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1. SETDB1 UNDERGOES AUTO-METHYLATION IN VITRO

As many other proteins, SETDBI is subject to a number of post-translational modifications
that can play crucial roles in regulating protein-protein interactions, enzyme activity and
stability of the protein. For instance, SETDBI1 is modified by ubiquitination at K867 and
that modification was shown to be required for its H3K9 methyltransferase activity and
regulation of the expression of its target genes (2). Moreover, methylation of non-histone
proteins at lysine residues by SETDB1 has been reported (6,8). In an attempt to determine
whether SETDBI is capable to methylate itself as a non-histone substrate, we produced
different SETDB1 truncated mutants as GST-fusion proteins (Figures 1A and 1B). Then, we
performed in vitro methylation assay using recombinant active full-length SETDBI1 as
enzyme and radioactive 3H-S-Adenosyl Methionine (SAM) as methyl donor group.
Strikingly, the upper band detected in the reactions with the mutants revealed a full-length
SETDBI1 auto-methylation. Interestingly, when the substrate is histone 3, a preferential
methylation pattern was observed towards H3. Moreover, the Bifurcated domain and the
Carboxy terminal region of SETDB1 were also methylated by the full-length SETDB1 in

contrast to the Pre-SET and Post-SET domains (Figure 1C).

We further explored the implication of targeted lysine residues in SETDB1 auto-methylation.
A lysine methylome published by Guo A et al. reported that SETDBI1 contains two possible
sites of methylation on lysine residues inside its catalytic domain (K1770 and K1778) (199).
Strikingly, these two residues are in the Carboxy terminal region that we found is subject to
SETDBI1 auto-methylation. We used the GST-SETDBI1 fusion protein that encodes the
Carboxy terminal region (amino acids 1101 — 1290) to generate three mutants harboring
single amino acid substitutions in one or two methylation sites (K1770A and/or K1778A)

(Figure 1D) and performed in vitro methylation assay.

76



CRUZ TAPIAS Paola Andrea — These de doctorat — 2018

Our results showed that methylation level decreases in the GST-SETDBI1 double lysine
mutant (Figure 1E), suggesting that K1770 and K1778 are involved in SETDBI1 auto-
methylation. Interestingly, the alignment of the sequence harboring both methylation sites

resembled the motif ARKS in the N-tail of the histone 3 targeted by SETDB1 (Figure 1F).
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Figure 1. SETDB1 methylation in vitro. A) Schematic illustration of SETDB1 protein. B)
Schematic illustration of recombinant GST-SETDBI1 truncation mutants used in (C). C)
Detection of protein methylation by transfer of radioactively labeled methyl groups. Purified
GST-SETDBI1 proteins were incubated with recombinant SETDBI1 in the presence of
radioactive SAM and separated on an SDS polyacrylamide gel, and the methylation of the
target proteins was analyzed by autoradiography. Full-length SETDBI1 auto-methylation is
observed in the upper part of the gel (lines 7 to 10). The SETDB1 Pre-SET and Post-SET
domains (which do not contain the auto-methylation sites) are shown in lanes 7 and 9
respectively. As a control, methylation of histone H3 (lane 6) is shown. D) Schematic
illustration of recombinant GST-SETDB1 which encodes part of the catalytic domain (WT)
and the relative position of single amino acid substitutions introduced. E) SETDB1 undergoes
auto-methylation in K1170 and K1178 (lane 8). F) Sequence alignment of the region
surrounding the human SETDB1 K1170 and K1178 methylation sites and the sequence
surrounding mouse H3K9 N-tail. Residues identical in all sequences are shown in red and
aligned lysine sites in yellow.
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2. SETDB1 CATALYTIC ACTIVITY AND INTEGRITY OF K1770/K1778 ARE
REQUIRED FOR ITS AUTO-METHYLATION

We next sought to confirm whether SETDBI catalyzes its own methylation in vivo. Setdbl
KO mouse embryonic fibroblasts (MEFs) were transfected with either pCS2 empty vector or
expressing myc-tagged wild-type (WT), double lysine mutant (K1770A and K1778A, KK on
the figures), or enzymatically inactive (C1243A, CA on the figures) SETDBI1. Nuclear
extracts were used for immunoprecipitation (IP) with Myc-trap technology and precipitates
were then analyzed by western blot using anti-pan-tri-methyl-lysine (panKme) antibody.
Interestingly, the double lysine mutant SETDB1 extract showed a reduction in the level of
lysine methylation on SETDBI. Notably, for the SETDBI catalytically-inactive mutant, the
reduction was more dramatic (Figure 2A). These results suggest that SETDBI1 catalytic
activity is required for its auto-methylation, and the residues K1770 and K1778 are involved

in this process.

We then examined whether the H3K9 methyltransferase activity of SETDBI is affected by
the presence of the double lysine mutations in the immunoprecipitated Myc-tagged products
from the reconstituted MEFs nuclear extracts. We performed in vitro methylation assay using
the IP products as enzyme, a cocktail of histones as substrate and radioactive S-Adenosyl
Methionine (SAM) as methyl donor group. We found that both wild-type and non-
methylatable forms of SETDB1 showed comparable catalytic activities toward histone 3

(Figure 2B).

79



CRUZ TAPIAS Paola Andrea — These de doctorat — 2018

A IP Myc Input
[ ] [ ._ I
£ S S % S s
> @ = @ > o @ )
a g e =] a e e e Mw
& 5 b o £ x = 5
— 190
Myc-tagged SETDB1 e wmmenn [——
190
WB PanKme- SETDB1 —
Histone 3 - — e a o= 20
B. = S s
= @ & )
o o o
E E D =
w vy v
Nuclear extract Y epmens 4 |— SETDBI
—— —— SETDB1
IP Myc-tagged SETDBI —_—
Autoradiography - 43
| H3
Coomassie - - — H2A and H2B
- Ha

Figure 2. The catalytic activity of SETDBI1 is required for its methylation. A) Four
different myc-tagged SETDB1 cDNAs including full-length (WT), non-methylatable (KK)
and catalytic-inactive (C1243A) forms were cloned and expressed in Setdb! KO MEFs. Myc-
SETDBI1 was immunoprecipitated by Myc-Trap technology and subjected to WB with anti-
Pan-tri-methyl-lysine (PanKme) and anti-Myc antibodies. B) Detection of protein methylation
by transfer of radioactively labeled methyl groups. Myc-SETDBI precipitates were incubated
with a recombinant cocktail of histones in the presence of radioactive SAM and separated on
an SDS polyacrylamide gel. Complexes containing WT or the non-methylatable (KK)
SETDBI can catalyze the transfer of radiolabelled methyl groups to histone H3, as detected
by autoradiography. A Coomassie-stained control gel of the proteins is also shown.
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3. METHYLATION STATUS OF SETDB1 IMPACTS ITS PROTEIN-PROTEIN
INTERACTIONS

Because the methyltransferase activity of SETDBI1 is not directly affected by the double
lysine mutation, we postulated that this modification event is involved in modulating other
features, such as key protein—protein interactions. To address this, we have analyzed the
immunoprecipitated Myc-tagged products from the MEFs nuclear extracts by western blot.
Interestingly, both the integrity of K1770/K1778 and SETDBI catalytic activity were
required for its interaction with many chromodomain-containing proteins such as, Suv3%hl,
HP1y (Heterochromatin Protein 1 gamma) and CDYL (Chromodomain Y-Like) (Figures 3A
and 3B). Similar results were obtained using a TAP-tag approach from HeLa cell extracts
(not shown). Since CDYL transcriptional repressor complex includes SETDB1 (122), we
hypothesize that SETDB1/CDYL interaction could be mediated by methylation of SETDBI.
Also, given that HP1 is a reader of methylated lysines and is crucial for heterochromatin
formation and proviral silencing (11), methylation of SETDB1 could affect the assembly of

repressor complexes recruited to establish and/or maintain heterochromatin.
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Figure 3. Methylation status and catalytic activity of SETDB1 have an impact on its
protein-protein interactions. A) Decrease of interaction between SETDBI catalytic mutant
(C1243A) and double lysine mutants (KK) with the chromodomain-containing proteins
SUV39HI1, CDYL and HPly. Four different myc-tagged SETDB1 c¢cDNAs including full-
length (WT), non-methylable (KK) and catalytic-inactive (C1243A) forms were cloned and
expressed in Setdbl KO MEFs. Nuclear extracts were used for immunoprecipitation (IP) with
Myc-Trap technology. The resulting precipitates were then subjected to WB with indicated
Abs. MW: molecular weight marker in KDa. B) WB signals were quantified and presented as
the ratio between the protein analyzed over the Myc-tagged SETDBI. All values are
expressed as the mean £ SEM (n = 5).
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4. mESCS VIABILITY IS AFFECTED BY THE NON-METHYLATABLE AND
THE CATALYTIC INACTIVE FORMS OF SETDB1

As discussed in the introductive section, SETDBI is crucial during development and cellular
differentiation. Moreover, SETDBI1 is essential in mouse ESC pluripotency, self-renewal and

viability (3,4) and Setbdl KO is lethal at the peri-implantation stage at 3.5 days postcoitum

(dpc) (5).

We thus tested whether the integrity of K1770/K1778 and catalytic activity of SETDB1 can
affect mESC viability. To address this, we used conditional Setdb! KO TT2 mESCs (cKO)
re-expressing either wild-type, catalytic-dead (C1243A) mutant (87), or the double-lysine
mutant (K1770A and KI1778A) forms of SETDBI1. Notably, in these TT2 mESCs,
endogenous SETDBI depletion starts at 48h and is achieved after 96h of treatment with 4-
hydroxy-Tamoxifen (OHT) (Figure 4D). First, we verified the distribution of SETDBI in
mESCs after tamoxifen treatment and as it is shown in the Figure 4A, SETDBI is localized
in the nucleus as well as in the cytoplasm in all cell types expressing Flag-tagged SETDBI, a
phenotype comparable with the expression of the endogenous SETDB1 in non-treated mESCs

(3306 cells).

As reported previously, Setdbl cKO TT2 mESCs showed a growth defect after 6 days of
tamoxifen treatment. Remarkably, this growth defect was rescued with the ectopic re-
expression of wild-type SETDBI1 in these Setdb! cKO TT2 mESCs, while re-expression of
SETDBI catalytic-inactive did not (87). This prompted us to determine whether the growth
defect observed in Setdbl cKO TT2 mESCs can be rescued after re-expression of the non-
methylatable form of SETDB1. We first analyzed the viability of the cells at 48h and 96h of

treatment with tamoxifen and 2 days after without treatment (144h on the figure). Our results
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showed a decrease in cell viability in Setdb! cKO mESCs as well as in mESCs expressing the
double-lysine or the catalytic inactive SETDB1 mutants compared to the wild-type SETDB1
only by the day 2 post-tamoxifen treatment (144h of cell culture) but not before (Figure 4B).
Furthermore, reduced proliferation was associated with induction of apoptosis at 144h of cell
culture, as determined by the number of cells expressing early or late apoptosis markers
(Annexin V and/or propidium iodide) (Figure 4C). Taken together, these results suggest that
expression of the non-methylatable for of SETDBI1 seems to compromise cell viability, after
depletion of endogenous SETDBI, as has been observed and also reported for the catalytic

inactive form of SETDBI.
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Figure 4. The catalytic inactive and the non-methylatable forms of SETDB1 show a
growth defect after SETDB1 endogenous depletion. A) Expression of flag-tagged SETDB1
forms in TT2 mESCs. SETDB1 (green) was revealed by indirect immunofluorescence
(IF). DNA was labelled with DAPI (red). Scale bar=10 pum. B) mESCs were cultured with
tamoxifen until 96 h and without treatment during 2 days more. SETDB1 was depleted by the
day four of treatment. Growth defect was observed at 144 h of culture for mESCs expressing
the non-methylatable and catalytic inactive SETDB1 mutants. Cell viability was reduced at 96
h of tamoxifen treatment for cKO Setdb! mESCs. C) Percentage of cells marked positive for
Annexin V and/or propidium iodide. D) Nuclear extracts were subjected to WB with
indicated Abs. All values are expressed as the mean + SEM (n = 3). For significance
Student’s paired #-test was applied. **p < 0.05.
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5. INTEGRITY OF SETDBI1 K1770/K1778 IS REQUIRED FOR PROVIRAL
SILENCING
Since SEDTBI1 is required for H3K9me3 and silencing of ERVs in mESCs (87), we
investigated whether methylation of SETDBI1 on K1770 and K1778 can regulate SETDBI1-
dependent transcriptional silencing of ERVs and LINE sequences in mESCs. Our results
showed that expression of the double-lysine mutant SETDB1 in mESCs resulted in de-
repression of MLV, MusD, IAP and LINE-1 elements (~1,5 fold). Surprisingly,
MMERVK10c elements were strongly induced not only in the double-lysine SETDB1 mutant
mESCs (~20 fold), but also in mESCs expressing the catalytic-dead SETDB1 mutant (~37
fold) (Figure SA). Interestingly, we have validated the reactivation of MLV, MusD, IAP, and
LINE-1 elements (~3 fold) and MMERVK10c (~170 fold) after SETDBI depletion compared
to previous reports (191,200). Taken together, these results reveal that the expression of the
non-methylatable form of SETDB1 disrupts SETDB1/H3K9me3-mediated silencing of ERVs
in mESCs and its effect is similar to that seen in mESCs expressing the catalytic inactive form

of SETDBI.

6. H3K9me3 ENRICHMENT IS REDUCED ON PROVIRAL CHROMATIN
WHEN INTEGRITY OF SETDB1 K1770/K1778 IS COMPROMISED

SETDB1-deposited H3K9me3 is necessary for silencing of several ERV subfamilies in ESCs
(87,200). To test whether integrity of K1770/K1778 is required for SETDBI1 recruitment to
ERVs and LINE-1 sequences, we conducted ChIP-qPCR analysis of Flag-tagged SETDBI in
mESCs expressing either the wild-type SETDB1 or the non-methylatable SETDB1. A
reduction of SETDBI1 enrichment was apparent at all transposable elements in Setdb! cKO
mESCs, confirming the specificity of our antibody (Figure 5B). Our results showed a low

decrease in the recruitment of SETDB1 at MLV, IAP and MusD elements in mESCs
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expressing the double-lysine mutant of SETDBI1 (Figure 5B). We also tested whether
expression of the catalytically-inactive SETDB1 affects its recruitment to ERVs and LINE-1
sequences. As it has been reported previously for the IAP elements (87), the inactivity of the
enzyme did not affect SETDB1 enrichment levels at ERVs or LINE-1 sequences (Figure 5B).
Importantly, SETDB1 protein levels were comparable in mESCs expressing SETDB1 wild-
type and double-lysine mutant SETDB1 while SETDBI1 protein levels were higher in the cells

expressing the catalytic-inactive mutant SETDBI1. (Figure 4D).

To verify whether reactivation of ERVs and LINE sequences is accompanied by loss of
H3K9me3 in the mESCs expressing the non-methylatable form of SETDBI1, we analyzed the
H3K9me3 enrichment by ChIP-qPCR. Our results revealed a decrease in this repressive mark
in MLV, MusD, IAP and MMERVK10c elements (Figure 5C), indicating that the integrity of
K1770/K1778 in SETDBI is required to maintain proviral silencing via deposition of
H3K9me3. Interestingly, when SETDBI1 is enzymatically inactive, reactivation of MLV,
MusD, IAP and MMERVKI10c elements and loss of H3K9me3 were also observed (Figure

5C), which is consistent with previously reported only for IAP (87).

Altogether these results suggest that although integrity of K1770/K1778 and catalytic activity
of SETDBI did not affect SETDB1 binding to chromatin, the methyltransferase activity and
integrity of K1770/K1778 are critical for SETDB1/H3K9me3-mediated silencing of ERVs in

mESCs.
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Figure 5. Integrity of SETDB1 K1770/K1778 and SETDBI1 catalytic activity are
required for gene silencing of class I and II ERVs in mESCs. A) ERVs silencing is
regulated by SETDB1 methylation status and catalytic activity. mRNA levels of conditional
SETDB1 cKO mESCs and cells expressing wild-type (WT), double-lysine (KK) mutant and
catalytic-dead (CA) SETDB1 were normalized to those of cyclophilin A. B) Binding of
SETDBI at proviral chromatin. ChIP-qPCR for SETDBI1 as indicated ERVs 5’LTR and
LINE-L1 in mESCs used in A. C) Deposition of H3K9me3 at proviral chromatin as indicated
ERVs 5°’LTR and LINE-L1 in mESCs used in A. All values are expressed as the mean = SEM
(n = 3). For significance Student’s paired 7-test was applied. **p < 0.05 or ***p < 0.01.
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7. GENOME-WIDE PROFILING OF GENE EXPRESSION, SETDB1-BINDING
AND H3K9me3 ENRICHMENT IN mESCS EXPRESSING SETDB1 WILD-
TYPE, CATALYTIC-DEAD OR DOUBLE-LYSINE MUTANTS

To determine whether methylation of SETDB1 on K1770 and K1778 and/or SETDBI1
catalytic activity can regulate SETDB1-dependent gene regulation, we performed RNA-seq
(excluding ribosomal RNAs) from three biological replicates of Setdbl cKO TT2 mESCs re-
expressing either wild-type SETDBI, catalytic-dead (C1243A) or the double-lysine (K1770A
and K1778A) SETDB1 mutants. Our preliminary analysis revealed that the replicate samples
have high similarity (Figure 6A). A first stringent analysis showed that a total of 818 genes
were de-regulated in mESCs expressing the non-methylatable form of SETDB1 and 2646
genes were de-regulated in mESCs expressing the catalytic inactive form of SETDBI.
Strikingly, 758 genes were commonly de-regulated in both cell types (p<0,001) (Figure 6B
and Figure 6C). Gene ontology (GO) analysis revealed that de-regulated genes in mESCs
expressing SETDB1 mutants were enriched for “Regulation of transcription-DNA binding”
category (Figure 6D and Figure 6E). Notably, this category included transcription factors
such as Nanog and KIf4, which were down-regulated. These results suggest that expression of
SETDB1 mutants in mESCs could lead to a loss of pluripotency, an event that has been

demonstrated in mESCs after loss of SETDBI1 (3,5).

We next investigated whether expression of the non-methylatable and the catalytic inactive
forms of SETDBI1 in mESCs result in deregulation of germline genes, which are directly
repressed by SETDB1-dependent H3K9me3 and DNA methylation in mESCs (200). Our
results showed that 10 germline genes including Dazl, Hormadl, Nlrp4c, Rex2, Rpl39l,
Serpinel, Stk31, Tex10l, Tuba3a, and GmlI3212 were up-regulated in both cell lines,

confirming that any disruption of SETDBI is sufficient for transcriptional activation.
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We next investigated whether the integrity of K1770/K1778 in SETDBI1 and/or SETDB1
catalytic activity affect SETDB1 binding and SETDB1-dependent H3K9me3. To address this,
we performed genome-wide analyses for enrichment of Flag-tagged SETDB1 and H3K9me3
by chromatin immunoprecipitation and subsequent DNA sequencing (ChIP-seq) in mESCs
expressing either the wild-type SETDBI, the catalytic inactive and the non-methylatable
forms of SETDBI1. The number of sequenced reads for H3K9me3 ChIP-seq and inputs was
~50 - 60 million in all samples. Around 48 million reads were mapped for Flag-SETDBI in
the cells expressing the mutants, but unfortunately only ~25 million reads were detected in the
wild-type cells (Table 3). This difference could create a bias in the analysis, however we will
perform the ChIP-seq again in the wild-type cells and we will conduct a second independent

ChIP-seq experiment to validate our current results in all cell types.

Using the software MACS2, and after filtering (FC ratio >5) we were able to detect around
~9.000 SETDB1-binding sites in the cells expressing wild-type SETDBI1 and the SETDBI1
catalytic inactive mutant, corresponding to 6.155 genes and 6.290 genes, respectively. In
addition, ~3.300 SETDB1-binding sites, corresponding to 2.873 genes were detected in the
cells expressing the non-methylatable form of SETDB1. On the other hand, we detected 6.200
H3K9me3-enriched regions, corresponding to 4.281 genes in the cells expressing wild-type
SETDBI1, which is more than twice compared to cells expressing SETDBI1 double-lysine
mutant (~2.300 H3K9me3-enriched regions, corresponding to 1.812 genes). Only 58
H3K9me3-enriched regions, corresponding to 39 genes were detected in the cells expressing
the SETDBI catalytic inactive mutant. However, the number of H3K9me3-enriched regions
is underestimated, that is why, knowing that spread histone marks such as H3K9me3 need a
particular attention in terms of peak calling, we will perform a less stringent peak calling

strategy using SICER peak caller, adapted for this type of spread histone marks (201).
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So far, the majority of H3K9me3 enrichment in mESCs expressing wild-type SETDB1 and
the non-methylatable form of SETDBI is located in intergenic (~60%) and intronic regions
(~20%). The distribution in coding sequences (<1%) or regulatory elements, such as
enhancers or promoters (~17%), showed less H3K9me3 enrichment. Strikingly, in mESCs
expressing the catalytic inactive SETDBI1, a difference in the distribution of H3K9me3
enrichment was observed (intergenic region (49%) and promoters (28%) (Figure 6F and
Table 4). Regarding SETDBI1 binding, all cell types showed approximately the same

distribution, ~60% intergenic, ~20% intronic and ~18% promoters (Table 4).

Among the 4.281 genes H3K9me3-marked in the cells expressing wild-type SETDBI, 1.515
genes harbor this mark in the cells expressing the non-methylatable form of SETDB1 as well
(Figure 6G). Noteworthy, the H3K9me3 enrichment is almost lost in the cells expressing the
catalytic-inactive form of SETDB1 (Figure 6H). Remarkably, 98% of the genes that lost the
H3K9me3 mark in the cells expressing the SETDBI1 double-lysine mutant also lost it in the
cells expressing the SETDBI catalytic-inactive mutant (Figure 6I). Moreover, among the
genes that lost the H3K9me3 mark in the cells expressing the SETDB1 double-lysine mutant,

we found 93 deregulated genes (p<0,001).

Among the 6.155 genes bound by SETDBI in the cells expressing wild-type SETDB1, we
found that 2.547 of these genes were also SETDB1-marked in the cells expressing the non-
methylatable form of SETDBI as well. Interestingly, SETDB1 binding in the cells expressing
the SETDBI catalytic-dead mutant was higher (4.564 genes). However, this result could

change after the new sequencing of the wild-type SETDBI.
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Our preliminary ChIP-seq results showed a decrease in the recruitment of SETDB1 and
reduced levels of H3K9me3 levels at the promoter region of a set of imprinted genes
including H19, Nnat, Pegl( and Peg3 in mESCs expressing the catalytic inactive and the
double-lysine mutants of SETDB1 (Figure 6J). Furthermore, ChIP-qPCR analysis of Flag-
tagged SETDBI1 and H3K9me3 validated this reduction of SETDBI1 binding as well as
H3K9me3 on HI9, Nnat and other imprinted gene Mest (Figure 6K and Figure 6L).
Consistently, the RNA-seq analysis revealed that H79, Peg3 and Pegl( were de-regulated in
mESCs expressing SETDB1 mutants. However, Mest and Nnat showed no significant

changes in all cell types.

In conclusion, our results suggest that methyltransferase activity and integrity of
K1770/K1778 of SETDBI1 are critical for SETDB1/H3K9me3-mediated gene silencing.
However, further analyses are needed to study the role of additional mechanisms in

transcriptional repression in our cellular models.
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Figure 6. Integrity of SETDB1 K1770/K1778 and SETDBI1 catalytic activity are
required for silencing of different set of genes. RNA-seq and ChIP-seq were performed on
Setdbl cKO TT2 mESCs re-expressing either wild-type SETDBI, catalytic-dead (C1243A),
or the double-lysine (K1770A and K1778A) SETDB1 mutants. A) Principal component
analysis using normalized RNA-seq data. Each cell type is represented in different color.
Clustering of the biological replicates showed low variance within each group. B) Venn
diagram showing overlap of genes de-regulated in mESCs expressing the SETDB1 double-
lysine mutant and genes de-regulated in mESCs expressing the SETDBI1 catalytic-dead
mutant. C) RNA-seq 2D scatterplots of gene expression from mESCs expressing wild-type
SETDBI1 and double lysine SETDB1 mutant (left) or mESCs expressing wild-type SETDB1
and catalytic inactive SETDB1 mutant (right). Genes de-regulated are labelled in red. D)
Gene ontology (GO) analysis of 816 deregulated genes in mESCs expressing the non-
methylatable form of SETDBI1. The top 10 biological processes with p-value < 0,001 are
presented. E) GO analysis of 2645 deregulated genes in mESCs expressing the catalytic
inactive form of SETDBI. The top 10 biological processes with p-value < 0,001 are
presented. F) Genomic distribution of H3K9me3 enrichment in mESCs expressing wild-type
SETDBI, catalytic-dead, or the double-lysine SETDB1 mutants. Enrichments were analyzed
by ChIP-seq. We performed one SETDBI ChIP-seq experiment. G) Venn diagram
representation of genes marked by H3K9me3 in cells expressing wild-type SETDB1 and the
double-lysine SETDB1 mutant. H) Venn diagram representation of genes marked by

96



CRUZ TAPIAS Paola Andrea — These de doctorat — 2018

H3K9me3 in cells expressing wild-type SETDB1 and catalytic-dead SETDB1 mutant. I)
Venn diagram representation of genes in which the H3K9me3 mark is lost. J) Genome
browser representation including tracks for Flag-tagged SETDB1 ChIP-seq and H3K9me3
ChIP-seq in mESCs expressing SETDB1 wild-type (WT), double-lysine mutant (KK) and
catalytic-dead mutant (CA) at H/9 and Nnat genes. K) and L) ChIP-qPCR analyses at the
promoter regions of the indicated genes on mESCs used in F). Intergenic regions where
SETDBI1 does not bind and there is not H3K9me3 enrichment were used as negative control.
All values are expressed as the mean + SEM (n = 3). For significance Student’s paired #-test
was applied. **p < 0.05 or ***p < 0.01.
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Sample Number of reads
Input WT 69.534.084
Input_CA 63.239.907
Input_ KK 60.598.630
H3K9me3_WT 54.624.539
H3K9me3_CA 56.290.479
H3K9me3_KK 55.585.006
Flag-SETDB1_WT 26.637.088
Flag-SETDB1_CA 48.402.614
Flag-SETDB1_KK 48.991.431

Table 3. Number of reads generated in each ChlIP-seq Flag-SETDB1 and H3K9me3 in
Setdbl cKO TT2 mESCs re-expressing either wild-type SETDB1 (WT), catalytic-dead (CA)
or the double-lysine mutant (KK).

ChIP-seq H3K9me3
Region
WT (%) KK (%) CA (%)

Promoter (1-2kb) 3,12 2,62 3,83
Promoter (2-3kb) 3,2 2,89 2,22
Promoter (3—-4kb) 3,26 3,01 3,33
Promoter (4-5kb) 3,32 3 1,73
Promoter (<=1kb) 3,91 3,54 16,17
1st Exon 0,03 0,01

Other Exon 1,15 0,99 2,1
1st Intron 6,05 6,54 7,04
Other Intron 13,91 14,44 13,95
Downstream (<=3kb) 0,72 0,72 0,99
Distal Intergenic 61,34 62,25 48,64

. ChIP-seq Flag-SETDB1
Region
WT (%) KK (%) CA (%)

Promoter (1-2kb) 2,78 2,94 3,07
Promoter (2-3kb) 2,76 3,02 2,64
Promoter (3—-4kb) 2,77 2,91 2,64
Promoter (4-5kb) 2,64 2,51 2,82
Promoter (<=1kb) 5,45 6,93 7,59
1st Exon 0,01 0,02

Other Exon 0,93 1,02 1,1
1st Intron 5,99 7,01 6,02
Other Intron 14,46 16,4 15,01
Downstream (<=3kb) 0,64 0,63 0,74
Distal Intergenic 61,58 56,61 58,37

Table 4. Genomic distribution of SETDB1 binding and H3K9me3 enrichment in mESCs. We
performed one ChIP-seq experiment.
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8. SETDB1 CAN BE (TRANS)-METHYLATED BY SUV39H1 IN VITRO

SETDB1 and SUV39H1 are part of a multimeric complex involved in transcriptional
silencing (1), probably via the cooperative establishment of the different H3K9 methylation
levels. However, up to now, the regulation of the KMT complexes is not fully understood.
Given the ability of H3K9 KMTs to modify non-histone proteins, we tested whether
SUV39H1 might methylate SETDBI. To this end, we performed in vitro methylation assay
using the recombinant GST-SETDBI fusion protein that encodes the Carboxy-terminal region
(amino acids 1101 — 1290), and the three mutants harboring single amino acid substitutions in
one or two methylation sites (K1770A and/or K1778A). We used a recombinant active GST-
SUV39HI1 as enzyme and radioactive SAM as methyl donor group. As a result, SUV39HI
was able to methylate SETDB1 and methylation level was lower in the double-mutant
SETDBI protein (Figure 7A), indicating that K1770 and K1778 are crucial for this process.
Unexpectedly, the upper band detected in the reactions with the mutants revealed a full-length

SUV39H]1 auto-methylation.

Next, we evaluated whether the H3K9 methyltransferase activity of SETDBI1 is affected by
the presence of SUV39HI. To address this, we immunoprecipitated SETDB1 in wild-type or
Suv39h1/2 KO mESCs. Then, we performed in vitro methylation assay using the IP products
as enzyme, a cocktail of histones as substrate and radioactive SAM as methyl donor group.
Our results showed that methylation of SETDB1 toward histone H3 decreases in the absence
of SUV39H1 (Figure 7B and Figure 7C). Altogether, our results suggest that methylation of
SETDBI1 by SUV39HI1 could play a role in the SETDB1/SUV39HI interaction and SETDB1

methyltransferase activity.
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Figure 7. SETDBI1 is methylated by SUV39H1. A) Recombinant GST-SETDB1 which
encodes part of the catalytic domain (WT) and the relative position of single amino acid
substitutions introduced (see Fig 1D) were incubated with active GST-SUV39H1 in presence
of radioactive SAM and separated on an SDS polyacrylamide gel. A Coomassie-stained
control gel of the proteins is also shown. B) SETDBI precipitates from Suv39h1/2 wild-type
or Suv39h1/2 double null mESCs were used for in vitro methylation assay in presence of a
recombinant cocktail of histones and radioactive SAM. C) Quantification of the relative
methylation level from the autoradiography was performed by subtracting the IgG signal. All

values are expressed as the mean (n = 2).
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9. SETDB1 PAN-GENOMIC BINDING PROFILE IS DEREGULATED IN THE
ABSENCE OF SUV39H1/2 IN mESCS

SETDB1 and SUV39HI1 coordinate the establishment and maintenance of H3K9me3 at
constitutive pericentromeric heterochromatin (9,10) and cooperate to regulate many genomic
targets, including transposable elements, such as LINEs and ERVs (11). Since the
methyltransferase activity of SETDB1 was found to be affected by the absence of SUV39H1,
we hypothesized that the interaction between these H3K9 KMTs is crucial for recruitment of
SETDBI1 to chromatin and consequently in the expression of SETDBI1 target genes. To
address this, we performed genome-wide analyses for enrichment of SETDBI1 by chromatin
immunoprecipitation and subsequent DNA sequencing (ChIP-seq) in wild-type or Suv39hi/2

KO mESCs. The results I presented here are preliminary.

Our ChIP-seq preliminary results showed that a high proportion of SETDB1 binding occurred
outside of genes, including approximately 80% transposable elements (ERVs, LINEs and
SINEs elements) (Figure 8A). These observations are in agreement with previous results in
mESCs (11). We detected regions where there is a loss of SETDBI1 binding in absence of
SUV39H1/2 that correspond to repetitive elements, mostly LTR-ERVs proximal to some
imprinted genes such as H19-Igf2, Mest, Nnat, Mest, Nespas Airn, Mcts2, Zrsrl, Napll5,
Plagll, Snurf and Grb10 (Figure 8B and Figure 8C). We have next validated that SETDB1
occupancy and H3K9me3 enrichment on these imprinted genes is impaired in absence of
SUV39H1/2 (Figure 8D). Furthermore, we have evaluated mRNA expression by quantitative
RT-PCR and we found that the absence in Suv39h-double null cells resulted in de-repression
of Igf2 (~5,7 fold), Nnat (~13 fold) and strikingly a strong induction of H/9 (~51 fold) was
observed (Figure 8F). Together, these results suggest that in absence of SUV39H1/2,

SETDBI is not properly recruited to chromatin, resulting in impaired patterns of gene
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expression. Further analyses are necessary to study DNA methylation levels and the imprinted

expression pattern.

We next validated whether the SETDBI1-dependent transcriptional silencing of ERV and
LINE sequences is affected in absence of SUV39H1/2. We conducted ChIP-qPCR analysis of
SETDBI1 and H3K9me3 in wild-type or Suv39h1/2 KO mESCs. A reduction in SETDBI
enrichment was apparent at ERVs (MusD, IAP, MMERVK10c) and LINE-L1 elements in
Suv39hi1/2 KO mESCs (Figure 8E). Moreover, our results also suggest that there is a
reduction of H3K9me3 (Figure 8E). Strikingly, the transcriptomic analysis revealed a
decrease on expression of some ERVs and LINE-L1 elements in Suv39h1/2 KO mESCs
(Figure 8G) Altogether, these data suggest that although the SETDB1-deposited H3K9me3
mechanism for silencing ERVs and LINE elements is affected by the absence of SUV39H1, a
compensatory mechanism seems to be responsible to prevent the induction of proviral
expression, as has been proposed for the spreading of H3K27me3 at major satellite repeats in
Suv39h-double null cells (202) or as has been reported co-occupancy of H3K9me3 and
H3K27me3 in controlling distinct transposon families upon DNA demethylation in mESCs

(203).
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Figure 8. SETDB1 pan-genomic binding profile is deregulated in the absence of
SUV39H in mESCs. A) Genomic distribution of SETDB1 binding in Suv39h1/2 KO mESCs.
Enrichments were analyzed by ChIP-seq. We performed one SETDB1 ChIP-seq experiment.
B) Heatmap of ChIP-Seq data showing the binding profile of SETDBI1 in wild-type mESCs
or Suv39hi/2 KO. Graphic presents average SETDBI binding density of genomic regions
surrounding (+/- 1 Kb) SETDBI1 binding sites. C) Genome browser representation of
SETDBI binding profiles analyzed by ChIP-Seq, at the H/9, Nnat and Mest genes in mESCs.
D) and E) ChIP-qPCR analyses of SETDB1 and H3K9me3 enrichment wild-type mESCs or
Suv39h1/2 KO. Setdbl occupancy and H3K9me3 in imprinted genes, LINE-L1 and ERVs
(MMERVK10c, IAP and MusD) is impaired in the absence of SUV39H1/2. Intergenic region
where SETDBI does not bind and there is not enrichment of H3K9me3 enrichment were used
as negative control. F) and G) Imprinted genes expression and proviral silencing are
deregulated in absence of SUV39H1/2. mRNA levels were normalized to those of cyclophilin
A. All values are expressed as the mean = SEM (n = 3). For significance Student’s paired #-
test was applied. *p-values <0.05. Of note, H3K9me3 enrichment analysis in E) has been
performed only once.
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MATERIALS AND METHODS
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1. CELL LINES AND CELL CULTURE

Setdbl cKO mESCs were established by the group of Prof. Yoishi Shinkai via standard gene
targeting procedures (87). To generate the Setdb! cKO mESC line, Cre recombinase and
oestrogen receptor (Cre-ER) fusion gene was introduced into a clone containing targeted
Setdbl cKO and KO alleles. We also used Setdbl cKO (re)-expressing 3XFLAG-SETDBI1
Wild type and 3XFLAG-SETDBI catalytic-dead (C1243A) mutant kindly donated by Prof.
Yoishi Shinkai (87). Suv39hi/h2 null HM1 mESCs were established by the group of Prof.
Jeremy Brown (204). All mESCs were cultured in Dulbecco’s modified Eagle’s Medium
DMEM (Sigma) supplemented with 15% fetal calf serum (Gibco), 1% penicillin/streptomycin
(Sigma), 0.1 mM B-mercaptoethanol (Thermo), 1 mM nonessential amino acids (Sigma), and
1000 U/mL of Leukemia Inhibitory Factor (LIF) (Millipore). All mESC lines were cultured in
standard feeder-free conditions with 0.2% gelatin, maintained at 37°C and 8% CO,. To induce
deletion of the SETDB1 cKO allele, mESCs were cultured in 800nM 4-Hydroxy Tamoxifen
(Sigma) for 4 days.

Setdbl KO MEFs were cultured in DMEM (Sigma) supplemented with 15% fetal calf serum
(Gibco) and 1% penicillin/streptomycin (Sigma). MEFs were maintained at 37°C and 5%

CO..

2. CLONING
Full-length SETDB1 cDNA was cloned into the Not/ and EcoRI sites of the PCS2 vector
given by Liu Yang, which contains a Myc epitope tag. In order to generate the catalytic-dead
(C1243A) SETDB1 mutant, or the double-lysine SETDB1 mutant (K1770A and K1778A),
we used the QuikChange II XL site-directed mutagenesis kit (Agilent) according to

manufacturer’s recommendations. Briefly, each reaction was prepared with 10X reaction
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buffer, 10 ng dsDNA template, 125 ng of each oligonucleotide, 1 pL of ANTPs mix, 3 pL of
QuikSolution and 2.5 U/uL PfuUltra HF DNA polymerase. PCR was used to incorporate each
mutation inside the dsDNA. Finally, Dpn/ endonuclease which is an enzyme specific for
methylated and hemimethylated DNA was used to digest the parental DNA template and to
select for mutation-containing synthetized DNA. Successful mutagenesis was verified by
Sanger sequencing.

SETDBI fragment containing the mutations K1770A and K1778A was cloned into the Asp/
and EcoRI sites of the pCAG-3XFLAG-IRESbsd vector used by Prof. Yoishi Shinkai Lab. To
generate ES cells stably expressing the non-methylatable form of SETDBI, the vector was
introduced into Setdb! cKO mESCs via Lipofectamine 2000 (Invitrogen). Clones were
selected in medium containing blasticidin (7 mg/mL).

GST-tagged SETDBI truncated mutants were kindly donated by Prof. Or Gozani (6). The
lysine mutations K1170A and/or K1178A were generated by site directed mutagenesis as

previously described.

3. TRANSFORMATION
Competent cells (NEB Turbo Competent, New England BioLabs) were mixed with 50 ng of
plasmid and incubated 30 min in ice. Then, cells were exposed to heat shock at 42°C for 45
sec and incubated 2 min in ice. 250 pL of SOC medium were added and transformed cells
were incubated for 30 min at 37°C, followed by spreading onto LB agar with ampicillin.

Plates were incubated overnight at 37°C.
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4. PLASMID DNA PURIFICATION
A single colony picked from the agar plate was inoculated into LB medium and grow at 37°C
for 12 h. Then, plasmid purification was carried out using Qiagen kits according to

manufacturer’s recommendations. Finally, DNAs were sent for sequencing (GATC Biotech).

5. TRANSFECTION
The SETDBI expression constructs were transiently transfected into Setdb! KO MEFs using
lipofectamine 2000 (Life Technologies) according to the product instructions. Cells were

harvested at 48 h post-transfection for IP and western blot analysis.

6. EXPRESSION AND PURIFICATION OF GST-TAGGED PROTEINS FROM
E. coli

GST fusion proteins were expressed in E. coli B121. Bacteria was induced until OD=0.7 by
adding 1 mM IPTG at 37°C for 2h. After centrifugation, cells were resuspended in Lysis
buffer (20 mM Tris pH 7.6, 150 mM NaCl, 0.5% Triton X-100, 0.01% NP40, 15 mM KCI,
10% Glycerol, 1 mM DTT, 0.5 mg/mL Lysosyme) and incubated for 30 min in ice. After, the
solution was disrupted using a sonicator. Cell debris were removed by centrifugation at 12000
rpm for 30 min at 4°C. GST-tagged proteins were bound to Glutathione-S-Sepharose beads
for 2 h at 4°C. After washing with wash buffer (50 mM Tris pH 7.6, 300 mM NaCl, 0.5%
Triton-X-100 and 1 mM DTT), bound proteins were eluted with elution buffer (100 mM Tris

(pH 8.0), 15 mM Glutathion, 1 mM DTT), collected by centrifugation and stored at -80°C.

7. IN VITRO HISTONE METHYLTRANSFERASE ASSAY
GST-purified proteins (I pg) or products from immunoprecipitation were incubated in a
solution of buffer 2X (100 mM Tris pH 8, 40 mM KCIl, 20 mM MgCl2, 20 mM B-
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Mercaptoethanol, 500 mM Sucrose), 30 mM S-adenosyl-[3Hmethyl]-L-methionine (SAM)
and either 2 ug recombinant active SETDB1 (Active Motif) or 2 pg active GST-SUV39H1 or
5 pg Histone cocktail (H2A, H2B, H3 and H4). The reactions were incubated for 2 h at 37°C.
Then, the samples separated by SDS-PAGE and the proteins were fixed with 50% methanol
and 10% acetic acid and visualized by Coomassie blue stain. Finally, the gel was incubated

with En3hance, dried and exposed to special film.

8. IMMUNOFLUORESCENCE (IF) AND MICROSCOPIC ANALYSIS
Cells were grown on glass coverslips, which had been coated with laminin 10 mg/ml in PBS
for 1h at 37°C and rinsed with PBS. mESCs cells were fixed with 4% formaldehyde
(Electron Microscopy Sciences) 20 min, incubated 50 mM NH4CI for 10 min to quench
formaldehyde, permeabilized with 0.2% Triton-X-100 10 min. Primary and secondary Abs
were diluted in PBS containing 2% SVF serum and 0.1% Tween and incubated overnight at
4° C or 1h at room temperature, respectively. DNA was stained with 1 ugml™' DAPI (Life
Technologie). Coverslips were mounted with Vectashield mounting media (Clinisciences).
Microscopy was performed using inverted microscope Leica DMI-6000. Images were taken
with the HQ2 Coolsnap motorized by Metamorph software. All images were processed with

Image] software.

9. FLOW CITOMETRY
Cells were trypsinized and 1*10"5 cells were incubated for 5 minutes at RT under lightless
condition in 1X AnnexinV binding buffer containing FITC Annexin V and 0.25 mg/ul
propidium iodide according to FITC AnnexinV Apoptosis Detection Kit (BD Biosciences).

10.000 cells were sampled for each replicate on BD FACSCalibur™ flow cytometer and cells
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were gated on forward and side scatter. Fluorescence measurement was on the FL1 (green)

and FL2 (red). Data were analyzed using FlowJo software.

10. WESTERN BLOT
Nuclear extracts or IP samples were prepared in NuPAGE 4X loading buffer and 10X
reducing agent. Separation of proteins was performed using pre-cast polyacrylamide gel
cassettes (NUPAGE® Novex® 4-12% Bis-Tris) (Life technologies) and 1X NuPAGE MES
SDS Running Buffer and transferred into nitrocellulose membrane in 20 mM phosphate
transfer buffer (pH 6.7). Membrane was blocked in 5% skim milk in PBST Buffer (1X PBS,
0.2% Tween 20) and incubated overnight at 4°C with the primary antibodies. Primary
antibodies were detected with IRDYE-conjugated secondary antibodies and scanned on the
LI-COR imaging system. Quantification of bands was performed with LI-COR software or

Image J.

11. ANTIBODIES
Antibodies used for immunoprecipitation were: anti-SETDB1 (Santa Cruz), anti-Myc (Santa
Cruz), anti-pan-tri-methyl-lysine (CST), anti-CDYL (Abcam), anti-SUV39H1 (CST), anti-
HPg (Thermo), anti-Histone 3 (Santa-Cruz), anti-Flag (Sigma). Antibodies used for ChIP

were: anti-FLAG (Sigma), H3K9me3 (Abcam and Diagenode), IgG (Diagenode)

12. COOMASSIE STAINING

Proteins were visualized in SDS-PAGE by incubating in staining SimplyBlue SafeStain

(Invitrogen) for 1 h at room temperature with constant agitation.
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13. RNA AND QUANTITATIVE REVERSE TRANSCRIPTION-PCR (qRT-PCR)
Total RNA was extracted using RNeasy mini-kit (Qiagen) following manufacturer’s
procedures. DNase (Qiagen) treatment was performed to remove residual DNA. With High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems), 1 pg of total RNA was
reverse transcribed. Real-time quantitative PCR was performed to analyze relative gene
expression levels using SYBR Green Master mix (Applied Biosystems) following
manufacturer indications. Relative expression values were normalized to the housekeeping

gene mRNA Cyclophillin A. Primer sequences are listed in Table 3.

14. IMMUNOPRECIPITATION
20 million cells were lysed in buffer A (20 mM HEPES pH 7, 0.15 mM EDTA, 0.15 mM
EGTA, 10 mM KCl), 10% NP40 and SR buffer (50 mM HEPES pH 7, 0.25 mM EDTA, 10
mM KCl, 70% (m/v) sucrose) supplemented with 1 mM DTT, spermidine-spermine (0.15
mM, 0.5 mM, respectively) and protease inhibitor (Sigma) to limit nuclei leak. Cell lysates
were centrifuged at 2000 g for 5 min. The nuclei pellets were suspended in sucrose buffer (20
mM Tris pH 7.65; 60 mM NaCl; 15 mM KCI; 0.34 M Sucrose) and then high salt buffer was
added (20 mM Tris-HCI pH 7.65; 0.2 mM EDTA; 25% glycerol; 900 mM NaCl; 1.5 mM
MgCl2) to a final NaCl concentration of 300 mM. The nuclear extracts were treated with
Micrococcal nuclease (0.0125 U/ml) with 1 mM CaCl2 at 37 °C during 10 min, EDTA was
added to 4 mM final concentration and finally sonication for 5 min (15 sec ON, 1 min OFF) at
medium frequency (Bioruptor Diagenode). The lysates were ultracentrifuged at 40000 rpm for
30 min and pre-cleared with protein G-agarose beads (Sigma) during 2 h at 4°C.
Immunoprecipitations were carried out overnight at 4 °C using 5 pg of each antibody.
Ultralink A/G beads (Perbio) were blocked overnight at 4 °C with 0,3 % BSA and 0,5 pg/ul
ssDNA and then incubated with the immunocomplexes for 2 h at room temperature. For

immunoprecipitation using Myc-Trap technology, the Myc-Trap beads were equilibrated with
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wash buffer (10 mM Tris pH 7.5, 150 mM NacCl, 0.15 mM EDTA). Immunoprecipitations
were carried out 1 h at 4°C using 25 pL of Myc-Trap bead slurry. The immunocomplexes
were washed four times in wash buffer and the proteins were eluted in NuPAGE® LDS
Sample Buffer (Life Technologies) at 96 °C during 5 min. Finally, the immunoprecipitates

were examined by western blot.

15. CHROMATIN IMMUNOPRECIPITATION (ChIP)
Formaldehyde (Sigma) was added to culture medium to a final concentration of 1%. Cross-
linking was allowed to proceed for 10 min at RT and stopped by addition of glycine at a final
concentration of 0.125 M. Fixed cells were washed and harvested with PBS. Chromatin was
prepared by two subsequent extraction steps (10 min at 4 °C) with Buffer 1 [50 mM
Hepes/KOH (pH 7.5); 140 mM NaCl; 1 mM EDTA; 10% Glycerol; 0.5% NP-40; 0.25%
Triton X-100] and Buffer 2 [200 mM NaCl; 1 mM EDTA; 0.5 mM EGTA; 10 mM Tris (pH
8.0)]. Nuclei were then pelleted by centrifugation, resuspended in Buffer 3 [5S0 mM Tris (pH
8.0); 0.1% SDS; 1% NP-40; 0.1% Na-Deoxycholate; 10 mM EDTA; 150 mM NaCl], and
sonicated with Bioruptor (Diagenode), yielding genomic DNA fragments with a bulk size of
150-300 bp. Reverse-crosslink chromatin was analyzed using D5000 screen tape on the Tape
Station (Agilent). All buffers were supplemented with protease inhibitors prior to usage.
Chromatin was pre-cleared with protein G-agarose beads (Sigma) during 2 h at 4°C and
immunoprecipitation with the specific Abs was carried out overnight at 4°C. Ultralink A/G
beads (Perbio) were blocked overnight at 4 °C with 0,3 % BSA. Immune complexes were
recovered by adding pre-blocked protein A/G ultralink beads and incubated for 2 h at room
temperature. Beads were washed twice with Low salt buffer [0.1% SDS; 1% Triton; 2 mM
EDTA; 20 mM Tris (pH 8.0); 150 mM NacCl], twice with High salt buffer [0.1% SDS; 1%

Triton; 2 mM EDTA; 20 mM Tris (pH 8.0); 500 mM NacCl], once with LiCl wash buffer [10
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mM Tris (pH 8.0); 1% Na-deoxycholate; 1% NP-40, 250 mM LiCl; 1 mM EDTA], and once
with TE supplemented with 50 mM NaCl. Beads were eluted in TE with addition of 1% SDS
and 0.2 M NacCl at 65°C, and cross-link was reversed overnight at 65 °C. Eluted material was
incubated with Proteinase K 2 h at 37°C and DNA was obtained using the kit Qiagen Mini
Elute. DNA was resuspended in water, and q-PCR performed using PowerSYBR Green PCR
Master mix (Applied Biosystems) and analyzed on a Via 7 System (Applied Biosystems).
ChIP-gPCR results were represented as percentage (%) of IP/input signal (% input). Primer

sequences are listed in Table 3.

16. ChIP-SEQUENCING

The IPed DNA was quantified using the Qubit™ dsDNA High Sensitivity HS assay
(ThermoFisher Scientific) and fragment size distribution (between 100-600 bp) was analyzed
by capillary electrophoresis (Agilent 2200 TapeStation Nucleic Acid System with the High
sensitivity D5000 kit). Libraries were prepared using the MicroPlex V2 library preparation ™
kit (Diagenode) following the manufacturer’s instructions: starting amount of fragmented
DNA varying between sub-nanograms and 500 pg of DNA (from ChIP SETDBI), 1,5 ng of
DNA (from ChIP H3K9me3) and 1,5 ng for inputs were used. After end repair of the double-
stranded DNA templates, we ligated the cleavable stem-loop adaptors and amplify the adaptor
enriched DNA with high fidelity amplification of 10 PCR cycles to add Illumina compatible
indexes. The libraries were then purified with the Agencourt AMPure XP bead-based
purification system. Final libraries were quantified with Qubit™ dsDNA HS assay
(Thermofisher Scientific) and size distribution was monitored by capillary electrophoresis
with Agilent 2100 Bioanalyzer using High Sensitivity HS DNA Chips (Agilent).

After pooling, libraries were paired-end sequenced (2X40 bp) on a Nextseq 500 instrument

(Illumina).
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Gene Sequence Tecnique
Cyclo A -RT Fw GTCAACCCCACCGTGTTCTT RT-gPCR
Cyclo A -RT Rev CTGCTGTCTTTGGGACCTTGT RT-gPCR
MLV-LTR-RT Fw AGAGGTATGGTTGGAATAAGTA RT-gPCR
MLV-LTR-RT Rev TAGATGGAGCCTACCAAGCTCTCAA RT-gPCR
MusD-LTR-RT Fw TCTTAATAATAGGGAGGAGATGTAGT RT-gPCR
MusD-LTR-RT Rev GGTCCAGTAGAAAGGTCGACG RT-gPCR

MMERVK10c-LTR

CAAATAGCCCTACCATATGTCAG

RT-qPCR and ChIP

MMERVK10c-LTR

GTATACTTTCTTCTTCAGGTCCAC

RT-qPCR and ChIP

IAP-POL RT Fw

CTTGCCCTTAAAGGTCTAAAAGCA

RT-qPCR

IAP-POL RT Rev

GCGGTATAAGGTACAATTAAAAGATATGG

RT-qPCR

LINEI-RT p2 Fw TTTGGGACACAATGAAAGCA RT-qPCR and ChIP
LINEI-RT p2 Rev CTGCCGTCTACTCCTCTTGG RT-qPCR and ChIP
H19 RT-Sybr pl Fw AGAGGACAGAAGGGCAGTCA RT-qPCR
H19 RT-Sybr pl Rev TGGGTGGACAATTAGGTGGT RT-qPCR
Nnat-RT-Ex 3 Fw CCTGTCCCACTACCGGC RT-gPCR
Nnat-RT-Ex 3 Rev TATTGACCACAACTGCTGCG RT-gPCR
Mest-RT-Ex 9-11 Fw GGACCGTATACTCGACCCAC RT-qPCR
Mest-RT-Ex 9-11 Rev GGATGGACACAGAAGCAAGC RT-qPCR
MLV-LTR ChIP Fw TGGGCAGGGGTCTCCAAATCT ChIP
MLV-LTR ChIP Rev ATAAAGCCTCTTGCTGTTTGCATC ChIP
IAP-LTR ChIP Fw GCTCCTGAAGATGTAAGCAATAAAG ChIP
IAP-LTR ChIP Rev CTTCCTTGCGCCAGTCCCGAG ChIP
MusD-LTR ChIP Fw CCCTTCCTTCATAACTGGTGTCGCA ChIP
MusD-LTR ChIP Rev TAGCATCTCTCTGCCATTCTTCAGG ChIP
Mest-ChIP-R1 Fw CTTCGCTTGGCCTTCACTTTC ChIP
Mest-ChIP-R1 Rev GCCGCACCTTTGACTTTGGT ChIP
Mest-ChIP-NEG-P2 Fw | GGCTGGTTCAGATGGTCCTT ChIP
Mest-ChIP-NEG-P2 Rev | GGGGACTGCTGGTCAATAGG ChIP
Nnat ChIP 73 Fw CCCTACCCAACCCATCCTATC ChIP
Nnat ChIP 74 Rev CCACCGCGGCACTTTG ChIP
Nnat-ChIP-NEG Fw CAGCTTAGGAATCAAGGGGCA ChIP
Nnat-ChIP-NEG Rev GCTGACAGCAGTGTAGCGTA ChIP
H19-ChIP-R2 Fw TGCAGAGAGTAAGCCGACCT ChIP
H19-ChIP-R2 Rev GGGTCACAAATGCCACTAGG ChIP
H19-ChIP-R2-P2 Fw CCCCTGAGGTACTGAACTTGG ChIP
H19-ChIP-R2-P2 Rev TCGATTGCGCCAAACCTAAAG ChIP

Table 3. List of primers used for RT-qPCR and ChIP-qPCR
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17. STATISTICAL PARAMETERS FOR ChIP-SEQ ANALYSIS
Sequenced reads were demultiplexed to attribute each read to a DNA sample and then aligned
to reference mouse genome mm10 with bowtie2. After PCR duplicates were removed, Flag-
tagged SETDBI and H3K9me3 enrichments were analyzed over their respective control
(Input DNA) by the software MACS2. The P-value threshold was 0,001, and the shift size 50
pb.. For Flag-tagged SETDB1 and H3K9me3 ChIP-seq peaks only binding sites with P-
values <10e-5, FDR<1% and five fold enrichment over the control were retained. For genome
annotation we used Homer software v4.7. For bound genes, we used GREAT software (v3.0).
Plots were generated using deep tools. DAVID software was used for Gene Ontology

analyses.

18. RNA PURIFICATION AND RNA-SEQ

RNA was isolated as described above. After RNA extraction, RNA concentrations were
obtained using a fluorometric Qubit RNA HS™ assay (ThermoFisher Scientific). The quality
of the RNA (RNA integrity number 8.2) was determined on the Agilent 2100 Bioanalyzer

(Agilent Technologies, Palo Alto, CA, USA) as per the manufacturer’s instructions.

To construct libraries, 1 ug of high quality total RNA sample (RIN >8) was processed using
Truseq® stranded total RNA kit (Illumina®) according to manufacturer instructions. Briefly,
after removal of human ribosomal RNA (using Ribo-zero® rRNA) confirmed by QC control
on pico chip™ on the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA),
total RNA molecules are fragmented and reverse- transcribed using random primers.
Replacement of dTTP by dUTP during the second strand synthesis will permit to achieve the
strand specificity. Addition of a single A base to the cDNA is followed by ligation of

adapters.
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Libraries were quantified by qPCR using the KAPA Library Quantification Kit for Illumina
Libraries (KapaBiosystems) and library profiles were assessed using the DNA High
Sensitivity™HS kit on an Agilent Bioanalyzer 2100. Libraries were sequenced on an
[Nlumina® Nextseq 500 instrument using 75 base-lengths read V2 chemistry in a paired-end

mode.

19. BIOINFORMATIC ANALYSIS OF RNA-SEQ

After sequencing, a primary analysis based on AOZAN software (ENS, Paris) was applied to
demultiplexe and controls the quality of the raw data (based of FastQC modules / version
0.11.5). Obtained fastq files were then aligned using Star algorithm (version 2.5.2b) and
quality control of the alignment realized with Picard tools (version 2.8.1). Reads were then
count using Feature count (version Rsubread 1.24.1) and the statistical analyses on the read
counts were performed with the DESeq2 package version 1.14.1 to determine the proportion

of differentially expressed genes between two samples.

20. STATISTICAL ANALYSIS
All values will be presented as mean +/- standard deviation. For statistical significance

Student’s paired t-test was applied. P-values less than 0.05 will be considered significant.
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DISCUSSION AND
PERSPECTIVES
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1. DISCUSSION

Post-translational modifications (PTMs) are covalent chemical changes proteins may undergo
after translation. PTMs play important roles in regulating almost every aspect of cell biology
including gene expression, signal transduction, interaction with partners, cell-cell
interaction and communication between the intracellular and extracellular environment
(205). Protein methylation is one of the functionally stable yet versatile form of PTM and is

the focus of the present study.

Protein lysine methylation was first reported by Richard Ambler and Maurice Rees in
1959, while analyzing bacterial flagellar proteins they observed an amino acid that has not
been previously found to occur naturally, which lately they identified as a methylated

lysine (206).

This work paved the way to discover many methylated proteins, characterize methyl-
modifying enzymes including methyltransferases (writers), demethylases (erasers) and
effectors of methylation (readers), and to better understand biological processes that are
regulated by methylation. Moreover, at the turn of the 21% century, increased availability
of genomic sequence information and the development of techniques to study chromatin
biology including ChIP coupled with analysis of the precipitated DNA, provided
information on the in vivo association of histones, their modifications and regulatory

proteins with specific genomic regions (207).

Much attention has been directed toward elucidating the principles underlying histone lysine

methylation and how this mechanism regulates gene expression through the specific
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recruitment of effector proteins. However, the list of lysine-methylated non-histone proteins
has increased and many of them are substrates of H3K9 KMTs (Table 1). For example, G9A
methylates many transcription factors (e.g. C/EBPp, Tp53, MEF2 and MyoD) (123,127-129),
chromatin-binding proteins (e.g. WIZ, CDYL, ACINUS) and very interestingly, G9A is able
to methylate itself as non-histone substrate (72,125,126). Like G9A, SETDBI can also
methylate proteins besides histones (e.g. UBF, ING2, p53 and Tat) (6-8,94). Here, for the
first time, the capability of SETDB1 to undergo auto-methylation was demonstrated.
Moreover, our results indicate that methylation site(s) of SETDBI are located inside its
catalytic SET domain, more specifically in the bifurcated domain. This is particularly
important, bearing in mind that as many other proteins, PTMs of SETDB1 could play an
essential role in regulating protein-protein interactions, catalytic activity and stability of
the protein. For instance, SETDB1 is modified by ubiquitination at lysine 867 and that
modification was showed to be required for its H3K9 methyltransferase activity and
regulation of the expression of its target gene Serpinel (2). These remarkable facts lead me
to investigate the lysine(s) located inside the SET domain of SETDBI that potentially

could be methylated.

i The role of SETDB1 auto-methylation

In order to identify methylated proteins, Guo and collaborators described an approach based
on the use of different anti-methyl-lysine antibodies to immunoprecipitate methylated
proteins and mass spectrometry (199). They found that lysine methylation appears to be
restricted to a smaller group of proteins including translation elongation factors, chaperone
proteins such as HSP70 and a subset of lysine methyltransferases including G9A, GLP,

EZH1, EZH2 and SETDBI. Thus, SETDBI could be methylated on the lysines 1170 (me2,
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me3) and 1178 (me, me2, me3) (199). Remarkably, these two lysine residues are embedded
in the Carboxy terminal region we found is subject for SETDB1 auto-methylation (aa 1101
to 1290 region). Moreover, our results showed that the GST-SETDBI1 protein harboring
single amino acid substitutions in both methylation sites (K1770A/K1778A) is less

methylated by SETDBI.

Regarding K1770 and K1778, our protein-protein interaction data strongly suggest that
these residues constitute binding sites for at least three chromodomain-containing proteins,
namely HP1y, SUV39H1 and CDYL. While the integrity of K1770 and K1778 is clearly
required for this interaction, it remains unclear whether there is a preferential docking site
(either K1170 and/or K1178), because the loss of interaction was observed with SETDB1
double-lysine mutant. It also remains to determine the degree of methylation mediating
SETDBI1 protein-protein interactions, since the co-IP experiments were performed using
mainly an anti-trimethyl-lysine antibody and it is possible that SETDB1 can methylate

K1770 and/or K1778 unmodified, mono- or di-methylated.

Since lysine residues can also be modified by other covalent modifications, we cannot
exclude that K1170 and K1178 could be acetylated or ubiquitinated. However, with our
cellular model we cannot conclude since substitution of lysine by alanine residues was

performed.

Moreover, several studies have shown that acetylation of H3K9 synergizes with
phosphorylation of histone H3 Serine 10, and the presence of these two modifications
correlates with gene activation (208). Strikingly, adjacent to SETDB1 K1170 and K1178

there are serine residues (S1171 and S1179) and we cannot discard the possibility that
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phosphorylation could play a role mediating the interaction of SETDB1 with HP1, CDYL
and SUV39HI1. Thus, adding further complexity to this situation, an operational binary
‘methyl/phospho switch’ has been reported for K9/S10 region of histone 3. HP1 associates
with the H3K9me3 mark, recruiting HP1 to heterochromatin regions and mediating the
formation and maintenance of heterochromatin (124). However, during mitosis,
phosphorylation of H3S10 by Aurora B disrupts the HP1-H3K9me3 interaction and, as a
consequence, HP1 is released from heterochromatin, even though the H3K9me3 mark persists
(53). In addition, in vitro binding assays demonstrated a significant loss in the affinity of HP1
chromodomains for a dually modified H3K9me3/S10ph peptide, compared with a H3K9me3

peptide (53).

Chromodomain Y-like (CDYL) protein is a histone methyl-lysine reader and transcriptional
corepressor involved in neural development (209). Chromodomains of CDY family (CDY,
CDYL and CDYL2) have been shown to be sensitive to the presence of H3S10ph.
Interaction of these chromodomains with H3K9me3S10ph peptide was ~76-100 fold

weaker as compared with the binding to the H3K9me3 peptide (103).

Our results support the idea that SETDBI1 contains two lysine methylation clusters (one
around K1770 and the second around K1778) that mimic multiple features of histone
lysine methylation. Alignment of the sequence harboring both methylation sites (K1770
and K1778) raises a clear analogy to the highly conserved motif ARKS in the N-terminal
tail of histone 3 in which recognition of methylated H3K9 and H3K27 are mediated by the
chromodomain-containing effectors (HP1 and Polycomb, respectively) (210). Notably, this
effector protein recognition was also affected since a loss of interaction between the non-

methylatable form of SETDB1 and HP1 and CDYL was detected as already described.
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All in all, I propose that catalytic activity of SETDBI1 is necessary to undergo its auto-
methylation in K1170/K1178 and methylation of these two residues is crucial for interaction
of SETDB1 with chromo-domain containing proteins such as SUV39HI1, CDYL and HP1y.
Moreover, as I will detail it below, SETDB1 auto-methylation regulates not only the physical
interaction with SUV39H1, CDYL and HP1y, but also the assembly of repressor complexes

recruited to establish and/or maintain heterochromatin.

. Methylation status and catalytic activity of SETDB1 are required for proviral
silencing and regulation of imprinting

Retrotransposons, including LTR and non-LTR classes, are found in the genomes of all
higher eukaryotes. These so-called “parasitic” sequences can be classified into two major
groups. Non- LTR repeats, including long and short interspersed nuclear elements (LINEs
and SINEs, respectively), representing ~30% — 35% of the genome, while those with LTRs,
termed ERVs, representing ~8% and 10% of the human and mouse genomes, respectively
(211). To minimize their impact on host fitness, numerous pathways have evolved to regulate
each step of the retroviral life cycle, including transcription of the integrated ERVs. One of
the best characterized transcriptional silencing mechanism involves the covalent transfer of a
methyl group to the C-5 position of the cytosine ring of DNA by DNMT enzymes. Notably,
DNA methylation has been shown to be required for repression of ERVs in epiblast-derived
stem cells, MEFs and neuronal cells (212) cells. However, during early embryonic
development, silencing of ERVs occurs without DNA methylation. ESCs naturally undergo
almost total genome-wide loss of DNA methylation, likely as part of the acquisition of a
pluripotent, flexible state (213). Moreover, genetic studies have demonstrated that mESCs can

use DNA methylation-independent mechanisms to silence transposons: knocking-out the
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three active DNA methyltransferases does not yield significant de-repression of transposable

elements (87,200).

Multiple histone modifications, including H3K9 and H3K27 methylation, have been
implicated in retrotransposons’ transcriptional repression (87,200,203,214). In fact, H3K9me3
acts as the main transposon controller in pluripotent mESCs (87,183,200). Notably, KAP1 is
targeted to retrotransposons by the Kriippel-associated box-containing zinc-finger proteins
(KRAB-ZFPs). KAP1, in turn, recruits SETDB1, that deposits repressive H3K9me3 marks at
the provirus (87,183,189,200,215). In this work, I demonstrated that the essential role of
SETDBI in retroviral repression in mESCs is compromised when the integrity of the lysines
embedded in its catalytic SET domain (K1770 and K1778) is affected. In mESCs expressing
the SETDB1 non-methylatable form, recruitment of SETDB1 is maintained but H3K9me3 is
no longer deposited efficiently, leading to de-repression of MLV, MusD, IAP, MMERVK10c
and LINE-1 elements. This phenotype is consistent with the observation that the catalytic
activity of SETDBI is crucial for high ERV repression, which is supported by previous
reports (87,216). Of note, upregulation of ERV and LINE elements in cells expressing either
double-lysine or catalytic-dead SETDB1 mutants was not as strong as in Setdb! KO mESCs.
One possible explanation could be that cells expressing SETDB1 mutants acquired
compensatory mechanisms that prevent a strong induction of proviral expression. Peters and
colleagues showed the spreading of H3K27me3 at major satellite repeats in Suv39h-double
null cells, suggesting that H3K27me3 could compensate the absence of H3K9me3 in mESCs
(202). Furthermore, cohabitation of H3K9me3 and H3K27me2/3 was reported by Jamieson
and collaborators. In Neurospora crassa, elimination of H3K9me3 methylation complex
caused redistribution of H3K27me. Regions of facultative heterochromatin lost H3K27me3,

while regions that are normally marked by H3K9me3 became methylated at H3K27 (217).
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Interestingly, although all ERVs and LINE-1 elements showed a significant upregulation in
cells expressing the non-methylatable form of SETDB1 compared to the wild-type SETDBI,
different levels were observed. MLV, TAP, MusD and LINE-1 were upregulated ~1,5 fold.
However, MMERVK10c elements were strongly induced (~20 fold). These results suggest
the presence of different mechanisms to control expression transposon subfamilies. For
instance, Walter and collaborators revealed overlapping roles of H3K9 and H3K27
trimethylation in controlling distinct transposon families upon DNA demethylation. They
classified transposons based on the chromatin changes that take place upon DNA
demethylation. In the category A, which includes LINEI elements, they observed that the loss
of DNA methylation was associated with a co-occupancy of H3K9me3 and H3K27me3. The
category B, that includes IAPEz and MMERVKI10C, showed loss of DNA methylation and
maintenance of H3K9me3, without increase in H3K27me3. The category C, containing
MERVL, the loss of DNA methylation was associated with a loss of H3K9me3 and
replacement by H3K27me3 on the total length of DNA repeats (203). These findings have
important implications for understanding the molecular basis of transposon control in the

pluripotent cells of the early mammalian embryo.

Our preliminary genome-wide analyses revealed a total of 818 genes de-regulated in mESCs
expressing the non-methylatable form of SETDB1 and 2646 genes de-regulated in mESCs
expressing the catalytic inactive form of SETDBI. A cohort of germline genes including
Dazl, Hormadl, Nlrp4c, Rex2, Rpl39l, Serpinel, Stk31, Tex101, Tuba3a, and Gm13212 were
up-regulated in both cell lines, indicating that any disruption of SETDB1 could be sufficient
for transcriptional activation. Interestingly, these genes have been shown to be upregulated

also after loss of SETDBI1 in mESCs (200).
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Our preliminary ChIP-seq results showed a decrease in the recruitment of SETDB1 and
reduced levels of H3K9me3 levels at the promotor region of a cohort of imprinted genes
including H19, Nnat, Mest, Pegl( and Peg3 in mESCs expressing the catalytic inactive and
the double-lysine mutants of SETDB1. However, deregulation was observed at different
levels. Upregulation was observed in Pegl( and Peg3, downregulation was observed in H19,
whereas Nnat and Mest showed no significant changes in all cell types. One possibility to
explain these differences in transcriptional repression could be the significant increase of
ShmC enrichment in Mest and HI9 in absence of SETDBI as reported by Leung and
collaborators using mESCs with the same background that the present study (188). Further
analyses will be necessary to study the status of DNMTs in the cells expressing the double-
lysine mutant SETDBI1, since a link between SETDB1 and DNMT enzymes has been
reported. KAP1 is recruited to ICRs by the KRAB zinc-finger protein ZFP57. Moreover, the
complex ZFP57/KAPI recruits DNMT3A and DNMTT at the ICRs to establish and maintain

the methylation at imprinted genes (190,218).

However, we cannot exclude that another explanation for these transcriptional changes is the
relatively high level of DNA methylation in mESCs cultured in serum relative to two-
inhibitor (2i) media. Under the latter conditions, mESCs adopt a “naive” hypomethylated

state, more reflective of the inner cell mass of the E3.5 blastocyst (219).

Altogether, my results indicate that when integrity of SETDBI K1170 and K1178 and
SETDBI catalytic activity are compromised, the SETDB1/H3K9me3-mediated silencing of
ERVs and imprinting genes is affected. Notably, it has been proposed that mechanisms
involved in both, the maintenance of genomic imprinting during development and the

maintenance of ERVs silencing show mechanistic similarities (Reviewed in (220)). Regarding
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establishment of repressive chromatin on ERVs by H3K9 KMTs, is known that KRAB-ZFPs
interact with the corepressor KAP1, thereby the recruitment of SETDB1 which deposits
repressive H3K9me3 marks at the provirus (Reviewed by (215)). Likewise, the DNA-
methylated parental allele has a repressive chromatin organization similar to that found at
repressed ERVs including the KRAB-ZFP Zfp57. Further studies will be needed to determine
the imprinted expression pattern dependent on SETDBI. For example, SNP genotyping
assays for allelic discrimination allow to study whether the effect on the de-regulated
imprinted genes is associated with reactivation of the gene expression of the methylated

allele.

. The biochemical point of view: SETDB1 and SUV39H1 cooperate in the
establishment of heterochromatin in SETDB1-methylation dependent way

Our lab showed that the main H3K9 KMTs (SETDBI1, G9A, GLP and SUV39HI1) form a
functional megacomplex involved in transcriptional silencing (1). However, how these KMTs
interact and cooperate remains elusive. Our results showed that both the integrity of K1170
and K1178 and SETDBI catalytic activity are required for its interaction with SUV39HI,

CDYL and HP1y, which are chromodomain-containing proteins.

Since CDYL transcriptional repressor complex includes SETDBI1 (122), I hypothesize that
SETDBI1/CDYL interaction could be mediated by methylation of SETDBI. In fact, CDYL
bridges the interaction between the tumor suppressor REST and G9A and functions as a
REST corepressor that facilitates G9A recruitment to REST target genes. The repressor
complex REST/CDYL/G9A inhibits transcription of the proto-oncogene 7rkC, whose
overexpression causes cellular transformation. In addition, not only an interaction between

CDYL and EZH2 has been reported, but also, genome-wide analysis revealed that CDYL and
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PRC2 share genomic targets in the breast cancer cell line MCF-7 (221). Recently, Liu and
colleagues demonstrated that CDYL is associated with the chromatin assembly factor 1
(CAF-1) and the replicative helicase MCM complex during DNA replication and it seems that
this complex is implicated in the recruitment of EZH2, G9A and SETDBI to the chromatin, at

least in U20S cells (Osteosarcoma epithelial cells) (222).

SETDBI1 and SUV39HI1 coordinate the establishment and maintenance of H3K9me3 at
constitutive pericentromeric heterochromatin (9,10) and co-regulate many genomic targets
within heterochromatin, including transposable elements, such as long interspersed nuclear
elements (LINEs) and endogenous retroviruses (ERVs) (11). Since SUV39HI1 is not able to
initiate H3K9 (mono)-methylation, SETDB1 could probably provide mono- or di-methylated
H3K9. Then, HP1y, which is a reader of H3K9me2 and H3K9me3, forms a stable complex
with SUV39H1, thereby providing a mean for the spreading and maintenance of H3K9me3 at
heterochromatin (9,10). Interestingly, my results point to a model in which SETDBI1 auto-
methylation paves the way to a subsequent trans-methylation by SUV39H1 at K1170 and
K1178. This mechanism could regulate not only the SETDB1/SUV39HI1 physical interaction
(via the SUV39HI1 chromodomain), but also cooperation in the establishment and

maintenance of heterochromatin and proviral silencing, at least in mESCs (Illustration 17).

Our preliminary results indicate that the SETDB1 pan-genomic binding profile is deregulated
in the absence of SUV39H1/2 in mESCs. In Suv39h double KO mESCs, SETDBI binding is
lost in regions where there are repetitive elements, mostly LTR-ERVs proximal to a cohort of
imprinted genes including H19-Igf2, Mest, Nnat, Mest, Nespas Airn, Mcts2, Zrsrl, Napll5,
Plagll, Snurf and Grb10. Moreover, in absence of SUV39H1/2 upregulation of H19, Igf2,

and Nnat was observed. These results support the hypothesis that recruitment of SETDBI is
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dependent of the presence of SUV39H1/2 in mESCs. Notably, in the absence of SETDBI,
retroviral elements could be reactivated and play a role as enhancers or anti-sense transcripts.

Importantly, imprinted genes are known to be involved in aging and cancer (223).

SUV39H1

SUV39H1

b o

SETDB1 auto- Recognition of methylated Trans-methylation
methylation in Lys by the chromodomain of SETDB1 by SUV39H1
K1170/K1178 of SUV39H1 (di or tri-methyl)

(mono-methyl)

SUV39H1 SUV39H1

____________________

SETDB1 SETDB1 @ Chromodomain

| |
1 1
1 1
1 1
' o Newly established |
! H3K9me !
1 1
1 1
1 1

Pre-existing
® H3K9me

Establishment of repressive marks and spreading of H3K9me3 methylation

Hlustration 17. SETDB1 and SUV39H1 cooperate in the establishment of
heterochromatin in SETDB1-methylation dependent way. A) SETDBI1 undergoes auto-
methylation (probably mono-methylation), which is required for a subsequent trans-
methylation by SUV39HI1. B) SETDB1 monomethylates H3K9 and thereby provides the
substrate for SUV39HI1 to establish H3K9me3 either on gene regulatory regions and provirus.
HP1y, which is a reader of H3K9me2 and H3K9me3, forms a stable complex with SUV39H1,
thereby providing a mean for the spreading and maintenance of H3K9me3 at
heterochromatin.
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1. PERSPECTIVES

* Determine whether SETDBI1 binding is dependent on the enzymatic activity of
SUV39H1

Our group have previously demonstrated that the main H3K9 KMTs (SETDB1, G9a, GLP
and SUV39HI1) form a functional megacomplex involved in transcriptional silencing (1).
Interestingly, the stability of this complex was affected in SUV39H KO MEFs. Since, our
current results showed that SETDB1 pan-genomic binding was deregulated in SUV39H KO
mESCs, I wonder whether either the presence of SUV39H1 or its enzymatic activity affect
SETDBI binding. It would be interesting to use mESCs SUV39H KO cell lines to stably
express either wild-type or catalytic-dead SUV39H1 and determine SETDBI1 binding and

H3K9me3 enrichment to answer the question.

* Regulation of SETDB1/H3K9me3-mediated proviral silencing in differentiated
cells

It has been generally considered that SETDB1/H3K9me3-mediated proviral silencing
pathway in mESCs is replaced by a more permanent silencing mechanism, i.e., KAPI-
mediated de novo DNA methylation in differentiated embryonic cells (183). However, recent
evidence showed that specific sets of ERVs are reactivated in different types of SETDBI-
deficient somatic cells (88). Thereafter, it would be very interesting to study how the proviral
silencing stablished by SETDBI changes along a differentiation process, i.e., muscle
differentiation. Interestingly, changes on the proviral silencing could be affected by the
SETDBI subcellular localization since it has been shown that SETDBI has both nuclear and
cytoplasmic localizations. Moreover, this relocalization is modulated by activation of

biological pathways such as Wnt/B-catenin pathway during muscle differentiation (224).
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Altogether, it could reveal unknown properties and functions of SETDB,1 which can be

exploited in novel disease therapies.

* Characterize SETDB1 behavior during carcinogenic process

SETDBI1 has been found to be amplified in different types of cancer (15,16). Moreover,
SETDBI1 can methylate P53, one of the most relevant proteins involved in cancer (7).
Considering the possibility that SETDB1 could be a biomarker for early detection of cancer
or a target for anti-tumor therapy is necessary to carry out studies along the carcinogenic
process. For instance, there is an interesting cellular model established by Mercatelli and
collaborators recapitullating all breast cancer stages including normal breast cells,
preneoplastic, in situ and metastatic cells (225). In the future it would be important to verify
whether SETDB1/H3K9me3-mediated gene silencing pathway changes and also to stablish
its protein partners during the carcinogenic process. In addition, given the recent evidence
showing SETDBI involved in regulation of the three-dimensional (3D) genome organization
(226) and that this 3D genomic architecture is often perturbed in cancer (227), it would be
interesting to investigate the role of SETDBI1 in the 3D genome organization during cancer
progress. Altogether, this would bring new concepts bearing potential medical applications,

including therapies targeting the epigenetic mechanisms.
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ANNEX
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RESUME SUBSTANTIEL EN LANGUE FRANCAISE

RESUME DE LA RECHERCHE

La méthylation de la lysine 9 de I’histone 3 (H3K?9), établie par les lysine méthyltransférases
(KMTs) SETDB1, SUV39H1, G9A et GLP, représente un mécanisme épigénétique central
dans la régulation du destin cellulaire. En particulier, la méthylation d’H3K9 est directement
impliquée dans la formation de I’hétérochromatine et 1’extinction des geénes. Notre laboratoire
a montré que les principales KMTs (SETDB1, G9A, GLP et SUV39H1) spécifiques de H3K9
forment un méga-complexe impliqué dans la répression transcriptionnelle (1), probablement
via une coopération pour établir les différents niveaux de méthylation. Néanmoins, la
régulation des complexes de H3K9 KMT n’est jusqu’a présent pas bien comprise. Il est a
noter que des modifications post-traductionnelles (PTM) ont ét¢ impliquées dans la régulation
des fonctions des KMTs (2). Dans ce contexte, mon projet visait & comprendre comment la
méthylation de SETDB1 régulerait son activité (incorporation dans des complexes, interaction
avec ses partenaires, recrutement a la chromatine). Le but étant d’établir quel impact auraient
ces modifications de SETDBI sur la formation de 1’hétérochromatine, 1’expression des genes

et la régulation du destin cellulaire.

SETDBI est cruciale lors du développement et de la différenciation cellulaire. De plus,
SETDBI1 est essentielle pour la pluripotence et le renouvellement des cellules souches
embryonnaires murines (mESC) (3.,4). L’inactivation génique de ou KO de Setdb! est 1étal au
stade préimplantatoire a 7,5 jours post-coitum (dpc) (5). En plus des histones, SETDB1

méthyle d’autres protéines comme UBF, ING2 et p53 (6-8). Mes résultats montrent
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notamment, que SETDB1 s’autométhyle sur les lysines K1170 et K1178 localisées dans le

domaine catalytique SET.

SETDBI1 et SUV39HI1 coordonnent I’établissement et la maintenance de H3K9me3 dans
I’hétérochromatine péricentromérique constitutive (9,10) et co-régulent de nombreuses cibles
génomiques dans 1’hétérochromatine, dont les éléments transposables comme les Long

Interspersed Nuclear Elements (LINESs) et les rétrovirus endogenes (ERVs) (11).

Comme SUV39HI est une triméthyltransférase qui utilise H3K9mel ou H3K9me2 comme
substrat primaire, SETDB1 pourrait probablement fournir les mono- ou di-méthyl H3K9
(9,10). Mes résultats suggerent un modele dans lequel 1’auto-méthylation de SETDB1 est pré-
requise a la trans-méthylation subséquente par SUV39HI1. Ce mécanisme pourrait réguler non
seulement ’interaction physique entre SETDB1 et SUV39HI1, via le chromodomaine de
SUV39HI, mais aussi leur coopération dans 1’établissement et la maintenance des blocs
(grands domaines) d’hétérochromatine et 1’extinction des éléments transposables, au moins
dans les cellules souches. Ainsi, nous souhaitons mieux comprendre comment le « dialogue »
entre ces deux H3K9 KMT majeures, SETDB1 et SUV39HI, est impliqué dans leurs

interactions et leurs recrutements aux /oci cibles.

Mots clés: SETDBI1, SUV39H1, modifications post-traductionnelles, méthylation de lysines
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OBJECTIFS GENERAUX DE LA THESE

1- Comprendre comment 1’auto-méthylation de SETDBI1, puis sa trans-méthylation par
SUV39HI1 régulent son activité, les interactions avec ses partenaires et son

recrutement a la chromatine, ce qui, in fine, pourrait modifier I’expression de genes.

2- Identifier les cibles génomiques co-régulées par SETDBI1 et SUV39HI et étudier le

role de la méthylation de SETDBI1 dans cette co-régulation.

PRINCIPAUX RESULATS

SETDB1 s’auto-méthyle est peut étre trans-méthylée par SUV39HI1: Mes résultats
montrent que SETDBI1 se méthyle sur deux lysines localisées dans son domaine catalytique

SET. Ces méthylations permettent ensuite la trans-méthylation par SUV39HI.

L’état de méthylation et D’activité catalytique de SETDBI1 influencent ses interactions
protéines — protéines : L’intégrité¢ des deux lysines méthylées et ’activité catalytique de
SETDBI1 sont nécessaires pour son interaction avec les protéines SUV39HI1, CDYL
(Chromodomain Y-Like) and HP1g (Heterochromatin Protein 1), qui toutes contiennent un
domaine de liaison aux lysines méthylées, de type chromodomaine. Comme le complexe
répresseur transcriptionnel CDYL contient SETDBI1 (11), nous proposons que I’interaction
SETDB1/CDYL pourrait étre dépendre de la méthylation de SETDBI1. De plus, comme HP1
est un “lecteur” de lysines méthylées et est crucial pour la formation de I’hétérochromatine, la
méthylation de SETDBI1 pourrait affecter I’assemblage des complexes répresseurs recrutés

pour établir et/ou maintenir 1’hétérochromatine.
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L’état de méthylation et Dactivité¢ catalytique de SETDB1 régulent I’empreinte
génétique parentale et est nécessaire a D’extinction des séquences provirales : Nous
proposons que la méthylation de SETDBI pourrait réguler son recrutement a ses génes cibles
et ensuite la répression transcriptionnelle dépendante de H3K9me3. Pour tester cela, nous
avons utilisé des lignées de cellules souches embryonnaires murines (mESC) inductibles pour
la délétion du geéne Setdb 1 dans lesquelles nous avons ré-exprimé de fagon stable soit la forme
normale (WT), soit le double mutant sur les lysines méthylées (KK) qui est catalytiquement
actif, ou un mutant catalytiquement inactif (CA). Puis nous avons réalis¢ des ChIP-qPCR et
trouvé une diminution du recrutement de SETDB1 KK et CA non seulement sur les génes
soumis a I’empreinte parentale Meg3, Nnat, Mest et H19, mais également sur les ¢léments
transposables comme ERVs (MLV, MusD, IAP, MERVK10C) et LINEs. Nous avons ensuite
réalisé¢ des ChIP-seq pour SETDBI1 et H3K9me3, combinées a du RNA-seq et nous sommes
actuellement en train d’analyser ces résultats. Ainsi, en plus de la régulation de 1’expression
des genes, nous allons tester si la méthylation de SETDBI1 peut influer la formation des blocs

de H3K9me3, la marque de I’hétérochromatine co-régulée par SETDBI1 et SUV39HI.

Le profil pan-génomique de la localisation de SETDB1 est dérégulé en absence de
SUV39H dans les cellules mESC : Notre laboratoire a montré que SETDBI intéragit avec
SUV39HI1 (1). SETDBI1 et SUV39HI non seulement partagent des cibles génomiques
communes, mais coordonnent également la propagation de H3K9me3 au niveau de
I’hétérochromatine péri-centromérique constitutive (9—11). En fait, SETDB1 peut mono-, di-
or tri-méthyler H3K9, procurant ainsi un substrat pour SUV39HI1 pour établir H3K9mes3,
puisque SUV39H1 n’est pas capable d’initier la méthylation de H3K9 (9,10). Malgré tout, la
fagon dont ces KMTs interagissent et cooperent reste mal connue. Nos résultats montrent que

SUV39HI1 méthyle SETDBI et les deux lysines précédemment mentionnées, localisées dans
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le domaine catalytique, sont nécessaires dans ce mécanisme.

Ainsi, nous avons testé¢ si SUV39HI1 pouvait avoir un impact sur le recrutement global de
SETDBI a la chromatine. Dans ce but, nous avons réalisé¢ des ChIP-seq pour SETDB1 dans
les mESC HM-1 normales ou double KO pour les génes SUV39H (SUV39HI and SUV39H?2).
Nous avons trouvé que le profil de fixation pan-génomique de SETDBI était dérégulé en
absence de SUV39H. Dans les mESC KO pour SUV39H, la fixation de SETDBI est perdue
au niveau des éléments répétés ERVs (MLV, MusD, IAP) ainsi qu’aux régions proches des
genes d’empreinte. En absence de SETDBI ces éléments rétroviraux peuvent étre réactivés et
peuvent jouer un rdle « d’activateurs » ou transcrits « anti-sens ». Nous avons ensuite validé
par ChIP-qPCR que le recrutement de SETDBI1 a des geénes soumis a I’empreinte était bien
altéré (Meg3, Nnat, Mest and H19) dans les mESC déficientes pour SUV3I9HI et SUV39H?2.
De plus, les analyses par RT-qPCR ont confirmé la dé-répression de ces genes dans les mESC
déficientes pour SUV39H1 et SUV39H2. Ensemble, ces résultats suggerent qu’en I’absence de
SUV39H, SETDBI n’est pas correctement recrutée a la chromatine (au moins pour certains

des loci cibles) conduisant a un profil altéré de I’expression de ces genes.

CONTEXTE DE LA RECHERCHE SUR LE CANCER

La transformation de cellules normales en cellules cancéreuses implique des changements
dans 1'expression de nombreux genes. En effet, ’altération de I’expression de génes clés du
cycle cellulaire, de la réparation de ’ADN ou de la différenciation entraine une prolifération
anarchique de cellules qui ont perdu une partie de leur identité. Ces dérégulations peuvent étre

induites par des mécanismes génétiques de type amplifications, délétions, mutations ou
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translocations. Cependant, les altérations de la séquence d'ADN ne permettent pas d'expliquer
a elles seules I’ensemble des dérégulations d’expression géniques associées aux cancers et ces
deux derniéres décennies ont vu une accumulation d'évidences reliant une dérégulation des
mécanismes dits « épigénétiques » avec la tumorigenése. Depuis la découverte de la
dérégulation de la méthylation de I’ADN dans le cancer en 1983, il a ét¢ montré que d'autres
mécanismes €pigénétiques aberrants peuvent réprimer des génes essentiels a la régulation de
la cellule aussi bien qu’activer 1’expression de geénes favorisant 1’hyperprolifération par
exemple. Ces mécanismes €pigénétiques impliquent essentiellement des enzymes qui régulent
I’accessibilité¢ de I’ADN aux facteurs de transcription en modifiant les histones, I’ADN ou les
facteurs de transcription eux-mémes. En particulier, la méthylation de la lysine 9 de I’histone
H3 (H3K9) est associée a une répression transcriptionnelle stable et elle est d’ailleurs
étroitement liée a la méthylation de ’ADN, qui est souvent dérégulée dans les cancers.
Plusieurs protéines méthylant spécifiquement H3K9 sont surexprimées dans grand nombre de
cancers. A l'avenir, il sera possible de mieux comprendre comment fonctionnent les

méthyltransférases de H3K9, et comment leurs dérégulations améneraient a la tumorigeneése.
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