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Figure 5. HP1B-pS89 interacts and recruits KAP1 to heterochromatin. (A) GFP-HP1 proteins immunoprecipitated using a GFP-Trap from HEK293T
cells were separated and visualized by coomassie stained gels. A band showing more in GFP-HP1B wt and GFP-HP1B S89D, but less GFP-HP1B S89A,
was cutted and sequenced by MS. (B) KAP1 is enriched in HP18 S89E phase-separated droplets in vitro. GFP and GFP-tKAP1 purified from HEK293T
cells were incubated with 25 wM of HP1B S89E and histones in a buffer of 20 mM HEPES pH 7.2, 75 mM KCl and 1 mM DTT. 30 nM of HP1B S89E
labeled with a NT-647 dye was added and phase-separated droplets were imaged using a 63x objective on a DeltaVision Personal Microscopy at 63 x,
scale bar: 5 pwm. (C) Schematic illustration of KAP1 domains and their respective pl values. RING: really interesting new gene, BZ: B-box zinc finger, CC:
Coiled-Coil, HP1 BD PxVxL: HPI binding motif, PHD: plant homeodomains and Bromo domains. The N-terminus of CC (CCN) comprises a sequence
(aa 250-280) that shares similarity with mouse histone H2B (aa 93-122). Conserved amino acids are highlighted in blue. (D) The CCN interacts with
HP1B-pS89. To use the fluorescence three hybrid assay (F3H) (Herce et al., 2013; Rothbauer et al., 2008), GFP and GFP-HPI fusion proteins as well
as Ch-CCN were transiently expressed in BHK cells. GFP and GFP-HP1B proteins are anchored at a lac operator (lacO) array inserted in the BHK
genome, thereby leading to a spot of enriched GFP fluorescence within the nucleus. While GFP-HP1B showed accumulation of Ch-CCN at the lacO spot,
no or only weak interactions were detected for GFP and GFP-HP1B-SA, respectively. HP18-pS89 was visualized with an anti-HP1B-pS89 antibody and
nuclei were stained with DAPI, scale bar: 5 um. (E) Images show KAP—/~/HP1BS89E mESCs stably expressing either GFP-KAPI wt or RH/PVL single
or double mutation stained with an anti-HP1B antibody and DAPI, scale bar: 5 pm. (F) Quantification of chromocenter enrichment of GFP-tKAP1 wt
and its mutations. GFP intensities in the chromocenters and euchromatic regions were measured with ImageJ and their ratio was calculated. Center lines
depict the median; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5x the interquartile range from the
25th and 75th percentiles; outliers are represented by circles. Individual chromocenters were analyzed (n = 64, 71, 69, 54 for GFP-tKAP1 wt, RH, PVL
and RH/PVL, respectively). P values of a two-sided Student’s 7-test are indicated.

followed by sanger sequencing showed a 51 or 126 bp dele-
tion within exon 1 of the KAP1 locus (Supplementary Fig-
ure S8A and B). Consistently, we did not detect KAP1
with an antibody against the N-terminus (aa 1-50) but ob-
served faint shorter KAP1 bands with an antibody against
the C-terminus of KAPI1 (Figure 6B). Further analyses us-
ing mass spectrometry indicated that KAP1 protein, lack-
ing the first N-terminal region, was present (Figure 6C).
We only detected N-terminal peptides of KAP1 from wt
ESCs (Figure 6C). In view of the very low level of KAP1
protein in the mutant cells (Figure 6B), they can be used

as KAP1~/~ mESCs. We next performed RNA-seq anal-
ysis of KAPI~/~ mESCs and analyzed the GO term en-
richment of upregulated and downregulated genes to bio-
logical processes (Supplementary Figure S9A and B). We
observed cell differentiation in the GO terms of downregu-
lated genes that is also found in both HP/8~/~ and HP1B
S89A. Among the misregulated genes in K4PI~/~ mESCs
(Supplementary Table S4), in particular naive pluripotency
genes, such as Tfcp2l1, Tcll, Esrrb and Nanog, were down-
regulated, which is consistent with previous studies show-
ing that KAP1 derepresses pluripotency genes (57). In-
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Figure 6. KAPI relies on its ubiquitination activity to regulate pluripotency. (A) Schematic representation shows the CRISPR /Cas9 gene editing strategy
used to generate KAPI~/~ mESCs. gRNA target sequence and restriction enzyme recognition sites for screening are shown. (B) Western blot analysis of
KAPI1 protein levels in wt and K4PI1~/~ mESCs using antibodies against N- (left) and C-terminus (right) of KAP1. The tubulin and H3 blots were used
as loading controls. (C) Mass spectrometry analyses of KAP1 expression in wt and K4 PI~/~ mESCs. (D) Volcano plot from diGly pulldowns in wt (1
= 3 biological replicates) and KAPI~/~ mESCs (n = 2 technical replicates). Dark gray dots: significantly enriched proteins. Blue dots: proteins involved
in heterochromatin regulation. Green dots: proteins involved in pluripotency. Purple dots: proteins involved in both heterochromatin and pluripotency.
Red dots: KAPI. Statistical significance determined by performing a Student’s # test with a permutation-based FDR of 0.05 and an additional constant
S0 = 1. (E) Plot of dysregulated pluripotency genes in the transcriptomes of HPIS~/~ and KAPI~/~ mESCs. Dark gray dots: significantly enriched
proteins. Blue dots: proteins involved in heterochromatin regulation. Green dots: proteins involved in pluripotency. Purple dots: proteins involved in both
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terestingly, KAPI~/~ mESCs show the opposite effect on
gene expression as HPI1B~/~ cells (Figure 6D) and resem-
ble mESCs with phosphomimetic HP1B S89E (Figure 4F).

To investigate the mechanism of KAPI in pluripotency
maintenance, we further identified its ubiquitin targets by
comparing wt and KAPI~/~ cells by performing diGly pull-
downs and mass spectrometry analyses as KAP1 has ubiq-
uitin E3 ligase activity (58). Among the ubiquitin targets
identified, we found the proteins that regulate heterochro-
matin, for example Setdbl, ZFP57, MORC3 and HP1, and
several (naive) transcription factors, such as Sall4 and Esrrb
(Figure 6E). These results suggest that KAP1 ubiquitinates
heterochromatin regulators or transcription factors to reg-
ulate pluripotency.

Sequestration of KAP1 in heterochromatin by HP1p-pS89
promotes pluripotency exit

We used ActivinA/FGF to induce mESCs transition from
naive (0 h) to epiblast state (48 hr.) (59) and analyzed the in-
teractome of HP1 at these two states by ChIP-MS. We ob-
served a stronger interaction of HP18 with KAP1 and also
with other heterochromatin regulators such as SUV39H1,
SUV420H2 and HP1« at the epiblast state (Figure 7A). Co-
immunoprecipitation using HP1B-pS89 antibodies showed
that HP1B-pS89 interacts with KAPI at the metastable
state as compared with the naive state (Supplementary Fig-
ure SI0A). We hypothesized that HP1B-pS89 binds and se-
questers KAPI in the heterochromatin compartment caus-
ing de facto its functional depletion. To test this hypothe-
sis, we knocked GFP into the KAPI locus to create a C-
terminal fusion gene product (Supplementary Figure S10B)
and monitored enrichment of KAP1 at chromocenters dur-
ing pluripotency exit. We observed increasing chromocen-
ter enrichment of KAP1 in wt mESCs during differentiation
to epiblast state (Figure 7B). HP1B S89E showed efficient
sequestration of KAP1 at chromocenters in both naive and
epiblast states in contrast to HP1B S89A (Figure 7B). These
results suggest that the displacement of KAP1 to chromo-
centers is HP1B-pS89 dependent.

To synthetically mimic this sequestration, we expressed
GFP binding nanobodies (GBP) fused with either a methyl-
cytosine binding domain (MBD) to tether KAPI-GFP to
chromocenters (MBD-GBP) (25,45) or Lamin B1 for teth-
ering to the nuclear membrane (56) (Figure 7C). The se-
questration of KAP1-GFP at nuclear envelope and chro-
mocenters was monitored by fluorescence microscopy and
correlated with decreased levels of the pluripotency pro-
tein NANOG (Figure 7D and E). These results support
our hypothesis that KAP1 sequestration at chromocenters
by HP1B-pS89 causes a functional depletion and a down-
regulation of pluripotency genes.

Altogether, our results show that phosphorylation of
HPI1B at S89 generates a specific binding site for KAP1
and thereby captures this essential regulator of pluripotency
(Figure 7F).

DISCUSSION

HP1 proteins bind H3K9me3 and regulate chromatin or-
ganization during cell differentiation. We found that the
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HPIB~/~ mESCs are defective in NPC differentiation. This
result is consistent with a previous finding showing an im-
paired neuronal precursor differentiation in mouse brain
(17). We found that the pluripotency exit depends on a
phosphorylation of HP1B at the serine 89 residue (HP13-
PS89), as we observed similar alterations in HPI/f~/~ and
HP1B S89A cells at the DO of NPC differentiation. How-
ever, only a few genes in HP1B S§9A ESCs show altered ex-
pression at the NPC stage. These results suggest that HP13-
pS89 contributes to the pluripotency exit, but it is not re-
quired for the late stage of NPC differentiation.

With mutation analyses, we identified that the HP1B-
pS89 is catalyzed by CK2 in cells, which is in line with
in vitro phosphorylation assay following mass spectrome-
try analyses (60,61). This phosphorylation generates a spe-
cific binding site for KAP1 that provides a link to pluripo-
tency as KAP1 has been identified as an essential fac-
tor that represses differentiation-inducible and derepresses
pluripotency-associated genes (57,62—65). Consistent with
this observation we found that deletion of KAPI causes a
downregulation of pluripotency genes. We identified ubig-
uitin targets of KAPI, such as MORC3 and HPI1. Their
ubiquitination may release these regulators from the pro-
moter region that facilitates the expression of pluripotency
genes. The key role of HP1B-pS89 phosphorylation in con-
trolling this interaction with KAP1 and the exit from naive
pluripotency becomes apparent from the opposite pheno-
types of mESC lines with specific phosphorylation muta-
tions. While the phospho-mimicking HP13 S§89E promoted
the exit from naive pluripotency, the non-phosphorylatable
mutant HP1B S89A impairs this transition.

We also found that the binding of KAPI requires the
phosphorylation of HPIB at S89 in the IDR-H. In addi-
tion to the known PxVxL HP1 binding motif, which had
been reported to be essential for early development (66)
we identified the N-terminal part of the coiled-coil domain
(CCN) of KAP1 as a second binding domain that discrimi-
nates the phosphorylation state of HP1B3. Furthermore, we
found that the binding of KAP1 to phosphorylated HP1B
at heterochromatic chromocenters causes a depletion of free
KAPI in the nucleoplasm. We reproduced this KAP1 deple-
tion by fusing KAP1 with GFP and captured the fusion pro-
tein at chromocenters and at the nuclear lamina with a GFP
binding nanobody (GBP) fused to a methylcytosine bind-
ing domain (MBD) and lamin B, respectively. This synthetic
capture caused a depletion of available KAPI-GFP and a
concomitant downregulation of the NANOG pluripotency
factor.

The naive, formative and primed pluripotency states
of stem cells are characterized and maintained by dis-
tinct transcriptional networks (48,50-52,59,67-69). We
used 2i/LIF and serum/LIF to maintain mESCs at the
naive and metastable states, respectively. As most mESCs
in metastable state exhibit an altered transcriptional and
epigenetic profile relative to preimplantation epiblast cells
(primed), we analyzed the cells from these two culture con-
ditions to investigate the naive pluripotency exit. Restrict-
ing the nuclear localization of one of these factors may
destabilize the pluripotency network as was shown for the
bHLH transcription factor Tfe3 (70). Our results suggest
that the binding to HP1B-pS89 in chromocenters restricts
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Figure 7. HP1B-pS89 sequesters KAPI into heterochromatin to promote mESCs exit from pluripotency. (A) Comparison of the HP1g ChIP-MS under
naive (0 h) and epiblast states (48 h). (B) KAPI is recruited to chromocenters by HP1B3-pS89 during pluripotency exit. Box plot depicts the intensity of
KAPI1-GFP at chromocenters relative to the signal at euchromatic regions in GFP knockin cell lines at the naive (Oh) and epiblast (48 h) state, respectively.
Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5x the interquartile range
from the 25th and 75th percentiles, outliers are represented by dots. The number of chromocenters (n) analyzed for each sample is indicated. P values from
a two-sided Student’s t-test are indicated. (C) Schematic representation of tethering KAP1-GFP to the nuclear envelope and chromocenters by using GBP-
Lamin B1 and MBD-GBP, respectively. (D) Representative images of HP18~/~ cells ectopically expressing Cherry in combination with GBP-Lamin B1 or
MBD-GBP stained with NANOG and DAPI, scale bar: 5 wm. (E) Box plots depict relative levels of the pluripotency protein NANOG for cells showing
nuclear envelope and chromocenter tethering of GFP-tagged KAP1. Fluorescence intensities in nuclei were measured with ImageJ and normalized to the
signals for untransfected cells. Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers
extend 1.5x the interquartile range from the 25th and 75th percentiles, outliers are represented by dots. The number of cells (1) analyzed for each sample
is indicated. Two-sided Student’s ¢-test was performed, and p values are indicated. (F) HP18 dimerizes and binds H3K9me3 clustering chromatin to form
heterochromatin compartments. In response to pluripotency exit, HP1 is phosphorylated at serine 89 residue (HP1B-pS89) by CK2, thereby sequestering
KAPI into heterochromatin compartments. KAP1 relies on its ubiquitination/sumoylation activity to regulate pluripotency. The sequestration of KAP1
leads to downregulation of pluripotency genes allowing mESCs to exit pluripotency.
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the nuclear availability of KAP1 and thereby impairs the ex-
pression of pluripotency genes and promotes the exit from
pluripotency.

Phase separation has been described as a novel mech-
anism to locally gather and enrich factors to activate
genes and to enhance transcription (71-73). Our results
now suggest an opposite mechanism to negatively regu-
late transcription. The phosphorylation of HP1B at chro-
mocenters creates a specific binding site for the transcrip-
tion regulator KAP1. This capture of an essential regula-
tor of pluripotency genes promotes the exit from pluripo-
tency. In addition, a previous publication suggests that
the capture of KAPI could enhance the phase separation
of HP1B/nucleosomes and heterochromatin organization
(15). These results also outline a new function of hete-
rochromatin as a subnuclear compartment to capture regu-
latory factors and thereby remotely control gene activation
and transcription at distant parts of the genome represent-
ing a novel form of remote control of transcriptional regu-
lation.
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Figure S1. Generation of HP13" mESC line.

(A) Schematic representations show the CRISPR/Cas9 gene editing strategy used to generate
MIN tagged HP1B mESCs. The donor harbors the MIN tag sequence (attP) and homology
arms to the genomic sequence 5 and 3’ of the translational start site. (B) Schematic
representation shows the strategy to generate HP18" mESC lines with Bxbl mediated
recombination. (C) Gel electrophoresis of the multiplex PCR for wt and HP78"- mESCs with
primers as indicated. Additional confirmation of knockouts via immunofluorescence staining
using an anti-HP1B antibody. Cell nuclei were stained with DAPI. Scale bar: 10 pm. (D)
Relative expression of HP1B in wt and HP18" cells by RT-gPCR analysis. Values represent
mean + SEM from three biological replicates.
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Figure S2. Expression levels of HP1 homologues.
Relative expression of HP1 homologues in 2i/LIF and metastable culturing conditions by RT-
gPCR analysis. Values represent mean = SEM from three biological replicates.
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Figure S3. Characterization of HP13-pS89.

(A) HP1B comprises several S/TxxE/D sites that represent the consensus sequence of CK2.
Potentially phosphorylated serine and threonine residues are highlighted in red. (B)
Phosphorylation of HP1f is mapped to the serine 89 residue by mutation analysis. GFP-HP1[3
wt and its mutants were purified from HEK293T cells and visualized with coomassie stained
gels. (C) HP1B is highly phosphorylated on serine 89 residue. GFP-HP1B3 wt and mutant
purified from ES cells was visualized in a coomassie stained gel. (D) Schematic representation
of a mouse rod cell nucleus, EC: euchromatin, HC: heterochromatin, CHC: chromocenters.
Cryosection of adult mouse retina was stained with HP13, HP1B-pS89, lamin B1 antibodies
and DAPI. Rod cells in the retina are highlighted and scale bars sizes are indicated. (E)
Schematic representation shows the CRISPR/Cas9 gene editing strategy used to generate a
CK2al1® mESC line. The donor harbors the F113A mutation and homology arms to the

4



genomic sequence 5 and 3’ of the mutation site. gRNA target sequences and restriction
enzyme recognition sites for screening are shown as well as gel electrophoresis of PCR
products amplified with indicated primers and cutted by HpyCH4V. A homozygous clone is
highlighted in red. (F) TBB treatment reduced the phosphorylation of HP1p by CK2. The
construct coding for GFP- HP1B was transfected into HEK293T cells and TBB was directly
added into the culture medium. GFP immunoprecipitations performed after expression for 15
hours were visualized by a coomassie blue stained gel. The quantification of phosphorylated
to unmodified protein was done with Image J.
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Figure S4. Generation of mESCs carrying different HP1B mutations.

(A) Schematic representation shows the CRISPR/Cas9 gene editing strategy used to generate
HP1B S89A and HP13 S89E mESCs. The donors harbor the mutation of S89A or S89E and
homology arms to the genomic sequence 5 and 3’ of the mutation site. gRNA target
sequences and restriction enzyme recognition sites for screening are shown. (B) Amplification



of genomic loci with primers indicated in (A) and confirmation of successful insertion of
respective mutations by Sanger sequencing. (C) HP1 level in wt and HP 1B mutant cell lines
by western blot using a polyclonal HP1 antibody. The tubulin blot was used as a loading
control. (D) Immunofluorescence staining HP18" and HP1B mutant cell lines using anti-HP18
and anti-HP1B-pS89 antibodies. Scale bar: 10 pm. (E) HP18" and HP1B S89A cells proliferate
slower than wt E14 and HP13 S89E cells in serum/LIF, but not naive culture conditions. 5000
MESCs were seeded into 12-well plates in 2i/LIF and metastable mESC medium and counted
every second day. Values represent mean + SEM from four biological replicates.
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Figure S5. (A) GO analyses were performed using an online tool (http:/cbl-
gorilla.cs.technion.ac.il/). The GO biological process enrichment of genes with > 1.5-fold
change in HP1B3" and HP1B S89A cells. (B) Venn diagrams showing pluripotency cell fate
(PCF) genes (Fidalgo et al., 2016) and misregulated genes (>1.5-fold change) in HP1B"- and
HP13 S89A mESCs.
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Figure S6. HP1[ peptides with S89 and S91 phosphorylation identified by MS analysis during
the transition from naive to epiblast (primed) state (Yang et al., 2019).
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Figure S7. Interaction between HP1(3 and KAP1

HP1B-pS89 enhances the interaction between KAP1 and HP1B. GFP-KAPl1 was
immunoprecipitated from HEK293T cells that transiently coexpressed with Cherry tagged
HP1B proteins. Bound fractions were separated and visualized with anti-red and GFP
antibodies. Intensities of Ch-HP13 S89A and Ch-HP1B S89D in bound fractions were
measured with ImageJ and normalized to the corresponding GFP-KAP1 intensity. Values
represent mean + SEM from three biological replicates and the p-value of a two-sided
Student’s t-test is indicated.
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KAP1 locus
Exon1 Exon2 Exon3
- A Ao
extF  extRs ext Rl
KAP1* KAPT"
wt wt HP1B S89E bp HP1B S89E  wt wt
bp 1000

300 00 = — -
300

— 400
200 — 300
100 200

with ext F/fext Rs with ext F/ext R

In kAP Iwt, a sequence from +12 to +137 is mssing

* * * * * +

*

1 >CAGCGGGCTCCGTGCCCCTCCTCCCCTGGGCGECCCCCCCACCCCCCCGGCGECGTGTGAATGGCGGCCTC

startcodon +12

* S * * * *

1>AGCCGCGTCGTCCCCTGCGEGEEEGCEETEGCGAGGCGCAGGAGCTTCTGGAGCACTG>

2>AGCCGCGTCGTCCCCTGCEGEGEGCEGTGGCGAGGCGCAGGAGCTTCTGGAGCACTG>

12 KAPT wit 2:wt

In KAP17°/HP13 SB89E, a sequence from +12 to +62 is mssing

* * * * * * . * s *

1>CTTGCECCTECECAGCEGEECTCCETGCCCCTCCTCCCCTGEECEECCCCCCCACCCCCCCGECEECETGTGAATGECEECCTCGGCGECAGCGACTGCAG>
2>CTTGCGCCTGCGCAGCGGEGCTCCETGCCCCTCCTCCCCTGGEECGGCCCCCCCACCCCCCCGGCaEEGTGTGART GEC GG T e >

startcodon +12

* * * * " * . * s *

1>CGGCCTCGGCCGCGACGGCCGCCTCGGCGGCCTCTGGTAGCCCAGGGTCGGGCGAGGGCTCGGCGGGCGGTGAGAAGCGTCCGGCTGCTTCCTCAGCCGL>
2> TGGTAGCCCAGGGTCGGGCGAGGGCTCGGCGEGCEGETGAGAAGCGTCCGGCTGCTTCCTCAGCCGC>
+62

1:wi 2: KAP1/HP1B S89E

Figure S8. Characterization of KAP1" cell lines. (A) Gel electrophoresis of the PCR for wt and
KAP1” mESCs with primers as indicated. (B) Alignment of KAP1 locus DNA sequence
amplified from wt and KAP1” cells shows deletions in KAP1" cells.

11



down regulated genes in KAPT™"

Cellular developmental process (GO: 0048869)
Tissue development (GO: 0009888)

Postitive regulation of gene expression (GO: 0010628)
Regulation of gastrulation (GO: 0010470)

Tissue morphogenesis (GO: 0048729)

Multicellular organism development (GO: 0007275)
Cell differentiation (GO: 0030154)

Regulation of embryonic development (GO: 0045995)
Embryenic morphogenesis (GO: 0048598)

Animal organ morphogenesis (GO: 0009887)
Anatomical structure morphegenesis (GO: 0009653)

0 1 2 3 4 5 6 7 8 9 10
-Log10 (p Value)

B up regulated genes in KAPT/"

Positive regulation of protein binding (GO: 0032092)

Cellular response to lipopolysaccharide (GO: 0071222)

Cellular response to oxygen-containing compound (GO: 1901701)

Negative regulation of cell proliferation (GO: 0008285) _

Regulation of cell proliferation (GO: 0042127)

6 7
-Log10 (p Value}

o
N
N
w
IS
o -
o
©w

10

Figure S9. GO analyses were done using an online tool (http://cbl-gorilla.cs.technion.ac.il/).
The GO biological process enrichment of genes in KAP1” (A, downregulated and B,
upregulated).
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Figure S10. Interaction between HP13-pS89 and KAP1l and generation of KAP1-GFP
knocked in mESCs.

(A) Co-immunoprecipitation shows an interaction between KAP1 and HP1B-pS89 in the
metastable but not naive condition. Equal amounts of cell extracts from mESCs cultured in
naive and metastable conditions were incubated with HP13-pS89 antibodies. Input and bound
fractions were analyzed by western blot using HP1B-pS89 and KAP1 antibodies. (B)
Schematic representation shows the CRISPR/Cas9 gene editing strategy used to generate
KAP1-GFP knockin mESCs with the gRNA target sequence as indicated. The donor harbors
the sequence coding for eGFP and homology arms to the genomic sequence 5’ and 3’ of the
respective C-terminal locus.
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