medium (Vector Labs).
Nuclear pore complexes (NPCs) were immunostained with monoclonal anti-Nup153 antibodies (QES,
Abcam) and Alexa Fluor 594 conjugated secondary antibodies (Invitrogen). Super-resolution 3D-
structured illumination microscopy (3D-SIM) was performed as previously described (Schermelleh et
al. 2008) on a Delta Vision OMX V3 system (Applied Precision) equipped with a 100x /1.40 NA
PlanApo oil immersion objective (Olympus) and Cascade 11:512 EMCCD cameras (Photometrics),
using 405 nm and 592 nm diode lasers. In brief, a fine-striped interference pattern of illumination was
generated by coherent laser light directed through a movable optical grating. Raw image stacks with 15
images per plane (5 phase shifts, 3 angles) and a z-distance of 125 nm were acquired and
computationally reconstructed (SoftWoRX, Applied Precision) to obtain a super-resolution image
dataset with a two-fold resolution improvement in x, y and z direction (eight-fold volumetric resolution
improvement) compared to conventional diffraction-limited optical sectioning microscopy (Gustafsson
et al. 2008). Images from the different color channels were registered with alignment parameter

obtained from calibration measurements with 0.2 pm diameter TetraSpeck beads (Invitrogen).
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Mitotic abnormalities

To quantify the number of abnormal mitotic figures in MEF cells, mitotic cells were collected by
shake-off, spun onto glass-bottomed 96-black well plate (Greiner Bio-One) for Smin at 400g, fixed in
4% formaldehyde and stained with Vectashield containing DAPI.

To quantify mitotic stages MEF cells were grown for 48h cells on cover slips and fixed with 4%
formaldehyde. After mounting with Vectashield containing DAPI cells were classified according to
DAPI stain and mitotic spindle morphology into different stages: P-prophase; PM/M-

prometaphase/metaphase; A-anaphase; T-telophase.

Immunofluorescence analysis

Immunofluorescence analyses were performed as described (Dambacher et al. 2012) using the
following antibodies: CENP-A (C51A7, Cell Signaling Technology), AuroraB (Abcam ab2254),
H4K20me3 (Schotta et al. 2008), Sgol (Whelan et al. 2012), Nup-153 (QES5, Abcam) and secondary
antibodies conjugated to Cy5 (Dianova).

For chromosome spreads, untreated or nocodazole arrested (final concentration 200 nM, 4 h) mitotic
cells were collected by shake-off, swollen for 10 min at room temperature in 75 mM KCI and spun
onto microscope slides using a Cytospin centrifuge (Fischer). Cells were extracted for 5 min at room
temperature with KCM-buffer [120 mM KCI, 20 mM MgCI2, 10 mM, Tris pH 8.0, 0.5 mM EDTA,
0.1% Triton X-100] and fixed in 2% formaldehyde. Slides were blocked for 30 min in KCM/0.1%
Tween-20/2.5% BSA, and sequentially incubated with primary and secondary antibodies. After
washing with KCM/0.1% Tween-20 chromosomes were mounted with Vectashield containing DAPI.
A Leica TCS SP5 confocal laser scanning microscope with a HCX PL APO CS 63x/1.3 NA glycerol
immersion objective and a Zeiss LSM510 confocal microscope were used to obtain the images.

Sequential excitation at 405 nm, 488 nm, 543 nm and 633 nm was provided by diode, argon and
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helium-neon gas lasers, respectively. Emission detection ranges of the PMTs were adjusted to

minimize crosstalk between the channels. Images were further analyzed using ImageJ software.

HP1 knock-out cell line

The W205C07 gene trap ESC line carrying a null mutation in the first intron of the HPla gene was
isolated from a large scale genetrap screen (Hansen et al. 2003) carried out in 129S2/SvPAS ES cells
with the retroviral gene trap vector Rosabgeo. The W205C07 ESCs were converted into mice by
standard procedures using C57BL6J host blastocysts. The 129/C57BL6J F1 offspring were back-
crossed on C57BL6J for over 10 generations. The HP1ow homozygous mutants are viable and show no
obvious phenotype (PD and HvM, unpublished). Mouse Embryonic Fibroblasts (MEFs) were derived

by standard procedures from E13.5 embryos and immortalized using the 3T3 protocol.

GST pull-down assays

GST fusions of Suv4-20h2 truncations were expressed from pGEX6P1 vector in E. coli and purified
using Glutathione-S-Sepharose beads (Amersham Biosciences). Nuclei of wild type ES cells were
isolated by spinning through a Ficoll gradient. For the Benzonase treatment cells were resuspended in
low salt IP buffer [S0 mM Tris pH 7.5, 150 mM KCI, 1 mM EDTA, 20% glycerol, 0.1% NP40] and
digested with Benzonase (Merck Chemicals) for 15 min at 30°C, then adjusted to 500 mM KClI,
incubated on ice for 30 min followed by 3x 10 sec sonication at an amplitude of 30 in a Branson
sonifier. For the salt extract, proteins were extracted with high salt IP buffer [SO0 mM Tris pH 7.5, 500
mM KCl, 1 mM EDTA, 20% glycerol, 0.1% NP40, proteinase inhibitor cocktail (Roche)] incubated on
ice for 30 min, followed by 3x 10 sec sonication at an amplitude of 30 in a Branson sonifier. Both
nuclear extracts were diluted to a final concentration of 250 mM KCIl with no salt IP buffer;

precipitated or non-soluble proteins were then removed by centrifugation. Sug of either GST or the
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different GST-Suv4-20h2 fusion proteins were incubated with the Benzonase treated nuclear extract or
salt extract supplemented with 50ug/ml EtBr over night at 4°C on a rotation wheel. Precipitates were
again removed by centrifugation before 60ul Glutathione-S-Sepharose beads were added and incubated
for another hour at 4°C. Beads were washed with IP buffer containing 300 mM KCI; subsequently, the
bound proteins were eluted with 50ul SDS sample buffer. Proteins were separated on a SDS-

polyacrylamid gel, visualized by silver staining and identified by mass-spectrometry analysis.

Co-immunoprecipitation

Nuclei of wild type and Suv4-20n2"*49 ES cells were isolated by spinning through a Ficoll gradient.
The nuclear pellet was resuspended in low salt IP Buffer [SOmM Tris pH 7.5, 150mM KCI, 1mM
EDTA, 20% glycerol, 0.1% NP40, proteinase inhibitor cocktail (Roche)]. Fraction I extract was
isolated after digestion for 15 min at 37°C with Benzonase (Merck) in low salt IP buffer, followed by
mild sonication 1x 10 sec at amplitude 20 in a Branson sonifier. Insoluble proteins were separated by
spinning for 10 min at 13000 rpm at 4°C. The protein pellet was further extracted with high salt IP
Buffer [SOmM Tris pH 7.5, 500mM KCI, ImM EDTA, 20% glycerol, 0.1% NP40, proteinase inhibitor
cocktail (Roche)] on ice for 30 min followed by 3x 10 sec sonication at an amplitude of 30 in a
Branson sonifier. Fraction II extract was then diluted to a final concentration of 250mM NaCl with no
salt I[P Buffer and precipitated or insoluble proteins were removed by centrifugation (30min,
13000rpm, 4°C). The different extracts were incubated with either Sug Flag M2 antibody (Sigma) or
Smcl antibody (Bethyl Labs) coupled to ProteinA/G magnetic beads (Dynabeads Invitrogen) o/n at
4°C on a rotating wheel. The beads were washed 5x in IP buffer containing 300mM KCI and eluted
with SDS sample buffer. Proteins were separated on SDS-polyacrylamidgels and analyzed by western
blotting using antibodies for Flag M2 (Sigma), Smcl (Bethyl labs), Smc3 (Abcam), Suzl2 (Cell

Signalling) and Suv4-20h2 (Dambacher et al. 2012). Immunoprecipitation experiments of EGFP-
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tagged proteins were performed using GFP-Trap A beads (ChromoTek).

Chromatin immunoprecipitation (ChIP)

ChIP experiments were performed according to standard methods. Chromatin was sonicated to an
average size of 300-600 bp. 50 ul Dynabeads Protein A/G beads (Dynabeads, Invitrogen) were pre-
bound with 3-5 pg antibody (anti-H3K9me3 Abcam #ab8898, anti-H4K20me3 Active Motif
#39180.3918 or Millipore #07-463, anti-Rad21 Abcam #ab992, anti-Smc3 Abcam #ab9263) and added
to the chromatin. After 16 h incubation at 4°C on a rotating wheel beads were collected by DynaMag
magnet (or Dynal MPC) for 1 min. Beads were washed with Sonication buffer [SO mM Hepes pH 7.9,
140 mM NaCl, 1| mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS, 0.5 mM PMSF,
Protease inhibitor cocktail (Roche)], wash buffer A [Sonication buffer supplemented with 500mM
NaCl], wash buffer B [20 mM Tris, pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% Na-
deoxycholate, 0.5 mM PMSF, Roche protease inhibitor cocktail] and TE buffer pH 8.0 [10 mM Tris-Cl
pH 8.0, 1 mM EDTA pH 8.0 (supplemented with 50 mM NaCl)]. 200 pl of elution buffer [SO mM Tris
pH 8.0, I mM EDTA, 1% SDS, 50mM NaHCO;] was added to the beads for 20 min at 65°C in two

rounds. Eluates were purified after crosslink reversal using the GenElute PCR Clean-Up Kit (Sigma).

Cell cycle arrest

MEF cells were plated onto 150 mm plates at 40-50% confluency and treated with 2 mM thymidine.
After 18 h cells were washed 3x with medium, and after 8 h the second thymidine block was applied.
Cells were released after 17 h by 3 washes with medium and harvested 3 h after the release. For mitotic
arrest MEF cells were first treated with thymidine (2 mM) for 20h. Then cells were washed 3x with

medium, and after 3 h nocodazole was added to 100 ng/ml. Cells were harvested 11 h after the
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thymidine release by mitotic shake-off. Cells were arrested in GO by 48 h serum starvation. The
Sccl/Rad21 conditional knock-out cell line (Sccl'™'™; Cre-ERT2) was arrested in GO by serum
starvation and after 72 h treated with ethanol (Sccl control) or induced with 250 nM final concentration

of 4-OHT (solubilized in ethanol) for 21 days (Sccl cko). The medium was exchanged every 3 days.

FACS

Cells were stained with propidium iodide (PI) to analyze the cell cycle phase by DNA amount.
Trypsinized MEF cells were fixed with 70% methanol for 30 min on ice and PBS washed. PI staining
was performed at 37°C for 30 min in a buffer containing 10 mM Tris pH 7.5, 5 mM MgCl, and 200 pug

RNAse A.

Suv4-20h1 and Suv4-20h2 knock-in cell lines

The Suv4-20h1"*4S and  Suv4-20n274FAC targeting constructs were obtained using the
recombineering cloning technique described previously. The Notl-linearized targeting vector was
electroporated into feeder-independent wild type ES cells. Cells were selected in 180 pg/ml G418
(PAA) and 2 uM Ganciclovir (Invivogen). Single colonies were picked and screened by nested PCR to
obtain the final ES cell clones. The same strategy was used for generating Suv4-20h2"“"" knock-in ES
cells, except that the targeting construct contained the EGFP open reading frame fused to the last codon

of Suv4-20h2. Primers used for cloning and PCR screening are listed in Table S1.

Automatic 3D Quantification of FISH Foci
To determine quantitative information of FISH major satellite repeats from the acquired two-channel
3D confocal microscopy images, we developed a fully automatic 3D image analysis approach

consisting of 3D cell nuclei segmentation and 3D foci segmentation. First, 3D cell nuclei segmentation
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is performed by Otsu thresholding based on the information in the DAPI channel. This enables to
determine relevant parameters (e.g., number and mean volume of FISH foci) for each nucleus
individually. To ensure a valid statistical analysis, cell nuclei at the image border which are only
partially visible are automatically excluded using a threshold on the number of border voxels of the
segmented nucleus volume. Second, after cell nuclei segmentation, 3D foci segmentation is performed
in the FISH channel using global thresholding and morphological opening. As a result, quantitative
information of FISH foci (e.g., volume, 3D position, and 3D shape) is obtained. In addition, the 3D
regions of segmented FISH foci are used to quantify heterochromatin concentrations in the DAPI
channel.

In a subsequent statistical analysis, we further investigated the mean number of foci per nucleus
denoted by n and the quantified foci volumes denoted by v. We subdivided the results into 3 groups
w.r.t. the experimental setup: (1) wild type cells, (2) Suv4-20h DKO cells, (3) re-express Suv4-20h2
cells. To ensure that our findings (Fig. 5c¢) are statistically relevant, we first performed a Shapiro-Wilk
test, which indicated that in all groups n is normally distributed, and an F-Test which revealed that the
variance of n differs significantly for groups (1) vs. (3). Therefore, we used a Welch-test which showed
that the mean values of n for groups (1) vs. (2) and (3) vs. (2) differ significantly, while the mean
values of n of groups (1) vs. (3) do not differ significantly. To investigate the foci volumes, we
computed histograms of v for each group. It can be seen, that group (2) contains significantly more
small foci with a volume < 2500 voxels, while groups (1) and (3) contain more foci with a larger

volume.

Quantification of peripheral heterochromatin and nuclear pores
To determine quantitative information about the nuclear pores from the two-channel 3D SIM images,

we developed an automatic 3D image analysis approach consisting of 3D cell nuclei segmentation and
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3D model-based segmentation of the pores. First, the 3D cell nuclei are segmented in the DAPI channel
by multi-level 3D Otsu thresholding and by using 3D grayscale morphological filters. Second, the 3D
nuclear pores are localized and segmented in the NPC channel using an automatic 3D approach based
on a 3D anisotropic Gaussian parametric intensity model (Worz et al. 2010), which is accurate for
small subcellular structures. As a result, quantitative information about each of the segmented nuclear
pores (e.g., volume, 3D position, and distance to neighboring pores) is obtained with subvoxel
accuracy. By using the results of 3D cell nuclei segmentation, relevant parameters like, e.g., the mean
volume or mean distance to neighboring pores, are determined individually for each cell nucleus.

To quantify the amount of heterochromatin near the nuclear lamina, 2D slices along the z-axis from the
segmented 3D cell nuclei volumes are extracted. For each extracted slice, a region-of-interest is defined
near the nuclear lamina within a 150 nm radius from the contour of the segmented nucleus. Then,

within the region-of-interest the total amount of signal intensity in the DAPI channel is determined.
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Table S1. Mass-spec list of the Suv4-20h2 GST pulldown assays. The number of unique spectra that

were identified for each protein in the mass-spec analysis is indicated (Scaffold analysis).

gene name GST M5 M7 delta
Suv420h2 histone-lysine N-methyltransferase SUV420H2 4 112 62 108
Lmnbl lamin-B1 1 82 75 81
Top2a DNA topoisomerase 2-alpha 0 49 0 49
Cbx5 chromobox protein homolog 5 0 41 0 41
Hnrnpu heterogeneous nuclear ribonucleoprotein U 2 43 4 41
CBX1 chromobox protein homolog 1 0 40 0 40
Plec plectin 0 40 8 40
CBX3 chromobox protein homolog 3 1 40 0 39
Jup junction plakoglobin 4 37 13 33
Mybbpla myb-binding protein 1A 0 30 0 30
Ahnak AHNAK nucleoprotein 4 34 13 30
Krt31 keratin, type I cuticular Hal 0 29 0 29
Ddx21 nucleolar RNA helicase 2 0 28 0 28
Nop58 nucleolar protein 58 0 23 0 23
Necl nucleolin 1 24 1 23
Nop56 nucleolar protein 56 0 23 12 23
5430421N21 | type II hair keratin 1 20 2 19
Eef2 elongation factor 2 0 19 8 19
Hnrnpa3 heterogeneous nuclear ribonucleoprotein A3 4 23 12 19
Ddx5 probable ATP-dependent RNA helicase DDX5 4 22 1 18
Cltc clathrin heavy chain 1 0 18 3 18
Vel vinculin 0 18 4 18
Acly ATP-citrate synthase 0 18 5 18
Nup93 nuclear pore complex protein Nup93 0 16 0 16
Fasn fatty acid synthase 0 16 3 16
Nolcl nucleolar and coiled-body phosphoprotein 1 0 15 0 15
Hsp90bl endoplasmin 2 17 8 15
Nup107 nuclear pore complex protein Nup107 0 14 0 14
Tpr nuclear pore complex-associated protein Tpr 0 14 0 14
Nedd4 E3 ubiquitin-protein ligase NEDD4 0 14 3 14
Ddx3x ATP-dependent RNA helicase DDX3X 2 15 0 13
Smarca5 SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A | 0 12 0 12
Ranbp2 E3 SUMO-protein ligase RanBP2 0 12 3 12
Vep transitional endoplasmic reticulum ATPase 2 14 6 12
Spna2 spectrin alpha chain, brain 0 12 6 12
Vdac2 voltage-dependent anion-selective channel protein 2 3 14 1 11
Myh9 myosin-9 0 11 3 11
Atrx transcriptional regulator ATRX 0 10 0 10
Ddost dolichyl-diphosphooligosaccharide--protein glycosyltransferase 48 kDa subunit 0 10 0 10
Lasll protein LAS1 homolog 0 10 0 10
Nup85 nuclear pore complex protein Nup85 0 10 0 10
Nup98 nucleoporin 98 0 10 0 10
Snrnp200 US small nuclear ribonucleoprotein 200 kDa helicase 0 10 0 10
Ephx1 epoxide hydrolase 1 4 14 1 10
Vars valyl-tRNA synthetase 0 10 2 10
Collal collagen alpha-1(I) chain 2 12 4 10
Actnl alpha-actinin-1 2 12 6 10
Hnrnpul2 heterogeneous nuclear ribonucleoprotein U-like protein 2 0 9 1 9
Trim28 transcription intermediary factor 1-beta 0 9 1 9
Eeflb2 elongation factor 1-beta 3 12 3 9
Spnb2 spectrin beta chain, brain 1 0 9 4 9
Krt77 keratin, type II cytoskeletal 1b 4 13 6 9
Nat10 N-acetyltransferase 10 0 8 0 8
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Orcl origin recognition complex subunit 1 0 8 0 8
Pwp2 periodic tryptophan protein 2 homolog 0 8 0 8
Eprs bifunctional aminoacyl-tRNA synthetase 0 8 1 8
Nup205 nucleoporin 205 0 8 1 8
Canx calnexin 2 10 5 8
Krt78 keratin Kb40 4 12 6 8
Histlh3e histone H3.2 1 9 9 8
Rifl telomere-associated protein RIF1 1 8 0 7
Mcm3 DNA replication licensing factor MCM3 0 7 0 7
Tcofl treacle protein 0 7 0 7
Vdacl voltage-dependent anion-selective channel protein 1 3 10 1 7
Eif3c eukaryotic translation initiation factor 3 subunit C 0 7 1 7
Smcla structural maintenance of chromosomes protein 1A 0 7 1 7
Rpl5 60S ribosomal protein LS 2 8 0 6
Mki67 antigen KI1-67 0 6 0 6
Ptbpl polypyrimidine tract-binding protein 1 0 6 0 6
Ruvbll ruvB-like 1 0 6 0 6
Sf3bl splicing factor 3B subunit 1 0 6 0 6
Tmpo lamina-associated polypeptide 2 0 6 0 6
Uqerel cytochrome b-c1 complex subunit 1, mitochondrial 0 6 0 6
Alb serum albumin 2 8 2 6
Ndufs1 NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial 0 6 2 6
Top2b DNA topoisomerase 2-beta 2 8 3 6
Rrbpl ribosome-binding protein 1 0 6 3 6
Sndl staphylococcal nuclease domain-containing protein 1 0 6 3 6
Stt3a dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3A 0 6 3 6
Aldh18al delta-1-pyrroline-5-carboxylate synthase 0 6 4 6
LOC100047 0 6 4 6
Krt75 keratin, type II cytoskeletal 75 1 7 5 6
Insrr insulin receptor-related protein 2 8 7 6
Krtl3 keratin, type I cytoskeletal 13 0 6 7 6
Hnrnpl heterogeneous nuclear ribonucleoprotein L 2 7 0 5
Ddx17 probable ATP-dependent RNA helicase DDX17 0 5 0 5
Mcm5 DNA replication licensing factor MCMS5 0 5 0 5
Numal nuclear mitotic apparatus protein 1 0 5 0 5
Otc ornithine carbamoyltransferase, mitochondrial 0 5 0 5
Pdcedl1 protein RRP5 homolog 0 5 0 5
Sf3al splicing factor 3A subunit 1 0 5 0 5
St3b2 splicing factor 3b, subunit 2 0 5 0 5
Wdr3 WD repeat-containing protein 3 0 5 0 5
Ddx3y ATP-dependent RNA helicase DDX3Y 2 7 1 5
Lyzl lysozyme C-1 3 8 2 5
Stn 14-3-3 protein sigma 0 5 2 5
Dnmt3b DNA (cytosine-5)-methyltransferase 3B 0 5 3 5
Hnrnpa2bl heterogeneous nuclear ribonucleoproteins A2/B1 4 9 6 5
Fam161b protein FAM161B 1 5 0 4
261010IN10 | U2 snRNP-associated SURP motif-containing protein 0 4 0 4
Acinl apoptotic chromatin condensation inducer in the nucleus 0 4 0 4
Ddx18 ATP-dependent RNA helicase DDX18 0 4 0 4
Fads2 fatty acid desaturase 2 0 4 0 4
Flnc filamin-C 0 4 0 4
Krt33a keratin, type I cuticular Ha3-1 0 4 0 4
Lama3 laminin subunit alpha-3 0 4 0 4
LOC100046 0 4 0 4
Nnt NAD(P) transhydrogenase, mitochondrial 0 4 0 4
Nvl nuclear valosin-containing protein-like 0 4 0 4
Prpf6 pre-mRNA-processing factor 6 0 4 0 4
Rpl22 60S ribosomal protein L22 0 4 0 4
Rpl23 60S ribosomal protein L23 0 4 0 4
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TInl talin-1 0 4 0 4
Wdr36 WD repeat domain 36 0 4 0 4
D1Pasl putative ATP-dependent RNA helicase P110 4 0 4
Fscnl fascin 2 6 1 4
Hnrnphl heterogeneous nuclear ribonucleoprotein H 2 6 1 4
Hspbl heat shock protein beta-1 0 4 1 4
Actn4 alpha-actinin-4 0 4 2 4
Dst dystonin 0 4 2 4
Gemin5 gem-associated protein 5 0 4 2 4
Hspa4 heat shock 70 kDa protein 4 0 4 2 4
0df21 outer dense fiber protein 2-like 0 4 2 4
Bicdl protein bicaudal D homolog 1 0 4 3 4
Sarnp SAP domain-containing ribonucleoprotein 0 4 3 4
Vps35 vacuolar protein sorting-associated protein 35 4 8 4 4
Gucy2c heat-stable enterotoxin receptor 2 6 4 4
Krt35 keratin, type I cuticular Ha5 2 6 4 4
Plk2 serine/threonine-protein kinase PLK2 2 6 6 4
2410002022 | UPFO0533 protein C5orf44 homolog 1 4 0 3
Fam98c uncharacterized protein LOC73833 1 4 0 3
Rpl28-ps3 1 4 0 3
Shisa9 protein shisa-9 1 4 0 3
Abcc2 canalicular multispecific organic anion transporter 1 0 3 0 3
Alyref THO complex subunit 4 0 3 0 3
Cacna2d4 voltage-dependent calcium channel subunit alpha-2/delta-4 0 3 0 3
Dsgla desmoglein-1-alpha 0 3 0 3
E2f2 transcription factor E2F2 0 3 0 3
Eed polycomb protein EED 0 3 0 3
Eftud2 116 kDa US small nuclear ribonucleoprotein component 0 3 0 3
Fam65b protein FAM65B 0 3 0 3
Grpell grpE protein homolog 1, mitochondrial 0 3 0 3
Hdac2 histone deacetylase 2 0 3 0 3
Kiflb kinesin-like protein KIF1B 0 3 0 3
Lgals3bp galectin-3-binding protein 0 3 0 3
Nupl160 nuclear pore complex protein Nup160 0 3 0 3
P2rx3 P2X purinoceptor 3 0 3 0 3
PcnxI3 pecanex-like protein 3 0 3 0 3
Pml protein PML 0 3 0 3
Smc3 structural maintenance of chromosomes protein 3 0 3 0 3
Smg6 telomerase-binding protein ESTIA 0 3 0 3
Taor tenascin-R 0 3 0 3
Vezt vezatin 0 3 0 3
Vpsl6 vacuolar protein sorting-associated protein 16 homolog 0 3 0 3
Wdr46 WD repeat-containing protein 46 0 3 0 3
Yesl tyrosine-protein kinase Yes 0 3 0 3
AridSa AT-rich interactive domain-containing protein 5SA 0 3 1 3
Ddx58 probable ATP-dependent RNA helicase DDX58 0 3 1 3
Gdf15 growth/differentiation factor 15 0 3 1 3
Hinfp histone H4 transcription factor 0 3 1 3
Sf3b3 splicing factor 3B subunit 3 0 3 1 3
Slc25a13 calcium-binding mitochondrial carrier protein Aralar2 0 3 1 3
Stag?2 cohesin subunit SA-2 0 3 1 3
Tafl transcription initiation factor TFIID subunit 1 0 3 1 3
Lrpprc leucine-rich PPR motif-containing protein, mitochondrial 1 4 2 3
Herc2 E3 ubiquitin-protein ligase HERC2 0 3 2 3
Rere arginine-glutamic acid dipeptide repeats protein 0 3 2 3
Hnrnpab heterogeneous nuclear ribonucleoprotein A/B 4 7 3 3
Frasl extracellular matrix protein FRAS1 2 5 3 3
Hnrnpd heterogeneous nuclear ribonucleoprotein DO 2 5 3 3
Chrnal0O neuronal acetylcholine receptor subunit alpha-10 0 3 3 3
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Dock9

dedicator of cytokinesis protein 9

0 3 3 3
Ercl ELKS/Rab6-interacting/CAST family member 1 0 3 3 3
Hnrnpa0 heterogeneous nuclear ribonucleoprotein A0 0 3 3 3
Pard6g partitioning defective 6 homolog gamma 0 3 3 3
Prpf8 pre-mRNA-processing-splicing factor 8 0 3 3 3
Ube2t ubiquitin-conjugating enzyme E2 T 0 3 3 3
Vashl vasohibin-1 1 4 4 3
Mei4 UPF0623 protein 0 3 4 3
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Table S2. Primer sequences.

cloning primer

Suv39h2 f ggggacaagtttgtacaaaaaagcaggcttaactatggcggeggecagggcee
r ggggaccactttgtacaagaaagetgggtcgttgaggtaacctctgcaa
M12,M13+M14 pGex6P1 direct cloning
Suv4-20h2 pGex6P1: 350f BamHI f GGGATCCgtectccgeactgectgtgt
Suv4-20h2 pGex6P1: 385f BamHI f GGGATCCcgctggaccccacaacag
Suv4-20h2 pGex6P1: 412r EcoRI r GGAATTCctaggctaggegggtaagttc
Suv4-20h2 pGex6P1: 385r EcoRI r GGAATTCctagcgagtctgggggcgeag
M7 f ggggacaagtttgtacaaaaaagcaggcttaaccatgacccgectagecccagec
r ggggaccactttgtacaagaaagcetgggtctggetcaccactattgat
MI12 f ggggacaagtttgtacaaaaaagcaggcttaaccatggtcctccgeactgectgt
r ggggaccactttgtacaagaaagcetgggtcggctaggegggtaagttc
M13 f ggggacaagtttgtacaaaaaagcaggcttaaccatggtccteccgeactgectgt
r ggggaccactttgtacaagaaagcetgggtcgegagtetgggggcgeag
M14 f ggggacaagtttgtacaaaaaagcaggcttaaccatgegctggaccccacaacag
r ggggaccactttgtacaagaaagetgggtcggctaggegggtaagttc
AM12 f attgcctcctccagecctgecagetget
r gctggaggaggcaatgaagectgge
HP1B f ggggacaagtttgtacaaaaaagcaggcttaactatggggaaaaagcaaaac
r ggggaccactttgtacaagaaagcetgggtcattcttgtegtettttttgte
HP1ly f ggggacaagtttgtacaaaaaagcaggcttaaaaatggectccaataaaactac
r ggggaccactttgtacaagaaagcetgggtcttgtgcttcatcttcaggac
HPlo f ggggacaagtttgtacaaaaaagcaggcttaagacatgggaaagaagacc
r ggggaccactttgtacaagaaagcetgggtcgcetettegegcetttetttttc
Suv4-20h1_10 f GGGGACAAGTTTGTACAAAAAAGCAGGCTACaacatggtggtgaatggcaggag
Suv4-20h1_883 r GGGGACCACTTTGTACAAGAAAGCTGGGTCtgcgttcagtcttagagactgatce
Suv4-20h1_392 r GGGGACCACTTTGTACAAGAAAGCTGGGTC cttacttgcattgtctttttcctg
Suv4-20h1_392 f GGGGACAAGTTTGTACAAAAAAGCAGGCTTAaccatgtctaatcgaaaatcttcagttggtgtg
Suv4-20h1_847 r GGGGACCACTTTGTACAAGAAAGCTGGGTCCgtcatcatcgaagtcatcctege
Suv4-20h1_496 r GGGGACCACTTTGTACAAGAAAGCTGGGTCctecctttctttcttaattgge
ChIP primer
Major satellites f GACGACTTGAAAAATGACGAAATC
r CATATTCCAGGTCCTTCAGTGTGC
Chr. 6 f GATGGGAAAGCGTTGTTAGC
chr6:90702961+90703046 r AAGGACAGCTCCTTTTTCAGG
Chr. 7 f AATTTCACTGCGATCCTTGC
chr7:45669448+45669542 r GCCGGAATTATGGCTCTATG
Chr. 10 f TTCTGCTAAAGCCTGGACTTG
chr10:76574384+76574531 r TGCTTGCAAGTGGCTAAGG
Chr. 5 f ATGCTCACGTCCTTGTCCAGAA
chr5:147617294+147617396 r TCTGGCAGCCTTCAACGTTTGT
Chr. 6-1 f TGCAGGTGGGATTAACTGTG
chr6:122673061+122673143 r CTACCCACCCCCTATTCTCC
Chrl10-1 f TGGGTGCCGTATGCCACATTAT
chr10:79154346+79154481 r TTTCTGGCCATCCGCACCTTAT
genotyping primer for Suv4-20h2 knock-in
MGC_tag_1f f CACTCCCACTGTCCTTTCCTAA
MGC_tag_1r r CAAACTCACAGAGAGCCACCTA
MGC_tag 2f f TCGCATTGTCTGAGTAGGTGTC
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