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Abstract

Several mechanisms directing a rapid transcriptional reactivation of genes immediately after mitosis have been
described. However, little is known about the maintenance of repressive signals during mitosis. In this work, we
address the role of Ski in the repression of gene expression during M/G1 transition in mouse embryonic fibroblasts
(MEFs).We found that Ski localises as a distinct pair of dots at the pericentromeric region of mitotic chromosomes,
and theabsenceof the protein is related to high acetylation and low tri-methylation ofH3K9 in pericentromericmajor
satellite. Moreover, differential expression assays in early G1 cells showed that the presence of Ski is significantly
associated with repression of genes localised nearby to pericentromeric DNA. In mitotic cells, chromatin
immunoprecipitation assays confirmed the association of Ski to major satellite and the promoters of the most
repressed genes: Mmp3, Mmp10 and Mmp13. These genes are at pericentromeric region of chromosome 9. In
these promoters, the presence of Ski resulted in increased H3K9 tri-methylation levels. This Ski-dependent
regulation is also observed during interphase. Consequently, Mmp activity is augmented in Ski−/− MEFs.
Altogether, these data indicate that association of Ski with the pericentromeric region of chromosomes during
mitosis is required to maintain the silencing bookmarks of underlying chromatin.

© 2020 Elsevier Ltd. All rights reserved.
Introduction

During mitosis, chromatin condenses to allow an
even distribution of the genome in both daughter
cells [1]. Chromosome condensation leads to the
removal of the transcription machinery from chro-
matin, resulting in transcription termination [2–5] of
most but not all genes [6,7].
r Ltd. All rights reserved.
The mechanism of re-establishment of the proper
transcriptional program after mitosis in daughter
cells is still unknown [8]. Prior studies have shown
that a subset of transcription factors and transcrip-
tional regulators are kept in mitotic chromosomes
[9–16] to maintain the local epigenetic modifica-
tions, such as DNA methylation [17] and histones
modifications [18–25], in order to re-establish an
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inherited transcription program from mother to
daughter cells.
This process, known as mitotic bookmarking, is

mainly attributed to transcription factors such as
GATA1 [12], FoxA1 [13] and Esrrb [14], which
focally bind to chromatin during mitosis to favour
immediate gene transcription in early G1 phase.
The mechanism by which bookmarking factors
regulate early activation of specific genes after
mitosis has been the focus of several investigations
[12–14,19] [26]. Although it is crucial to re-establish
gene expression patterns following mitosis, it is
equally important to retain the repression of
selected genes after this phase. However, how
silencing of specific genes is maintained after
chromosomes decondensation is poorly under-
stood [11,27].
Ski is predominantly a nuclear protein forming part

of transcriptional co-repressor complexes [28–31].
The transcriptional silencing activity associated with
Ski was initially proposed by Nicol and Stavnezer in
1998 [32] and confirmed after the characterisation of
a Ski-containing histone deacetylase complex
(HDAC) [33], which is necessary for the transcrip-
tional repression mediated by RB transcriptional
corepressor 1 (Rb), Mad and thyroid hormone
receptor [33,34]. In the same year, two independent
groups demonstrated that Ski mediates the repres-
sion of TGF-β-dependent gene expression by
recruiting the HDAC containing nuclear co-
repressor complex to activated Smad protein in the
nucleus [35–38]. The inhibition of gene expression
activated by TGF-β signalling is so far the best-
characterised mechanism of action of this protein
[39–41]. In addition to TGF-β/Smad, Ski mediates
the repressive activity of MeCP2 [42], Gli3 [43],
GATA 1 [44], RAR-α [45,46] and RUNX1 [47]. In
addition to its role in transcriptional regulation, it has
also been suggested that Ski plays a role in mitosis,
as it localises to centrosomes and themitotic spindle
in U2OS, Cos-1, Hela and HPV16-infected human
keratinocytes (HK/HPV16) cells [48,49]. In mitosis,
the levels of Ski increase [48,50], and it is
phosphorylated by AURK-A [51] and cdc2/cdk1
[48]. Importantly, the absence of Ski in mouse
embryonic fibroblasts (MEFs) results in a delayed
mitotic onset, lagging chromosomes and micronu-
clei, and subsequent aneuploidy [52], suggesting
that Ski is necessary to regulate critical events of
this phase of the cell cycle. However, the specific
role of Ski in mitosis is still unclear.
In this work, we show that Ski stays attached to the

pericentromeric regions of mitotic chromosomes. This
localisation of Ski is required for full tri-methylation of
H3K9and repression of genesat earlyG1 phaseof the
cell cycle. In particular, Ski is required for repression of
a cluster of 3matrixmetallopeptidase (Mmp) genes: 3,
10 and 13, located at the pericentromeric region of
chromosome 9.
Altogether, our results indicate that the Ski co-
repressor participates in a mechanism of mainte-
nance of silencing of specific genes during
mitosis.
Results

Ski associates with pericentromeric chromatin
of mitotic chromosomes in MEFs

Previously, it has been shown that Ski knockout
MEFs (Ski−/− MEFs) have several mitotic defects,
such as a weakened spindle assembly checkpoint
and chromosome segregation errors [52]. In order
to understand the participation of Ski in the mitotic
process, we analysed the localisation of the protein
in mitotic MEFs by indirect immunofluorescence
(IIF) and confocal microscopy. In Ski−/− MEFs, the
expression of Ski was restored through the incor-
poration of the human Ski (SKI) homologue under
control of a Tet-off promoter (Ski−/− + SKI MEFs).
Using these models, we found that Ski localises to
mitotic chromosomes appearing as a pair of dots
close to but outside the centromere (Figure 1(a)). In
order to attain a clearer view of Ski localisation in
the chromosomes, IIF was performed on meta-
phase spreads. These experiments confirmed the
localisation of Ski as a pair of dots on both sister
chromatids, close to the centromeres, in a limited
number of chromosomes (Figure 1(b) and Supple-
mentary Figure 1A). The punctuated localisation
pattern of Ski next to centromeres was also
detected in immortalised wild-type (WT) MEFs,
NIH3T3 and primary MEFs, while no signal was
detected in Ski−/− MEFs (Supplementary Figure
1B–E). The same pattern was found in Ski−/− MEFs
and NIH3T3 cells expressing a GFP-Ski protein
(Figure 1(c) and Supplementary Figure 1F).
Most metaphases had eight chromosomes posi-

tive for the Ski signal. Still, this number was variable
between metaphases, ranging from 8 to 19 per
plate, with an average of 12 ± 3. As Ski−/− MEFs
display a high degree of polyploidy [52], the
presence of the protein was also quantified in
primary MEFs, in order to have a more accurate
result regarding the number of chromosomes
positive for the protein. These cells also showed a
variable but narrow number of chromosomes pos-
itive for Ski, ranging from 2 to 8, with most cells
having four positive chromosomes per metaphase
(Supplementary Figure 1C).
In mouse chromosomes, centromeric and pericen-

tromeric satellite repeats are the minor (MiSat) and
major (MaSat) satellites, respectively. A schematic
representation of MiSat and MaSat localisation in a
murine chromosome is shown in Figure 1(d). We
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confirmed the association of Ski with the pericentro-
meric DNA through a chromatin immunoprecipitation
(ChIP) assay. Ski was immunoprecipitated, and
Figure 1. Ski associates with the pericentromeric region of m
regions was evaluated by IIF and ChIP-qPCR in Ski−/− + SKI M
using specific antibodies. DNA was stained with DAPI. A repre
was performed on metaphase spreads. (c) Upper panel: Ski w
protein (after retroviral transduction). The fusion protein wa
conjugated anti-GFP antibody. Bottom panel: GFP-Ski was det
with a pCMV-GFP-Ski plasmid. The fusion protein was d
representation of analysed Satellite regions in a murine chrom
on MaSat DNA in mitotic Ski−/− + SKI MEFs, but not on MiSat (
unspecific IgG was used as a negative control. *p b .05; two-t
MaSat DNA was detected by qPCR (Figure 1(e)). In
contrast, Ski was not found associated with centro-
meric MiSat DNA (Figure 1(f)).
itotic chromosomes. Association of Ski to pericentromeric
EFs. (a) CREST (green) and Ski (red) were detected by IIF,
sentative mitotic cell (z-stacks projection) is shown. (b) IIF
as detected in mitotic MEFs stably expressing a GFP-Ski
s detected by direct immunofluorescence using a 488-
ected in mitotic chromosomes of NIH-3 T3 cells transfected
etected directly, without fixing the cells. (d) Schematic
osome. (e) Ski was detected through a ChIP-qPCR assay
f). Ski−/− MEFs were used as controls. % of Input is shown;
ailed t-test.
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The absence of Ski is associated with increased
H3K9 acetylation and decreased H3K9me3 of
pericentromeric chromatin

Ski is known to be part of HDAC containing
transcriptional co-repressor complexes [34,53]. Thus,
we examined whether the presence of Ski on chromo-
somes was related to their histone acetylation status.
Immunofluorescenceonchromosomal spreadsofSki −/
Figure 2. The presence of Ski is related to lower H3K9ac
mitotic chromosomes. (a) Ski and H3K9ac were detected by IIF
representative confocal Z stack of one chromosome stained fo
of the relative fluorescence of each signal along the yellow line.
Ski and H3K9ac signals. (c) Quantification of the relative fluores
and in equivalent regions of chromosomes negative for Ski sta
by ChIP-qPCR in MaSat chromatin of mitotic Ski−/− + SKI an
quantified by ChIP-qPCR in MiSat chromatin of mitotic Ski−/−

unspecific IgG was used as a negative control. *p b .05, **p b
− + SKIMEFsshowed thatSki doesnot co-localisewith
histone 3 Lys9 acetylation (H3K9ac) signals (Figure 2
(a) and (b)). Moreover, regions that were positive for Ski
staining (Ski+) had lower H3K9ac signals when
compared with equivalent regions in chromosomes
negative for Ski staining (Ski−) (Figure 2(c)).
These data suggest that the presence of Ski could

be affecting the modifications of H3K9 at pericen-
tromeric regions. Thus, H3K9ac and H3K9me3
and higher H3K9me3 levels in pericentromeric regions of
in metaphase spreads of Ski−/− + SKI and Ski−/− MEFs. A
r Ski (green) and H3K9ac (red) is shown. (b) Quantification
R-value indicates the Pearson's correlation factor between
cence of H3K9ac in pericentromeric regions containing Ski
ining. H3K9ac (d) and H3K9me3 (e) levels were quantified
d Ski−/− MEFs. H3K9ac (f) and H3K9me3 (g) levels were
+ SKI and Ski−/− MEFs. In d–g, % of Input is shown, and
.01 and ****p b .0001; two-tailed t-test.
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levels were quantified by ChIP-qPCR. In Ski−/
−MEFs, the H3K9ac levels at pericentromeric
MaSat chromatin were significantly higher than in
Ski−/− + SKI MEFs (Figure 2(d)). In contrast, the
levels of H3K9 tri-methylation (H3K9me3), a distinc-
tive epigenetic mark of pericentromeric chromatin
[23], were decreased in the MaSat of Ski−/− MEFs
(Figure 2(e)).
As a control, H3K9me3 and H3K9ac levels were

evaluated in MiSat. As expected, these regions were
Figure 3. Ski-dependent differential gene expression at ear
Dox for 72 h and synchronised at early G1 phase of the cell cyc
based array MEEBO. (a) Heat map of differentially expressed g
Top 20 repressed (green) and overexpressed (red) genes are
shown. (b) Gene Ontology of differentially expressed ge
overexpressed protein-coding genes along the entire mouse g
probes (grey) are shown. No significant bias was found fo
overexpressed (red) genes are shown. Although filtered probe
Magnification of chromosome 9, the pericentromeric localisatio
indicated. (d) Validation of microarray results by RT-qPCR of
*p b .05, **p b .01 and ***p b .001; two-tailed t-test.
negative for H3K9ac marks; and the absence of Ski
hadnosignificant effect onH3K9me3 levels (Figure2(f)
and (g)).
The association of Ski with MaSat repeats and the

effect of the absence of the protein on H3K9ac/me3
levels are preserved during interphase (Supplemen-
tary Figure 2A and B).
As mitotic chromosomes are highly condensed,

we hypothesised that the effect of the absence of Ski
on H3K9ac/me3 status in the MaSat chromatin
ly G1. Ski
−/− + SKI and Ski−/− MEFs were cultured without

le. Differential gene expression was assessed by a cDNA-
enes, in Ski expressing MEFs, compared to knockout cells.
indicated. Data from three independent experiments are

nes. (c) Chromplot assignment of the repressed and
enome. Total MEEBO probes (blue) and the filter-passing
r filtered probes. Localisation of repressed (green) and
s are evenly distributed, repressed genes are not. Inbox:
n of the three most repressed genes Mmp 3, 10 and 13 is
the Mmp 3, 10 and 13 in MEFs synchronised at early G1.



Table 1. Chromosomal distribution of genes repressed in
Ski−/− + Ski MEFs at early G1

Gene location Chromosome p⁎

Whole chromosomes Chr 13 3.3 × 10−10

Chr 9A .0037
Chr 14 .007

First 50 Mb Chr 13 4.32 × 10−8

Chr 9A .0027
First 20 Mb Chr 9A .0024

⁎ P values according to cytogenetic band locator in the
WebGestalt platform.

Table 2. Altered pathways related to the chromosomal
position

Chromosome
location

Gene Ontology

Process p

Whole chromosome Mmp activity .0144
N.R.O. .0181

First 50 Mb N.R.O. .0023
C.C. .0023

First 20 Mb C.C. .0002
Mmp activity .0011

N.R.O., negative regulator of ossification; C.C., collagen
catabolism.
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would also extend to nearby areas. In those areas,
the absence of Ski would affect the expression of
underlying genes after resumption of transcription at
the M-G1 transition.

The presence of Ski is related to repression of
genes nearby the pericentromeric region of
chromosomes, during the early G1 phase of the
cell cycle

We evaluated whether the presence of Ski in the
pericentromeric region of mitotic chromosomes was
related to gene expression pattern at the early G1
phase of the cell cycle. As we were unable to identify
the specific chromosomes that contain Ski during
mitosis, we used a genome-wide approach to identify
the genes whose expression was affected by the
presence of Ski in early G1. Thus, Ski

−/− and Ski−/
− + SKI MEFs were synchronised at early G1 (Sup-
plementary Figure 3A and B), and differential gene
expression was evaluated by MEEBO microarray
platform (MEEBO, or Mouse Exonic Evidence-Based
Oligonucleotides). After data processing and filtering,
the array coverage decreased from approximately
30,300 probes to 12,340 robustly analysable probes,
which corresponded to 8942 unique genes. The
results of differential gene expression in Ski−/− and
Ski−/− + SKI MEFs are shown in Figure 3(a). During
early G1, 139 genes are repressed, and 98 are
overexpressed in Ski−/− + SKI MEFs compared to
Ski−/− MEFs. The top 20 repressed and overex-
pressed genes are shown in Figure 3(a). A complete
list of differentially expressed genes is available as
Supplementary Material.
Gene Ontology pathway analysis [54] showed that

the main biological processes or cellular component
affected by the presence of Ski were extracellular
matrix (ECM)-related functions, followed by chromo-
somal region and inclusion bodies (Figure 3(b)).
Using chromplot [55], we found that the chromo-

somal distribution of selected probes had no bias
(Figure 3(c)), with a homogenous coverage of
probes through all mouse chromosomes. However,
further analysis of whole microarray data using the
WebGestalt [56] platform indicated that the genes
repressed upon expression of Ski are significantly
associated with chromosome 13 and the region A of
chromosome 9 (p = 4.3 × 10−8 and p = .0024,
respectively; Table 1). In contrast, overexpressed
genes are randomly distributed throughout the
chromosomes.
Metalloproteinase activity, collagen catabolism and

negative regulation of ossification were processes
significantly repressed bySki, and this repressionwas
significantly associated with chromosome location
(Table 2). Consistently, the three most repressed
genes in Ski-expressing cells were Mmp 13, Mmp 3
and Mmp 10, all located in region A of chromosome 9
(inset in Figure 3(c)).
RT-qPCR assays validated microarray results for
Mmp 13,Mmp 3 andMmp 10 (Figure 3(d)) as well as
for Dek, Nedd9, E2F3 and Elmo1 genes (Supple-
mentary Figure 3D and E). To rule out a non-specific
effect of the mitotic synchronisation protocol, Mmp 3
expression was also evaluated in early G1 cells
obtained after two additional protocols of mitotic
synchronisation: by double thymidine block and
nocodazole release (instead of colcemid); and by
mitotic shake-off in the absence of depolymerizing
drugs. There were no differences in the results
(Supplementary Figure 3F and G).

Ski associates to Mmp13, Mmp3 and Mmp10
gene promoters and its presence is required
for tri-methylation of H3K9, in mitosis
and interphase

In order to relate the effect of Ski on gene
expression at early G1 with its localisation in mitotic
chromosomes, we assessed the presence of Ski at
the promoter ofMmp3,Mmp 10 andMmp13 genes in
mitotic cells. ChIP assays were performed using
primers designed to amplify the proximal promoter
region of the Mmp 13 gene and flanking a putative
Smad binding element (SBE) onMmp 3 andMmp 10
promoters (Figure 4(a)). As a control, ChIP assay was
performed in mitotic Ski−/− MEFs. In these cells, the
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level of Ski antibody immunoprecipitating at the Mmp
gene promoters was comparable to the negative
control (normal IgG) (Figure 4(b), left). However, in
mitotic Ski−/− + SKI MEFs, Ski occupies the proximal
promoters of the three Mmp genes investigated
(Figure 4(b), right). The relative enrichment of Ski at
Figure 4. Ski occupies the promoter of Mmp 3, 10 and 1
H3K9ac and increased H3K9me3 levels in mitotic cells. Ski−/−

and later synchronised in M phase. ChIP-qPCR experiments in
(a) Schematic representation of the position of the primers us
threeMmp genes (grey arrows). The SBE Box indicates the po
Mmp genes in control Ski−/− (Left panel) and Ski−/− + SKI MEFs
genes. The promoter of Gapdh was used as an internal contr
genes in Ski−/− (left panel) and Ski−/− + SKI (right panel) MEF
percentage of input in Ski−/− and Ski−/− + SKI MEFs. (f) Detec
(Left panel) and Ski−/− + SKI MEFs (right panel). (g) Enrichme
input in Ski−/− and Ski−/− + SKI MEFs. All experiments were
*p b .05, **p b .01 and ***p ≤ .001; two-tailed t-test.
Mmp gene promoters was estimated using the Gapdh
promoter as an internal control region. Enrichment of
Ski at the promoters of theMmp 3,Mmp 10 andMmp
13 genes during mitosis is approximately four times
higher in Ski-expressingMEFs compared to the Ski−/−

MEFs (Figure 4(c)).
3 genes, and its presence is associated with decreased
+ SKI and Ski−/− MEFs were cultured without Dox for 72 h
mitotic MEFs were performed to validate Ski target genes.
ed to identify the localisation of Ski in the promoter of the
sition of SBEs. (b) Detection of Ski in the promoter of target
(right panel). (c) Enrichment of Ski in the promoter ofMmp
ol. (d) Detection of H3K9ac mark in the promoter of Mmp
s. (e) Enrichment of H3K9ac calculated by comparing the
tion of H3K9me3 in the promoter of Mmp genes in Ski−/−

nt of H3K9me3 calculated by comparing the percentage of
performed at least three times, each time in triplicates.
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Consistent with the effect that the presence of Ski
has on H3K9ac/me3 in MaSat regions, the levels of
H3K9ac in Mmp 3, Mmp 10 and Mmp 13 promoters
were higher in Ski−/− MEFs compared to Ski−/− + SKI
cells (Figure 4(d) and (e)). By contrast, there is a
higher enrichment ofH3K9me3at the promoters of the
analysed genes in Ski-expressing cells (Figure 4(f)
and (g)).
To evaluate whether the Ski-dependent repression

of Mmp 3, Mmp 10 and Mmp 13 genes remains
throughout the cell cycle, the association of Ski to the
promoter of these genes was assessed in interphase
nuclei. Ski occupies the promoter ofMmp genes during
interphase (Figure 5(a)). Moreover, the absence of the
protein was associated with lower H3K9me3 and
higher H3K9ac levels (Figure 5(b)–(e)). Accordantly,
the expression of Mmp3 and Mmp10 genes was
repressed in Ski-expressing cells beyond the early G1
phase of the cell cycle (Figure 5(f)).
Altogether, these results indicate that the pres-

ence of Ski at the promoters of Mmp 3, 10 and 13
genes in the mitotic chromosome 9 would regulate
H3K9ac/me3 levels. In this way, the expression of
these genes remains repressed once the cell cycle
resumes. Considering the overall results, it is likely
that the Ski-dependent repressive regulation ofMmp
genes would also apply to other loci nearby the
pericentromeric regions of chromosomes occupied
by Ski during mitosis.

Ski−/− MEFs display an increased Mmp 3 activity
and invasion capability

To evaluate whether the over-expression of Mmp
3 gene in Ski−/− MEFs results in increased catalytic
activity, zymography was performed using casein as
a substrate, which is efficiently degraded by the
caseolytic activity of Mmp3 among other proteases,
but not by Mmp 10 and Mmp 13 [57]. As expected,
caseolytic activity is significantly higher in Ski−/−

MEFs compared to Ski−/− + Ski or WT Ski+/+ MEFs
(Figure 6(a)). In the same way, invasiveness of WT,
Ski−/− and Ski−/− + SKI MEFs was evaluated using a
Matrigel assay to mimic the ECM. Ski−/− MEFs are
approximately three times more invasive compared
to WT or Ski−/− + SKI MEFs (Figure 6(b) and (c)).
Discussion

Ski is a transcriptional co-repressor that negatively
regulates TGF-β signalling [31,36–38,53,58,59]. It is a
nuclear protein, although it has also been described in
the cytoplasm [60,61] and associated with mitotic
spindles and centrosomes [48,49]. Herein, we de-
scribe for the first time that Ski remains associated
with the chromosomes during mitosis in mouse
fibroblasts, specifically in the pericentromeric region,
where the protein is detected as a distinct dot on each
sister chromatid and is associated with MaSat DNA
(Figure 1). Due to the polyploidy of our model, we
could not identify the exact number of chromosomes
containing Ski. Nevertheless, results from diploid
primary MEFs indicate that the number of chromo-
somes occupied by Ski in mitosis is variable, with
mostly with four per metaphase (Supplementary
Figure 1). In this work, we confirm the association of
Ski with one of these chromosomes: chromosome 9.
Differential gene expression in early G1 cells suggests
that Ski would also occupy chromosomes 13 and 14
during mitosis. However, further studies are required
to confirm this hypothesis.
We found that the re-establishment of Ski expres-

sion induces loss of H3K9ac and increase levels of
H3K9me3 in MaSat during mitosis (Figure 2). In this
phase, HDACs are displaced from chromatin [62], so
if there was a direct deacetylation mechanism
guided by Ski and HDACs, this might occur before
entry into mitosis, for instance, during DNA replica-
tion [63]. Nevertheless, HDACs have additional
essential roles during mitosis. For instance,
HDAC3 remains attached to the mitotic spindle and
plays a role in microtubule and kinetochore attach-
ment [64]. Besides, it is involved in modulating
AurKB activity on H3S10 [65]. Moreover, the use of
HDAC inhibitors induces chromosome instability
[66], mitotic slippage [67], pericentromeric hetero-
chromatin disruption [68,69], and alterations in the
kinetochore assembly [69].
In early G1 cells, Ski is associated with repression

of genes that are located mostly on chromosome 13
and in regions of chromosome 9 that are close to
pericentromeric heterochromatin (Chr.9A, Figure 3
and Table 1).
The most repressed genes in the presence of Ski

are Mmp3, Mmp10 and Mmp13. These genes are
immersed in the pericentromeric heterochromatin,
surrounded by MaSat in chromosome 9. According
to these results, Ski−/− MEFs have higher Mmp3
activity and invasion capability than cells expressing
Ski (Figure 6). These characteristics are associated
with ECM remodelling and are consistent with the
described role for Ski in kidney fibrosis [70,71],
wound healing and scar formation [72]. These
processes are dependent on TGF-β/Smad activation
and collagen I production [73–75]. Consistently with
Ski's repressor activity of the TGF-β pathway
[39,40,53], KEEG analysis of microarray data for
genes located in the first 50 Mb of chromosomes
showed that TGF-β signalling was differentially
expressed in MEFs lacking Ski.
The increased Ski-dependent H3K9me3 at the

promoters of Mmp 3, 10 and 13 strongly suggests
that the repression of these genes observed in early
G1 and throughout the cell cycle is dependent on the
occupancy of these promoters by Ski in mitosis and
interphase (Figures 4 and 5). This regulation might
be lost upon the presence of physiological or



Figure 5. Ski occupies the promoter ofMmp 3, 10 and 13 genes, and its presence is associated with decreased H3K9ac,
increased H3K9me3 levels and reduced expression of the genes during interphase. Ski−/− + SKI and Ski−/− MEFs were
cultured without Dox for 72 h. ChIP-qPCR experiments were performed as in Figure 4. (a) Detection of Ski in the promoter of
target Mmp genes in control Ski−/− (Left panel) and Ski−/− + SKI MEFs (right panel). (b) Detection of H3K9me3 mark in the
promoter ofMmp genes in Ski−/− (left panel) and Ski−/− + SKI (right panel) MEFs. (c) Enrichment of H3K9me3 calculated by
comparing the percentage of input in Ski−/− and Ski−/− + SKIMEFs. (d) Detection of H3K9ac in the promoter ofMmp genes in
Ski−/− (left panel) and Ski−/− + SKI MEFs (right panel). (e) Enrichment of H3K9ac calculated by comparing the percentage of
input in Ski−/− and Ski−/− + SKI MEFs. (f) mRNA expression levels of Mmp3 and Mmp10 in Ski−/− and Ski−/− + SKI MEFs
synchronised at different stages of the cell cycle. Results are normalised to HPRT mRNA levels. All experiments were
performed at least three times, each time in triplicates. **p b .01 and ***p ≤ .001; two-tailed t-test.
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pathological signals. During early G1, the expression
of numerous genes located close to pericentromeric
heterochromatin was also affected by the presence
of Ski (Figure 3), suggesting that the effect of Ski on
those genes may be direct, as it is forMmp3,Mmp10
and Mmp13. Nevertheless, it is also plausible to
hypothesise that the presence of Ski in a particular
region, i.e. SBE-containing promoters, would favour



Figure 6. Ski knock out cells show enhanced proteolytic activity and invasion capability. (a) Conditioned medium ofWT,
Ski−/− and Ski−/− + SKI MEFs was collected and run in a non-denaturing SDS-PAGE, using casein as substrate. Results
are expressed as fold change relative to WT MEFs. B and C) WT, Ski−/− and Ski−/− + SKI MEFs were plated into Matrigel
pre-coated Transwell chambers. After 22 h, invasive cells were stained and counted in at least three light microscope
fields. Results are expressed as fold change relative to WT MEFs. Data represent mean ± SE for three independent
experiments. ** p b .01 and ***p b .001. Two-way ANOVA.

3231Ski for Tri-Methylation of H3K9 in Major Satellite
the establishment and spread of H3K9me3 to near
chromosomal regions, affecting more distant loci.
This has been described for Pax 3/9 transcription
factors in mouse pericentromeric DNA [76] and in
pluripotent stem cells [77]. On the other hand, for
those genes located far from pericentromeric re-
gions and affected by the absence of Ski, the effect
may be indirect, through the regulation of transcrip-
tion factors, both repressors and activators of
transcription.
Although previous studies suggest that TGF-β

signalling regulates mitotic progression, the role of the
TGF-β pathway in mitosis is not well understood. For
instance, in bone marrow stromal cells, TGF-β/Smad3
signalling is necessary to regulate the APC-Separase
complex during chromosome segregation [78]. Ski has
also been associated with the negative regulation of
TGF-β signalling during mitosis. Ski localises to the
mitotic spindle [48,49] where it interacts with Smad3,
inhibiting Smad2/3 complex activation in the absence
of TGF-β. Zieba et al. described the association of Ski
with chromatin through the Smad proteins during
mitosis [79]. Although these authors did not visualise
Ski on chromosomes, by using an in vivo proximity
ligation assay, they showed that Ski forms complexes
with phosphorylated Smad2/3 and is located at mitotic
chromatin in naturally transformed human keratinocyte
like cells treated with a TGFβ-RI inhibitor [79]. Whether
the effects of Ski reported in their work were due to
repression of TGF-β signalling remains an open
question.
During mitosis, several transcription factors in-

volved in regulating cell fate bind to mitotic chromo-
somes, regulating the expression of lineage-specific
genes. For example, Gata1 and FoxA1, required for
haematopoiesis and liver differentiation, respective-
ly; and Esrrb, Oct4, Klf4 and Sox2, transcription
factors that sustain pluripotency and promote mouse
ESC self-renewal [13,14,26,77]. Although this mech-
anism, known as mitotic bookmarking, has been
described as a central epigenetic mechanism to
maintain cellular identity through cell divisions,
emerging evidence indicates that mitotic bookmark-
ing might also contribute to coordinate cell prolifer-
ation and growth [80].
Thus, although our results do not permit to conclude

that Ski is amitotic bookmarking factor, the repression
mediated by this protein may be important to maintain
cell identity after cell division or also to regulate highly
controlled processes such as the G1-S transition.
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On the other hand, hypomethylation of pericentro-
meric DNA has been reported in tumours [81–84].
H3K9me3 in MaSat is recognised by the heterochro-
matin protein HP1 [85,86]. In addition to H3K9me3,
HP1 binds to a variety of interaction partners such as
histone methyltransferases, DNA methyltransferases,
Methyl-CpG binding protein MeCP2 and others. Thus,
HP1 serves as a platform for the recruitment of
downstream factors and heterochromatin formation
[21,87–90]. Accordingly, hypomethylation of pericen-
tromeric regions results in chromosomal missegrega-
tion, chromosomal rearrangements, reduced
centromere condensation, micronuclei formation and
tumourigenesis [91,92]. Ski−/− MEFs exhibit lagging
chromosomes, chromatin/chromosomebridges,micro-
nuclei and aneuploidy [52]. Thus, loss of H3K9me3 in
Ski−/− MEFs could at least partially explain the
chromosomal segregation defects and aneuploidy
observed in these cells.
Whereas pericentromeric heterochromatin pro-

vides a structural scaffold for centromere formation
and is essential for the safeguard of chromosome
stability [20,23,68,91,93,94], the effect that hypome-
thylation of these regions might have on the
expression of nearby genes has not been exten-
sively studied so far.
Here, we propose a model where Ski remains

associated with specific chromosomes at pericen-
tromeric DNA in mitosis, driving methylation of H3K9
at MaSat and promoters of neighbouring genes,
hence controlling chromosome heterochromatin
structure, while preserving the repressive marks in
genes which must be kept silenced once the
transcriptional program is resumed after cell division.
Methods

Cell culture, transfection and cell cycle
synchronisation

Ski−/− MEFs were kindly provided by Dr. Colme-
nares [95]. Ski−/− MEFs expressing the human Ski
cDNA under control of a TET-OFF regulated
promoter (Ski−/− + SKI MEF) were described before
[52]. Ski−/− + SKI MEFs were kept in doxycycline
(2 μg/ml) and released for 72 h in fresh medium to
perform the experiments. MEFs and NIH-3 T3 cells
were cultured in “Dulbecco's modified Eagle medi-
um” (DMEM) supplemented with 10% of foetal
bovine serum (Gibco, 12483020) or 10% of calf
serum (Merck, C8056), respectively, and were
maintained at 37 °C and 5% of CO2.
Ski−/− + SKI MEF and NIH3T3 cells were trans-

fected with a REBNA-GFP-Ski vector, and the
selection was performed as described before [52].
GFP-Ski construct was obtained by cloning hSki
cDNA into the pEGFP-C1 vector (Clontech, Cat.
6084-1). MEFs and NIH-3 T3 were synchronised in
M and early G1 phases of the cell cycle. Cells were
firstly synchronised in S phase by double thymidine
block, using 120 mM of thymidine (Sigma-Aldrich,
T9250) for 16 h; then, cells were released in serum-
free medium for 10 h, followed by a second block
(120 mM thymidine for 16 h). After the second block,
the cells were rinsed and released in media
containing 300 μg/ml of Colcemid (Sigma-Aldrich,
10295892001). Mitotic cells were collected by mitotic
shake-off. To obtain cells in early G1, mitotic cells
were cultured in fresh media for 2 h, when most cells
were attached and finishing cytokinesis. Cell cycle
synchronisation was monitored by flow cytometry
using propidium iodide (Sigma-Aldrich, P4170) as a
DNA label.

Indirect immunofluorescence

For conventional IIF, Ski−/− + SKI, Ski−/− MEF and
NIH-3 T3 were cultured in 110-mm cover glass, fixed
in 3.7% paraformaldehyde solution (Sigma-Aldrich,
252549) for 10 min at room temperature (RT) and
permeabilized with 0.25% Triton X-100/phosphate-
buffered saline at RT, followed by blocking in 3%
bovine serum albumin (BSA). Primary antibodies used
were as follows: human anti-Crest (Antibodies Incor-
porated 1:300), rabbit anti-Ski (H-329 Santa Cruz
Biotechnologies, sc-9140 1:200), mouse anti-Ski (G8,
Millipore, MABE442 1:50), rabbit anti-H3K9ac
(Abcam, ab12179 1:1000) and anti-GFP Atto488
(GFP-Booster 1:100). Secondary antibodies used
were as follows: goat anti-rabbit IgG (H + L) Alexa
Fluor 488 (Molecular Probes, Invitrogen™, A-11008),
goat anti-rabbit IgG (H + L) Alexa Fluor 594 (Molecular
Probes, Invitrogen™, A-11037) and goat anti-mouse
IgG (H + L) Alexa Fluor 594 (Molecular Probes,
Invitrogen™, A-11032); all secondary antibodies
were diluted 1:500 in 1% BSA/0.05% Triton X100.
Nuclei were stained with 0.05 μg/ml DAPI (Molecular
Probes, Invitrogen™, D1306) for 5 min at 4 °C.

Metaphase chromosome spreads and IIF

NIH-3 T3, Ski−/− + SKI MEF and Ski−/− MEF were
synchronised in M phase and separated by mitotic
shake-off. Mitotic cells were swollen in hypotonic
solution (75 mM KCl) for 15 min at 37 °C, and
adhered to the positively charged microscope slides
(Cellpath MDB-0102-54A) by cytocentrifugation for
15 min at 1500 rpm. Then, the slides were incubated
with potassium chromosomes media (120 mM KCl/
20 mM NaCl/10 mM Tris–HCl (pH 7.5)/0.5 mM
EDTA/0.1% Triton X-100) for 5 min at RT to eliminate
the cellular membranes and stabilise the chromo-
somes [96]. The fresh metaphase spreads were
incubated with primary and secondary antibodies
diluted in 1% BSA/0.5%, TritonX100/potassium chro-
mosomesmedia, fixed with 3.7% of paraformaldehyde
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solution, and finally stained with 0.05 DAPI μg/ml.
Fixation protocol was optimised to obtain a clear image
of Ski's signal on chromosomes (Supplementary
Figure 4A).

Differential gene expression at early G1 phase

Ski−/− and Ski−/− + SKI MEF were synchronised at
early G1 phase, and total RNA was extracted using
Qiagen RNAeasy kit (Qiagen, Valencia, CA). RNA
was quantified by OD 260/280 nm (accepted ratio
b1.9) and 18S/28S ratio was semi-quantified (ac-
cepted ratio b1.6). A total amount of 12 μg of RNA
was used to synthesise cDNA fluorescent probes in
the presence of Cy3 or Cy5 conjugated UTP
nucleotides. The efficiency of fluorescent dye incor-
poration was evaluated at 550 nm.
An equimolar mix of each cDNA obtained from

Ski−/− and Ski−/− + SKI MEFs were hybridised on
MEEBO microarray slides. The hybridisation was
performed in 25% deionised formamide (Sigma
Aldrich, F9037), 0.005% SDS and 5 μg of DNA
from salmon sperm (Invitrogen, 15632011). The
experiment was performed using the dye swap
approach to avoid interferences associated with
the inherent fluorescence of Cy3 and Cy5 mole-
cules. The mixture was denatured at 90 °C for 5 min
and incubated on the chip for 20 h at 42 °C. Then,
the microarray chip was washed, dried and scanned
in a ScanArray Lite (PerkinElmer Life Sci. Inc.,
Waltham, MA).
The resulted TIFF files were analysed using

GenePix Pro 6.0 software, and data were deposited
in the microarray database NCI (mAdb, http://
nciarray.nci.nih.gov). The annotated data were
downloaded from mAdb for normalisation using the
“print-tip loss” in the DNMAD platform (http://dnmad.
bioinfo.cnio.es/) [97]. Normalised data were filtered
and inputted (67% in KNN) in the preP platform
(http://prep.bioinfo.cnio.es/) [98].
The hybridised probes that passed all data filtering

were used to assess differential gene expression
using the Significance Analysis of Microarrays
algorithm in TmeV software [99]; a q-value of 0.149
was automatically calculated for false discovery rate
estimation.
The genes that were selected in this work for further

studies were validated by qPCR using specific primers
listed in the supplementary material (Table S1).

Chromatin immunoprecipitation

Ski−/− and Ski−/− + SKI MEFs synchronised in M
phase or in interphase were used in a ChIP protocol.
Cells were fixed using 3.7% paraformaldehyde
(Sigma-Aldrich, 252549) in phosphate-buffered saline
at RT for 10 min and quenched with glycine to a final
concentration of 0.125 M for 5 min at RT. Fixed cells
were lysed in lysis buffer (50 mM Hepes (pH 7.8),
3 mM MgCl2, 20 mM KCl, 0.1% NP-40, and protein-
ase inhibitors cocktail immediately before use).
Chromatin shearing was performed in sonication
buffer (50 mM Hepes (pH 7.9), 140 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 0.1% deoxycholate acid,
0.1% SDS, and proteinase inhibitors cocktail immedi-
ately before use), using a Bioruptor bath sonicator
(Diagenode, NJ, USA) with 3 cycles of 10 min (Power
level: Medium, Lapse 30seg On/Off). Chromatin of
25 μg was used for immunoprecipitation. Samples
were re-suspended in sonication buffer to a final
volume of 450 μl and then pre-cleared with 4 μg of
normal IgGand40 μl of proteinAorG-coated agarose
beads (Santa Cruz Biotechnology, sc-2001, sc-2002)
for 2 h at 4 °C. After pre-clearing, samples were
washed and the beads were discarded. The cleared
supernatant was incubated overnight at 4 °C with
4 μg of specific antibody. The antibodies used are
rabbit anti-H3 (Abcam, ab1791), rabbit anti-H3K9ac
(Abcam, ab12179), rabbit anti-H3K9me3 (Abcam,
ab8898) and rabbit anti-Ski (H-329, Santa Cruz
Biotechnologies, sc-9140). Non-specific rabbit IgG
(Santa Cruz Biotechnologies, sc-2027) was used as a
control antibody for ChIP.
After incubation, the antibody–antigen complexes

were captured with 40 μl of protein A or G-coated
agarose beads in a rotator for 2 h at 4 °C. After the
incubation, the beads were pelleted and separated
from the supernatant to proceed with the washing
steps: once with sonication buffer, two times with
immunoprecipitation wash buffer (100 mM Tris–HCl
(pH 8.0), 500 mM LiCl, 1% NP-40, and 1% deoxy-
cholic acid), and once in TE buffer (pH 8.0). DNA
was eluted in 100 μl of elution buffer (50 mM
NaHCO3 and 1% SDS) and incubated for 15 min
at 65 °C. After elution, the chromatin was resus-
pended and de-crosslinked in sonication buffer with
2 μg of RNase A overnight at 65 °C and treated with
50 μg of proteinase K (Sigma Aldrich, P2308) 2 h at
50 °C. De-crosslinked chromatin was then purified
using phenol–chloroform extraction and finally eval-
uated by qPCR using specific primers (Table S1). As
a positive control for Ski antibody, the Smad7
promoter [53] was immunoprecipitated in non-
synchronised WT MEFs (Supplementary Figure 4B).

Invasion assay on Matrigel layer

Cell invasion was measured via the transwell
chamber invasion assay. Briefly, cells (2.5 × 104

cells/well) were seeded into the top of the upper
chamber (8-μm-pore Boyden chambers coated with
Matrigel, Becton Dickinson-BioCoat™ Matrigel™) in
500 μl of serum-free DMEM. The wells were filled
with 5% FBS DMEM as a chemoattractant (condi-
tioned medium). Then the cells were allowed to
invade toward conditioned medium for 22 h. Finally,
cells adhered to the upper surface of the filter were
removed using a cotton applicator. The invading

http://nciarray.nci.nih.gov
http://nciarray.nci.nih.gov
http://dnmad.bioinfo.cnio.es/
http://dnmad.bioinfo.cnio.es/
http://prep.bioinfo.cnio.es/
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cells were stained with 0.1% crystal violet solution in
20% methanol, photographed using the Cytation3
equipment (Biotek Inc) and counted. The data
represent three independent experiments.

Caseinolytic zymography assay

Cells were cultured for 48 h to obtain 90%
confluence. The growth medium was changed to
serum-free DMEM, and cells were kept for 30–36 h.
The medium was collected and centrifuged at 1500g
for 10 min at 4 °C. Supernatant was mixed with
loading buffer, under non-reducing conditions (10%
v/v glycerol, 2% SDS, 62.5 mM Tris (pH 6.8), 0.02%
bromophenol blue), and run in a 10% Tris/HCl
acrylamide gel containing 0.1% casein. Electropho-
resis was performed at 120 V at 4 °C for approxi-
mately 2–2.5 h. Resolved proteins were renatured
by incubation of the gels in 2.5% Triton X-100
solution for 30 min at RT. Next, gels were quickly
washed three times in water, and then incubated in
zymography buffer (50 mM Tris/HCl (pH 8.0),
200 mM NaCl, 1.25 mM CaCl2) overnight at 37 °C.
Caseinolytic activity in the gels was visualised as
negative staining with Coomassie brilliant blue.

Statistical analysis

The Student t-test was used to compare qPCR
and ChIP-qPCR results. The two-way ANOVA test
was used in the Invasion and Caseolityc assay. A
p-value b0.05 was considered as significant.
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