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Abstract

The ChIR1 DNA helicase, encoded by DDX11 gene, which is responsible for Warsaw breakage
syndrome (WABS), has a role in sister-chromatid cohesion. In this study, we show that human
ChIR1 deficient cells exhibit abnormal heterochromatin organization. While constitutive
heterochromatin is discretely localized at perinuclear and perinucleolar regions in control HeLa
cells, ChIR1-depleted cells showed dispersed localization of constitutive heterochromatin
accompanied by disrupted centromere clustering. Cells isolated from Ddx11~~ embryos also
exhibited diffuse localization of centromeres and heterochromatin foci. Similar abnormalities were
found in HelLa cells depleted of combinations of HP1a and HP1B. Immunofluorescence and
chromatin immunoprecipitation showed a decreased level of HP1a at pericentric regions in
ChIR1-depleted cells. Trimethyl-histone H3 at lysine 9 (H3K9-me3) was also modestly decreased
at pericentric sequences. The abnormality in pericentric heterochromatin was further supported by
decreased DNA methylation within major satellite repeats of Ddx11~/~ embryos. Furthermore,
micrococcal nuclease (MNase) assay revealed a decreased chromatin density at the telomeres.
These data suggest that in addition to a role in sister-chromatid cohesion, ChIR1 is also involved
in the proper formation of heterochromatin, which in turn contributes to global nuclear
organization and pleiotrophic effects.
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Introduction

Human ChIR1 and its closely related relative ChIR2 are DNA helicases belonging to the
FANC]J helicase family [1,2]. These helicases are encoded by the DDX11 and DDX12 genes,
respectively, which are located on the short arm of chromosome 12 [3]. Mutants of the yeast
ortholog, CHL1, exhibit chromosome missegregation at high frequencies [4], due to a defect
in sister-chromatid cohesion [5,6]. Mammalian ChIR1-deficient cells have similar defects in
sister-chromatid cohesion [7,8]. A recent genetic study revealed that DDX11 is the gene
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responsible for a genetic disease, Warsaw breakage syndrome (WABS). The major clinical
symptoms of WABS are pre- and postnatal developmental abnormalities, including facial
anomalies and mental retardation, as well as cohesion defects [9]. Similar defects in
development and cohesion are seen in patients with other cohesinopathies, which are caused
by mutations of either cohesin genes or genes required for cohesion [10]. These data suggest
that the genes responsible for cohesinopathy might have additional functions in processes
other than sister-chromatid cohesion. Based on the fact that cohesins collaborate with CTCF
[11], a highly conserved zinc finger protein that is involved in diverse regulatory functions
through the global organization of chromatin architecture [12], these defects might include
aberrant patterns of gene expression.

Yeast chl1 mutants exhibit a cohesion defect. However, these mutants show additional
phenotypes including increased ribosomal DNA recombination rates and transcriptional
gene silencing [13]. Although budding yeast does not have the same heterochromatin
organization as higher eukaryotes, these processes in higher eukaryotes involve
heterochromatin. It is thus suggested that CHL1 may be involved in heterochromatin-like
functions. Indeed, the role of yeast CHL1 in transcriptional silencing depends on the
presence of SIR2 [13], a protein recognized to function in heterochromatin-like events in
budding yeast [14]. These data led us to postulate that mammalian ChIR1 and ChIR2 might
have a role in heterochromatin-related events.

Heterochromatin is found in the region of chromosomes that remain highly condensed and
transcriptionally silenced [15]. Studies on epigenetic modifications of chromatin, especially
covalent modifications of core histones, have revealed that histone H3 is methylated at
lysine 9 (H3K9-me) in these regions by the specific methyltransferases, SUV39H1 and
SUV39H2 [16]. H3K9-me in turn recruits heterochromatin protein 1 (HP1) through binding
to the chromo domain (CD) of HP1 [17,18]. The chromo-shadow domain (CSD) of HP1
also binds to various other proteins such as SUV39H1, Kap-1/Tif1f, BRG1, ATRX, and
lamin B receptor [19] through a PXVXL/I motif which is required for the binding to CSD
[20]. Thus, HP1 is believed to function as a platform for various effecter proteins involved
in heterochromatin formation such as DNA methyltransferases [21,22]. DNA
methyltransferases function in methylating cytosine nucleotides in the context of CpG
sequences. CpG methylation is another hallmark of heterochromatin which contributes to
the transcriptionally silent nature of heterochromatin [20]. Abnormalities in the epigenetic
marking on the genome can result in an aberrant pattern of gene expression.

In this study, we show heterochromatin-related defects in ChIR1-deficient mammalian cells
that are similar to those found in cells depleted of both HP1a and HP1p. In addition, studies
using immunofluorescence (IF) and chromatin immunoprecipitation (ChIP) revealed an
impaired localization of HP1a at the pericentric regions in the absence of ChIR1. We also
found there was a decrease in telomeric chromatin density in these cells. Furthermore,
mouse embryos lacking Ddx11 showed impaired levels of DNA methylation at the major
satellite repeats. These data suggest that ChIR1 might have a role in heterochromatin
formation and function in mammalian cells.

Materials and Methods

Antibodies

Antibodies used for immunofluorescence were anti-HP1a (mouse MAB3584, Millipore),
anti-HP1p (mouse MAB3448, Millipore), anti-HP1y (mouse MAB3450, Millipore), anti-
trimethyl-histone H3 at lysine 9 (H3K9-me3) (rabbit CS200604, Millipore), anti-phospho-
histone H3 at serine 10 (P-H3S10) (rabbit 07-523, Millipore) and anti-centromere
autoimmune (ACA) serum (human, Antibodies Incorporated). Antibodies used for
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immunoblot were anti-HP1a (mouse clone 15.19s2, Millipore), anti-HP1pB (mouse
MAB3448), anti-ChIR1 (rabbit Hel1) [1], and anti-actin (goat sc-1615, Santa Cruz
Biotechnologies). Antibodies used for chromatin immunoprecipitation (ChIP) were anti-
HP1a (rabbit #2090, S. Smale, UCLA) and anti-H3K9-me3 (CS200604).

Cell culture and immunofluorescence

HeLa cells and HeLa cells stably expressing EGFP-histone H2B [23] were used in this
study. For immunofluorescence, cells grown on slides or coverslips were fixed with 4%
paraformaldehyde (PFA) in PBS for 12 min at room temperature and permeabilized with
0.2% Triton X-100 in phosphate buffer (150 mM, pH7.4) for 15 min. The preparations were
then blocked with 3% fetal bovine serum (FBS) in PBS for 15 min at room temperature.
Primary antibodies diluted in the blocking solution were applied and incubated for 1 h at 37
C in a humidified chamber. After washing with PBS, secondary antibodies were applied to
stain the cells. The slides or coverslips were mounted with Vectashield (Vector
Laboratories) containing 0.75 pg/ml DAPI. Fluorescence microscopy was done on E800
microscope (Nikon) with a DXM1120 digital camera (Nikon). For some preparations
confocal microscopy was done on C1Si microscope (Nikon) with a Cascade 512B
photomultiplier (Photometrics). Images were processed using EZC1 (Nikon) and Photoshop
7 (Adobe).

In some experiments, a pre-extraction procedure was performed to remove proteins loosely
associated with chromatin according to the method described previously [24]. Cells grown
on coverslips were washed first with PBS+ which contains 0.5 mM MgCl, and 0.5 mM
CaCl, and then with cytoskeleton (CSK) buffer (10 mM Pipes-KOH, pH 7.0, 100 mM NacCl,
300 mM sucrose and 3 mM MgCly) [25]. Cells were incubated in CSK buffer supplemented
with 0.5% Triton X-100, 0.5 mM PMSF (Sigma), and 10 mg/ml leupeptin (Sigma) for 5 min
on ice. After two washes with CSK buffer, the cells were fixed in 4% paraformaldehyde for
15 min at room temperature. The coverslips were served for immunostaining as described
above. Confocal microscopy and image processing were carried out as described above. In
some studies, cells were treated with the aurora-kinase inhibitor, ZM447439 (AstraZeneca).
For these studies ZM447439 was added to the culture at a concentration of 2 uM for 1 hr
prior to the fixation and immunostained as described above. In addition, unfixed HeLa cells
expressing EGFP-histone-H2B chromatin density were also examined using a Zeiss
AxioObserver microscope (Marianas, Carl Zeiss). Quantitation of fluorescence of
pericentric HP1a signals was performed using the NIS-Elements software (Nikon) on
confocal images acquired with a C1Si microscope.

SiRNA experiments

Depletion of ChIR1 and ChlR2 was performed as previously described [8]. Briefly, a
plasmid expressing #4 or #5 shRNA was electroporated twice into HeLa cells at an interval
of 24 hrs. For the chromatin immunoprecipitation experiment, a clone permanently depleted
of ChIR proteins (clone 5.5) was used. This was established by infecting HeLa cells with
pantropic retrovirus (pSuper-Retro-Puro) expressing #5 shRNA [8] and selected with
puromycin. A control clone (C1) was also obtained. For depletion of HP1a, pSuper-Retro-
Puro expressing ShRNAs targeting the indicated mRNA was used to infect HeLa cells or
HeL a cells expressing EGFP-H2B. Clones were obtained by puromycin selection. For
depletion of HP1p, pSuper-Retro-Puro targeting HP1p was transiently transfected according
to the method previously described [8]. The target sequences of 3 HP1 isoforms described in
a previous report were used [26] and 5-GGAGCACAATACTTGGGAA-3' (nt; 272-290,
NM_012117) was used to target HP1a.
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Chromatin immunoprecipitation (ChlP)

Micrococcal

ChIP was performed as described previously [27,28] with modifications as follows: Nuclei
isolated by Dignam’s method were crosslinked with 1% formaldehyde for 3 min at room
temperature. Chromatin fragmentation was done using micrococcal nuclease (MNase) (50
U/ml, Worthington) in nuclear digestion buffer (15 mM HEPES (pH7.5), 60 mM KClI, 15
mM NacCl, 0.34 mM sucrose, 1 mM DTT, and 0.5 mM spermidine) for 8 min at room
temperature. Digested nuclei were sonicated briefly and centrifuged at 3,800g for 5 min at
4C. The supernatant was collected and precleared with protein A beads (Pierce) at 4C for 1
hr. After pelleting the beads the remaining supernatant was used for immunoprecipitation.
Four pug of antibody was added to the supernatant containing 300 ug of protein, and
incubated at 4C overnight in the lysis buffer (25 mM Tris-Cl (pH7.5), 150 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 0.1% SDS, and 0.5% sodium deoxycholate) in the total volume of
1 ml. Protein-A beads were then added and the samples were rocked for 1 hr at 4C. The
beads were washed with a series of buffers as follows, lysis buffer, RIPA buffer, high-salt
buffer, LiCl buffer, and TE buffer [29]. DNA was eluted from the beads in the elution buffer
(2% SDS, 0.1 M NaHCOg3, and 10 mM DTT) and DNA-protein crosslink was released by
incubating the eluate at 60C overnight. After digestion with proteinase K for 2 hr at 55C,
DNA was purified from the mixture using the ChIP DNA Clean & Concentrator Kit (Zymo
Research). To quantitate the precipitated DNA, dot blots were hybridized with 32P-labeled
B-satellite probe (p21p2) [30], telomere probe (pSP73.Sty11) [31], and Alu probe [30]. The
intensity of hybridization signals was measured by a phosphoimager (Molecular Dynamics).
Percent recovery rate for each genomic region was calculated using the formula:

Recovery (%) = 100 x (R5.5 [H3K9-me3 or HP1a] — R5.5 [preimmune])/(R1 [H3K9-me3
or HP1a] — R1 [preimmune]), where R is the radioactive count from the dot blot using the
specific antibody for H3K9-me3, HP1a, or the preimmune serum as indicated. R5.5 is the
count obtained from the ChIR-depleted HeLa clone 5.5. R1 is the count obtained from the
control HeLa clone C1.

nuclease (MNase) assay

MNase assay was performed as described previously [32]. Briefly, cells in a culture dish
were permeabilized with 0.01% L-a-lysophosphatidylcholine (Sigma) in 150 mM sucrose,
80 mM KCI, 35 mM HEPES (pH 7.4), 5 mM Ky;HPO4, 5 mM Mg,Cl, and 0.5 mM CaCl,
for 90 s, followed by digestion with 2 U/ml MNase in 20 mM sucrose, 50 mM Tris (pH 7.5),
50 mM NaCl, and 2 mM CacCl, at room temperature. The reactions were stopped at the
indicated time points by adding 20 mM EDTA and DNA was subjected to 0.8% agarose gel
electrophoresis. The pattern of DNA fragmentation was visualized by EtBr staining and
Southern hybridization using radioactive probes used in ChlP.

Analysis of DNA methylation

Whole E9.5 embryos or ES cells were digested with proteinase K and DNA was isolated
from the aqueous phase after phenol/chloroform/isoamylalcohol (25:24:1) extraction.
Isopropanol was then added to the aqueous phase and DNA was recovered by spooling. Two
ug DNA was used for endonuclease digestion with Mspl or Hpall. Digests were separated in
0.8 % agarose gel electrophoresis followed by Southern blotting onto Hybond-N
membranes. DNA was cross-linked by Stratalinker (Stratagene) at 1,200 J/m2. DNA bands
were detected by [32P]-labeled mouse major satellite or minor satellite probe, which were
retrieved by PCR from genomic DNA. Signals were visualized by autoradiography.
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Aberrant localization of heterochromatin foci and centromeres in cells cultured from
Ddx11~/~ embryos

Previously we analyzed sister-chromatid cohesion in cells from embryos lacking ChIR1, a
protein encoded by the single mouse gene Ddx11 [8]. Because Ddx11~/~ results in
embryonic lethality at E10.5 [8], cells were cultured from trypsinized E9.5 Ddx11 null and
wild-type embryos and stained with DAPI for some of these experiments. While analyzing
the chromosomes from these cells we noticed differences in the DAPI staining pattern of
interphase nuclei from Ddx11~/~ and wild-type embryos. A normal mouse nucleus exhibits
variations in the intensity of DAPI staining within a nucleus due to several large clusters of
pericentric heterochromatin in the nucleoplasm [33]. When Ddx11*/* cells were stained with
DAPI, the pericentric heterochromatin clusters were clearly observed as DAPI-dense foci as
expected (Fig. 1A panel a). Contrary to this, cells isolated from Ddx11~/~ embryos exhibited
more diffuse DAPI staining (Fig. 1A panel d). To verify that these DAPI-dense regions
contained pericentric heterochromatin we stained the cells from the Ddx11 null and control
embryos with an autoimmune serum that recognizes centromeric proteins (ACA). The
centromeric signals were visible in the DAPI dense regions and appeared as distinct strongly
stained spots in the control cells (Fig. 1A panel b). The number of signals was much fewer
than the total number of mouse chromosomes (=40), which suggests that centromeres of
several chromosomes were clustered in a single signal. In contrast, more than the expected
number of weakly stained centromere signals was observed in the Ddx11 null cells (Fig. 1A
panel ). The increase in centromeric signals most likely reflects the fact that a substantial
fraction (~20%) of Ddx11~/~ cells, including the cell shown in Fig. 1A, was polyploid due
to aberrant mitosis caused by the cohesion defect [7,8,34]. However, because these
centromere signals were much weaker than those in control cells, these data also implied
that the centromere clustering is disrupted in Ddx11~/~ cells. Taken together these data
suggest that ChIR1 may be required for the proper localization and possibly formation of
heterochromatin.

Human ChIR-deficient cells have dispersed heterochromatin regions with disrupted
centromere clustering

To determine whether loss of human ChIR1 and 2 also alters the distribution of
heterochromatin in human cells, HeLa cells were depleted of both ChIR1 and ChIR2, which
will be collectively called ChIR hereafter in this report, by transfection with ChIR specific
shRNA-expressing plasmids that target regions of complete homology in the mRNAs
encoded by the two genes. Two plasmids expressing #4 and #5 shRNA efficiently depleted
ChIR proteins in HeLa cells [8] (Fig. 1B). Although the global localization pattern of
heterochromatin is quite different in human and mouse cells and human heterochromatin is
less obvious microscopically [33], we still noticed differences in the relative location of the
DAPI rich regions in the control and ChIR-deficient cells (Fig. 1C panels b and d). To
confirm this observation we also stained the cells with antibodies recognizing HP1a, a
protein which is known to localize to heterochromatin-rich regions [33,35]. Control cells
clearly showed heterochromatin regions in perinuclear and perinucleolar areas both by anti-
HP1a staining and DAPI staining (Fig. 1C panels a and b). To determine whether these
regions contained pericentric heterochromatin we stained the control cells with antibodies to
centromeric proteins (ACA) and HP1a. This experiment revealed that the HP1a rich regions
which were stained brightly with DAPI frequently contain centromeric signals (Fig. 1C
panels a and b). In contrast, DAPI and HP1a staining of the ChIR-depleted cells exhibited
diffuse heterochromatin regions as compared to the control cells (Fig. 1C panels c and d). In
addition, the centromere signals were scattered throughout the nucleus in ChIR-depleted
cells (Fig. 1C panel c). Areas of overlapping HP1a and centromere signals, generating
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yellow color, were clearly observed in the control cells but were smaller in ChIR-depleted
cells (Fig. 1C panels a and c). To show the difference of heterochromatin foci quantitatively,
we counted the number of heterochromatin foci per image with a diameter greater than 1.2
um. While 76% of control cells had one or more heterochromatin foci of this size, only 39%
of ChIR-depleted cells by #5 construct had similar foci (Fig. 1D). The average numbers of
heterochromatin foci in these cells, as determined by this method were 2.4 and 0.7,
respectively (Fig. S1). Cells depleted of ChIR using siRNA construct (#4) also showed a
decreased heterochromatin number (0.9, Fig. S1). Thus, ChIR-depleted cells had fewer well-
organized heterochromatin foci than control cells. This suggests that ChIR depletion might
result in disorganized centromere localization in interphase cells.

To further examine chromatin distribution in the nucleus we performed live cell imaging
studies using HeLa cells which stably express EGFP-histone H2B [23]. When unfixed
control cells were examined on a confocal microscope, chromatin-dense regions were
observed in both perinucleolar and perinuclear areas (Fig. 1E panel a, arrow and
arrowhead). These EGFP-H2B chromatin rich regions were located in the same areas that
were strongly stained with anti-HP1a antibody (Fig. 1C panel a). Contrary to this, in cells
depleted of ChIR proteins the chromatin density was relatively homogenous throughout a
nucleus, although there was some enrichment in the perinucleolar regions (Fig. 1E panels b
and c). Thus, the several prominent heterochromatin regions are disrupted and lost within
nuclei depleted of ChIR.

We also performed an immunofluorescence (IF) study on cells using the ACA antibody
along with an antibody that recognizes histone H3 that is trimethylated at lysine 9 (H3K9-
me3) since this post-translational histone modification is a marker of constitutive
heterochromatin [16,33]. Maximum intensity projection (MIP) images were made from a
series of Z stacks covering the entire nucleus to allow observation of all the centromere
signals within a given cell. Most centromeres in control cells were contained in H3K9-me3-
positive regions and were located in the perinuclear and perinucleolar regions (Fig. 1F panel
a). Perinucleolar centromeres, presumably those of chromosomes carrying rDNA, were
orderly arranged as a necklace-like string surrounding nucleoli (Fig. 1F inset). In ChIR-
depleted cells centromeres were found throughout the nucleus, although these regions were
still H3K9-me3-positive. However, the individual H3K9-me3-positive areas were smaller
than those found in control cells (Fig. 1F panel b), which corresponded to the decreased size
of heterochromatin foci detected by anti-HP1a antibody (Fig. 1C panel a). The majority of
the centromeres were aberrantly localized in the areas between perinuclear and perinucleolar
regions, where few centromeres were located in control cells. This was also obvious by
standard fluorescence microscopy (Fig. 1C panel c¢). Furthermore, there were no typical
necklace-like strings surrounding the nucleoli. To show the difference in the number of
perinuclear centromeres quantitatively, we counted centromeres which were locating at the
perinuclear region within 1.2 um of the nuclear envelope. These data showed that while 29%
centromeres in control cells were located in the perinuclear region, only 19% of the
centromere in ChIR-depleted cells were within this region (Fig. 1G panel a). However, the
total number of centromeres per image was higher in ChIR-depleted cells (17 in control and
22 in ChIR-depleted cells) (Fig. 1G panel b). Both of these differences between the control
and ChIR-depleted cells were statistically significant (p<0.0001). Taken together, these data
suggest that loss of ChIR in HeLa cells causes aberrant localization of heterochromatin and
centromeres in the nucleus.
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Immunofluorescence analysis reveals decreased pericentric HP1a staining in the absence
of ChIR although a substantial level of trimethyl-histone H3 at lysine 9 (H3K9-me3) is

retained

To further confirm the aberration in HP1a localization at pericentric regions we performed
experiments to observe the location of these HP1a dense regions on mitotic chromosomes.
For these studies we treated cells with ZM447439 to inhibit the activity of aurora B kinase
[36]. This treatment enabled us to visualize chromosome-associated HP1 by blocking the
physiological removal of HP1 during mitosis by aurora B kinase [37,38]. To ensure that the
treatment of HelLa cells with the aurora kinase inhibitor was completely effective, we used
IF to detect the presence of histone H3 that was phosphorylated at serine 10 using an
antibody that specifically detects this modification. Histone H3-serine 10 phosphorylation
was completely abrogated by this treatment, indicating that aurora B kinase was completely
inhibited (Fig. S2A panels d and h). While little HP1a was found at the centromeric regions
of mitotic chromosomes in untreated control cells, treatment with ZM447439 followed by IF
revealed discrete HP1a signals (Fig. S2A panels e and g, Fig. 2A panel b). In these
ZM447439-treated cells, HP1a signals were clearly recognized on mitotic chromosomes,
while most signals were excluded from the chromosomes and/or not recognized in the
untreated cells. In the control ZM447439-treated cells the HP1a signals were adjacent to but
did not completely overlap with the kinetochore signals demonstrating that HP1o was
retained at pericentric heterochromatin regions (Fig. 2A panel c insets). Contrary to the
control cells, mitotic ChlR-depleted cells did not show clear HP1a localization in either of
ZM447439-treated or untreated cells (Fig. 2A panels e and h and data not shown). This was
true for the cells transfected with two different ShRNA expressing plasmids that target
different regions of the mRNA. Quantitation of the intensity of pericentric HP1a signals was
performed on the confocal images. For these analyses, 1.2 um? regions of interest (ROIs)
were set to encircle an entire single pericentric region (Fig. S2B). The average fluorescence
intensities of HP1a signals in control cells and the cells depleted of ChIR1 by two siRNA
constructs in the presence of ZM447439 were 70, 31 and 25, respectively (Fig. 2B). The
difference between the value of control and ChIR1-depleted cells with the two different
SiRNA constructs was statistically significant by the Student’s t-test (p<0001). When cells
were not treated with the aurora kinase inhibitor, the fluorescence intensities were equally
low in both the control and ChIR-depleted cells (Fig. 2B). Decreased retention of HP1y,
which also localizes weakly to centromeric heterochromatin in our experiments was also
found in ChIR depleted cells (Fig. S3 panel f arrows). However, we did not observe a clear
accumulation of pericentric HP1p signals even in the control cells treated with ZM447439
(Fig. S4 panel ). This could be because of the abundant presence of HP1 on chromosome
arms as well as centromeric regions.

We then examined whether H3K9-me3 was present on mitotic chromosomes since this
modification is required for HP1 recruitment to chromatin [17,18]. While the signal intensity
of HP1a at pericentric regions was stronger in control cells than in ChIR-depleted cells,
there was only a small difference in the signal intensity of H3K9-me3 between control and
ChIR-depleted cells (Fig. 2C panels ¢ and f). The data suggest that the chromatin association
of HP1o and HP1y, and possibly also HP1p, at pericentric regions is impaired when ChIR is
depleted. However, a substantial level of the heterochromatin marker H3K9-me3 is retained
without a dramatic reduction. Thus, localizations of the heterochromatin two markers HP1a
and H3K9-me3 might be dissociated in the absence of ChIR at pericentric regions.

Chromatin immunoprecipitation (ChIP) shows that HP1a and H3K9-me3 levels are
decreased in pericentric region and at telomere in the absence of ChIR

In order to examine the impairment in the association of HP1 proteins with pericentric
chromatin at a molecular level, we performed chromatin immunoprecipitations (ChIP). To
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quantitate the amount of HP1a associated with pericentric repeat DNA, we used dot blot
hybridization with 32P-labeled B-satellite sequence to compare the amount of
immunoprecipitated DNA prepared from a control vector transfected HeLa clone (C1) and a
ChIR-depleted HelLa clone (5.5). Clone 5.5 stably expressed a retroviral ShRNA targeting
ChIR which caused an almost complete depletion of the protein (Fig. 3A). The results
showed a 48% relative recovery rate of B-satellite DNA associated with HP1a in ChIR-
depleted cells as compared to control cells (Fig. 3C). For H3K9-me3, the relative recovery
of B-satellite DNA was 87% upon ChIR depletion. Therefore, the absence of ChIR results in
a marked decrease in the association of HP1a with p-satellite chromatin without
significantly altering the binding of H3K9-me3, as predicted from the results of IF studies.

Telomeres are another major location of constitutive heterochromatin [39]. Therefore, we
assessed HP1a-associated telomere sequences by applying 32P-labeled telomere sequence to
the same blot. Since clone 5.5 has longer telomeres than the clone C1 (data not shown), the
input signal from the ChlR1-depleted clone 5.5 was stronger than that from the control clone
C1 (Fig. 3B). As opposed to the case of B-satellite, the recovery of both the HP1a and
H3K9-me3 associated telomere sequence was reduced at 58 % and 41% in the clone 5.5
ChIR-depleted cells (Fig. 3C). Thus, the impairment of heterochromatin formation in
telomeres is somehow different from that in pericentric regions. This difference might be
attributable to an impairment of ChlR-dependent chromatin formation at the telomeres.

Chromatin density at telomeres is decreased in the absence of ChIR

To address this possibility we performed a MNase assay to find out whether the aberrations
in pericentric and telomeric chromatin in ChlR-depleted cells caused changes in DNA
accessibility. DNA ladders resulting from the periodic digestion of chromatin at consecution
of nucleosomes were visualized on an agarose gel after ethidium bromide (EtBr) staining
followed by Southern blotting and hybridization with a p-satellite probe. Five days after the
first transfection of ShRNA-expression plasmids, control and ChIR-depleted cells exhibited
identical EtBr staining (Fig. 4A left panel). There was also no substantial difference in the -
satellite hybridization between control and ChIR-depleted cells (Fig. 4A middle panel). This
pattern was essentially the same as that obtained with the probes detecting satellite 111,
satellite 2, and Alu repeat DNA (Fig. S5). In contrast, the pattern was slightly different when
a probe for telomere was used. The autoradiogram showed a diffuse smeary pattern in all the
lanes, which was consistent with the previous data suggesting that telomeric DNA does not
form a regular chromatin structure (Fig. 4A right panel) [40,41]. However, the content of
longer polynucleosomes was diminished in ChlR-depleted cells. This was most obvious in
the lanes containing chromatin from the 8-min or 12-min MNase digestions (Fig. 4A black
arrows in right panel). The difference in the amount of polysomes in control and ChIR-
depleted cells was also analyzed by densitometry using the phosphoimager (Fig. 4B). As
expected, the chromatin densities obtained with B-satellite probe were not different between
control and ChIR-depleted cells (Fig. 4B top panels). However, when telomere probe was
used, the chromatin density of ChlR-depleted cells shifted to the right as compared to that of
control (Fig. 4B bottom panels). This result suggests that the loss of ChIR might result in the
alteration or impairment of telomeric chromatin formation.

DNA methylation is decreased in Ddx11~/~ mouse embryos

DNA methylation, specifically CpG dinucleotide methylation, is another hallmark of
heterochromatin [42]. To examine whether there was any aberration in CpG methylation in
ChIR-deficient cells, we extracted genomic DNA from mouse Ddx11*/* ES cells, E9.5
Ddx11** embryos and E9.5 Ddx11~/~ embryos. The DNA was digested with the
methylation-sensitive and resistant restriction endonucleases, Hpall and Mspl, respectively,
and the digests were analyzed by Southern hybridization with centromeric and pericentric
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repeats probes. These probes recognize centromere repeats and pericentric repeats,
generating 120-bp and 230-bp ladders, respectively. When the DNA was digested with
Mspl, a methylation-resistant enzyme recognizing the DNA sequence CCGG regardless of
its methylation status, all the digests showed similar hybridization patterns using probes for
both minor and major satellite sequences indicating complete digestion (Fig. 5 lanes 4-6 and
10-12). In contrast, the genomic DNA treated with Hpall, which cannot digest the
methylated sequence, showed that while major satellite DNA from Ddx11*/* embryos was
largely undigested, DNA from the Ddx11~/~ embryos was digested well and ran as a 230-bp
ladder which reached the bottom of the gel (Fig. 5, compare lanes 7 and 8 with lane 9). The
fact that the band intensity of each step in the ladder in Ddx11 7~ digests did not differ
between Hpall and Mspl digestions (Fig. 5 lanes 9 and 12) suggests that CpG methylation in
this region of Ddx11~~ embryos is severely impaired. While the major satellite sequences
comprise pericentric heterochromatin normally associated with HP1a, minor satellite
sequences are a component of centromere repeats which are associated with kinetochore
proteins such as CENP-A and CENP-B and are believed to have an euchromatic architecture
[43]. This data suggests that only the heterochromatic regions of ChIR1 null chromosomes
have impaired DNA methylation. Thus, ChIR-deficient regions of constitutive
heterochromatin have aberrant properties in terms of epigenetic marks, namely HP1
localization and DNA methylation.

ChIR and HP1 deficient cells exhibit similar phenotypes

Since loss of ChIR causes aberrant localization of HP1a and disorganized high-order
heterochromatin, we postulated that loss of HP1 itself might also affect highly condensed
regions of chromosomes in human cells. Therefore, we obtained a HelLa cell clone (H12)
that expresses EGFP-histone H2B and is stably depleted of HP1a. by infecting these cells
with a retrovirus expressing shRNA targeting HP1a. Additionally, we transiently transfected
these cells with a sSiRNA plasmid targeting HP1p to obtain combinations of HP1o— and/or
HP1B-depleted cells. Immunoblot showed that both HP1 proteins were substantially
depleted in these cells (Fig. 6A). We then examined chromatin density by visualizing EGFP
localization in unfixed cells using a confocal microscope. Diffusely distributed chromatin
was present in HP1f and HP1a/HP1p depleted cells while the control cells exhibited regions
of bright EGFP fluorescence (Fig. 6B). Similar patterns were obtained when ChIR was
depleted (Fig. 1E). Cells singly depleted of HP1a still showed brighter regions of EGFP
fluorescence in perinuclear and perinucleolar regions. The localization of centromeres was
also disorganized in cells depleted of both HP1a and HP1B (Fig. 6C) and resembled that of
ChIR-depleted cells (Fig. 1F). Similar effects were obtained by additional ShRNA targeting
different region of HP1a (data not shown). This suggests that the HP1 isoforms associated
with constitutive heterochromatin are required for the normal localization of centromere.
These morphological data indicate that the ChIR depletion phenocopies HP1a/B depletion in
terms of effects on high-order chromatin.

Discussion

ChIR1 belongs to FANCJ helicase family, whose members have roles in genome integrity
[2]. The studies in yeast CHL1 and mammalian ChIR1 indicate that CHL1/ChIR1 plays a
role in sister-chromatid cohesion and contributes to chromosome-number stability [4-8].
The data of the present study support the conclusion that ChIR1 also affects epigenetic
modifications and chromatin organization in the mammalian nucleus. Results from both
morphological and molecular analyses demonstrate aberrations in the formation and
localization of heterochromatin and in centromere localization in the absence of ChIR. This
suggests that ChIR is required for normal heterochromatin organization. Furthermore, the
data suggest that ChIR contributes to heterochromatin formation via effects on HP1

Exp Cell Res. Author manuscript; available in PMC 2012 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Inoue et al.

Page 10

targeting and/or binding to the proper sites since both IF and ChIP data revealed a dramatic
decrease in pericentric HP1a in ChIR-depleted cells. This hypothesis is further supported by
our data showing that depletion of HP1 proteins, especially both HP1a and HP1p, caused
similar global morphological aberrations. Therefore, we conclude that ChIR has a role in
targeting of HP1 to the correct genomic regions and that proper localization and binding of
HP1 proteins is required for the global organization of heterochromatin and centromere
clustering.

HP1 was initially identified in Drosophila melanogaster as a protein that predominantly
localized to the chromocenter of polytene chromosomes [44,45]. Mammals have 3 HP1
isoforms, HP1a, HP1B, and HP1y [20]. HP1a is exclusively localized in constitutive
heterochromatin and HP1p is less strictly found in heterochromatin, while HP1y localizes in
euchromatic sites [46,47]. All have 3 common domains, chromodomain (CD), a hinge
region, and chromoshadow domain (CSD) [20]. In constitutive heterochromatin, the N-
terminus portion of histone H3 is methylated at lysine 9 by specific histone
methyltransferases, SUV39H1 and SUV39H2 [48]. HP1 preferentially binds to methylated
H3 at lysine 9 (HeK9-me) through its CD [17,18]. Our IF data show that the level of
pericentric H3K9-me3 was not markedly decreased in the absence of ChIR. While our ChIP
data revealed that the level of both H3K9-me3 and HP1a are decreased at B-satellite and
telomeric heterochromatin in response to ChIR depletion, the decrease in HP1a was greater.
These data collectively suggest that ChIR could be involved in heterochromatin formation
and its absence might cause heterochromatin malformation at the steps of H3K9-me3 and
HP1a localization.

To date the major function that has been attributed to CHL1 is a role in sister chromatid
cohesion. Studies in budding yeast suggest that CHL1 might be involved in the process of
cohesion establishment, a process that is coupled with DNA replication [6,49]. Indeed,
CHL1 was found to be associated with CTF7 [6], a cohesion establishment factor carrying
acetyltransferase activity [50-52]. In both budding yeast and fission yeast, chl1 and ctf18 are
synthetic lethal [5,53]. CTF18 is a component of the replication factor C (RFC) complex
which is specific for the establishment of [54]. CHL1 is also physically associated with
PCNA, an essential molecule for DNA replication [55]. Therefore, CHL1 is associated with
the proteins involved in DNA replication which specifically function in cohesion
establishment. These published data support the conclusion that CHL1 is involved in the
establishment of sister-chromatid cohesion during DNA replication. Although biochemical
data on mammalian ChIR are sparse, our data also indicated that human ChIR could bind to
a fragment of human CTF7 and DCC1, another component of the CTF18-RFC complex
(unpublished data). Additionally, ChIR associates with flap endonuclease-1 (FEN1), which
is a factor required for lagging strand maturation [56]. This suggests that ChIR might
collaborate with FEN1 in trimming lagging strands in replication forks, which would enable
a replication fork to pass through the pre-loaded cohesin ring smoothly [57]. This in turn
may contribute to the complete establishment of cohesion. The study also showed that ChIR
binds to PCNA in human cells. PCNA could serve as a platform for both ChIR and FEN1 as
well as many other replication-related molecules [58]. These results strongly suggest that
mammalian ChIR might function in cohesion establishment by collaborating with the
proteins involved in DNA replication especially lagging strand replication. In support of this
hypothesis, a comprehensive genetic study in yeast found that CHL1 made an epistasis
group with TOF1, CSM3 and CTF4 [59]. CTF4 is a molecule bridging the MCM helicase
and DNA polymerase a, a lagging-strand specific polymerase, which is consistent with a
hypothetical role for CHL1/ChIR in lagging strand replication and cohesion establishment in
collaboration with FEN1 [57]. The question is how ChIR can contribute to the proper
loading or targeting of HP1 to the correct chromosomal sites. Our efforts in demonstrating a
physical association between ChIR and HP1 have been unsuccessful (unpublished data).
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This suggests that ChIR may function indirectly. Obviously, further studies are required to
elucidate the exact mechanism of ChIR function in heterochromatin formation.

Is there any linkage between the role of ChIR in cohesion establishment during DNA
replication and heterochromatin formation? Proteins and protein complexes associated with
chromatin are an obstacle for the replisome. One of these complexes most likely is the
preloaded cohesin complex. The cohesin complex makes a ring structure composed of
SMC1, SMC3, SCC1, and either SA1 or SA2 [60]. When the replisome is passing through
the cohesin ring, the replication machinery cannot move smoothly because the size of the
replisome is much larger than that of the diameter of a cohesin ring (>100 nm vs. 30-40 nm)
[61]. Farina and others have hypothesized that FEN1 and ChlIR support this process [57].
HP1 proteins in constitutive heterochromatin are another obstacle [62]. The attachment of
HP1 to chromatin is normally mediated by H3K9-me-CD interaction. However, upon the
DNA/chromatin replication the association of HP1 with chromatin at the replication sites is
no longer dependent of the H3K9-me3-CD interaction but requires another protein complex,
CAF-1 [63]. The largest subunit of CAF-1, p150, binds to PCNA at the replication fork and
simultaneously binds to HP1 [64]. CAF-1’s primary role is to incorporate core histones into
newly replicated DNA to produce the complete chromatin. When p150 subunit is depleted in
mouse embryo fibroblasts (MEFs), cell cycle progression is delayed at late S-phase, the time
when constitutive heterochromatin is replicated [62]. This delay is rescued by expression of
wild-type p150 but not by a mutant p150 lacking the binding ability to HP1 [62].
Importantly, Suv39h1~/~Suv39h2~/~ MEFs do not delay in late S-phase upon p150
depletion. Since HP1 is not bound to the proper site in these cells, this suggests that
heterochromatin is less of a replication obstacle when HP1 is not bound to the proper sites.
These data strongly imply that the presence of HP1 at the constitutive heterochromatin is an
obstacle for the DNA replication. One possibility suggested by the published data and our
current data is that ChIR might function in facilitating DNA replication at difficult sites such
as cohesion binding sites and constitutive heterochromatin and that ChIR might participate
in both cohesion establishment and heterochromatin formation. ChIR might unwind DNA
strands at cohesion sites and in heterochromatin or enhance the ability of FEN1 to DNA
strands at these sites as proposed by Farina et al. [57].

At the time of constitutive heterochromatin replication HP1 binds to the DNMT1 and
DNMT3a DNA methyltransferases [42] which methylate the cytosine nucleotides in the
context of CpG as these sequences are replicated. Our data on centromeric DNA
methylation in Ddx11~/~ embryos support the theory that ChIR plays a role in methylation
of centromeric/heterochromatin regions. Whereas the major satellite repeats in pericentric
heterochromatin are characterized by the presence of H3K9-me and HP1, the minor satellite
repeats which compose the centromere/kinetochore regions are characterized by their
association with kinetochore proteins such as CENP-A and CENP-B. They also do not have
H3K9-m3 and are believed to be rather euchromatic [43]. The DNA methylation data
obtained in this study showed a dramatic difference between major and minor satellites.
Methylation was severely impaired in the major repeats but not in minor repeats. This data
further support the hypothesis that ChIR plays a heterochromatin-specific role in epigenetic
genomic events.

The current data present the possibility that ChlR might contribute to sister-chromatid
cohesion through recruiting HP1 to heterochromatin. The role of Swi6, the
Schizosaccharomyces pombe ortholog of mammalian HP1, in heterochromatin formation
and sister-chromatid cohesion is well established [65]. Swi6 is located in the outer repeats of
centromeres [66,67], which are considered to be equivalent to the pericentric
heterochromatin in mammals. This localization is mediated by H3K9-me which is catalyzed
by Clr4, the histone H3 acetyltransferase in fission yeast [18,68]. Both Swi6 and Clr4 are
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required for enrichment of cohesin in outer repeats [69,70]. Since Swi6 and Psc3 (the
ortholog of SCC3) interact directly, it is believed that Swi6 recruits cohesins to the outer
repeats of centromeres, where centromeric cohesion is made [70]. Furthermore, it is
established that Swi6 also contributes to centromeric localization of Sgol, which is known
to have a role in protecting cohesin from the cohesin-removing activity of PLK1 mitotic
kinase [71,72]. Thus, in fission yeast Swi6 has dual roles in contributing cohesion, recruiting
cohesins and protection of cohesin through Sgol localization. In mammals, various proteins
have the consensus motif, PXVXL/I, which mediates association with HP1’s CSD. Among
them, NIPBL, a cohesin-loading factor, is of particular importance in terms of sister-
chromatid cohesion. Depletion of this in HeLa cells leads to precocious separation of sister
chromatids in mitosis [73]. The in vitro association of a fragment of NIPBL and HP1 has
also been documented [22]. Therefore, it is reasonable to postulate that HP1 might have a
role in cohesion by recruiting cohesion-related molecules to the proper sites. In mouse cells,
pericentric regions are the sites of centromeric cohesion [74]. MEFs lacking both genes of
Suv39h (Suv39h1~~: Suv3d9h2/"), the histone methyltransferase generating H3K9-me, have
chromatid pairs carrying separated centromeres, an indicator of cohesion defects [74].
Additionally, defects in centromeric cohesion were shown in wild-type MEFs treated with a
HDAC inhibitor, which abrogated H3K9-me [75]. It has also been shown that SIRNA
depletion of HP1a [76], and over-expression of a dominant-negative mutant of HP1 in HeLa
cells causes centromeric cohesion effect [77]. However, other studies by Serrano et al.
reported that there was no mitotic aberrations even in the absence of HP1a and HP1p [78].
There are also contradictory reports on cohesin retention at mitotic centromeres. Koch et al.
and Serrano et al. reported that there was no reduction of cohesin enrichment in mitotic
centromeres in the absence of Suv39h or HP1, respectively [75,78]. Based on the assumption
that HP1 might be required for the protection of centromeric cohesion as in fission yeast,
Yamagishi et al. showed a marked impairment of centromeric cohesion in HeLa cells
lacking HP1a [76]. However, a recent study revealed that although Sgol can bind to HP1
through the interaction of its PXVXL/I motif with the HP1’s CSD, HP1 was not necessary
for either the centromeric localization of Sgol or centromeric cohesion [79]. Because of
these serious controversies, it is not clear whether HP1 is directly required for sister-
chromatid cohesion at centromeres and further studies are needed to resolve this issue.

Inherited diseases caused by mutations in cohesins and cohesion-related genes are
collectively called cohesinopathies [10]. The two most common cohesinopathies are,
Cornelia de Lange syndrome (CdLS), which is caused by mutations of SMC1, SMC3, or
NIPBL [80-83] and Roberts/SC phocomedia syndrome which is caused by ESCO2
mutations, a human ortholog of CTF7 [84]. Recently, a new cohesinopathy, WABS, was
found to be due to DDX11-deficiency [9]. All three of these cohesinopathies are
characterized by a variety of developmental defects, including growth and mental
retardation, limb deformities, and craniofacial anomalies [10]. The wide range of phenotypic
abnormalities displayed by these patients is thought to be due to effects of cohesins and
cohesin-related genes on gene expression/accessibility during embryogenesis. Therefore, we
postulate that ChIR1 may also play a role in gene expression during embryogenesis. The
observation that yeast chl1 mutants show both an increase and decrease in gene silencing in
different genomic locations, which seemed to be dependent on the status of Sir2 silencing
protein further supports this hypothesis [13]. In this sense, it is of interest to examine gene-
expression patterns in Ddx11 ™~ embryos to identify the genes aberrantly expressed after
implantation. Since Ddx11 null embryos die from placental defect around E10.5 it will also
be interesting to examine gene-expression patterns in Ddx11~~ placenta since this may
allow us to understand the role of ChiIR in the normal placental development.

It is well established that ChIR1 is required for sister-chromatid cohesion and thereby
functions in the maintenance of genomic integrity. Additionally, ChIR1 is involved in the
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stable maintenance of papillomavirus genome copy number in mammalian cells [85]. In this
study we further show that ChIR1 has a role in high-order nuclear organization. Thus,
ChIR1, like yeast CHL1, has pleiotropic roles in mammalian nuclear functions.
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Figure 1.

ChlIR-deficient mouse and human cells exhibit disorganized heterochromatin and aberrant
high-order nuclear structure. (A) Ddx11~~ cells show dispersed heterochromatin and
abnormal centromere localization. The DAPI signal is artificially converted into red in ¢ and
f. (B) Immunoblot showing protein depletion of ChIR in HeLa cells 4 days after the
transfection of two siRNA expression plasmids targeting ChIR. (C) ChIR-depleted HeLa
cells have obscure perinuclear and perinucleolar heterochromatin as revealed by anti-HP1a
and DAPI staining. (D) ChiR1-depleted cells have fewer heterochromatin foci.
Heterochromatin foci showing a HP1a signal with diameter greater than 1.2 um were
enumerated. (E) ChlR-depleted EGFP-H2B expressing HelLa cells have diffuse chromatin-
dense regions which are distributed throughout a nucleus. The arrow and arrowhead indicate
perinucleolar and perinuclear regions, respectively. N depicts a nucleolus. (F) Localization
of centromeres and trimethyl-histone H3 at lysine 9 (H3K9-me3) in EGFP-H2B-expressing
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HeLa cells shown maximum intensity projection images (MIP). The inset indicates a
necklace-like string of centromeres observed in a nucleolus of control cells. (G) ChIR1-
depleted cells have fewer perinuclear centromeres (a) but more total centromeres (b) than
control cells. Centromere numbers were counted in the images acquired by the standard
microscopy. Centromeres locating within 1.2 um of the nuclear envelope were counted as
perinuclear centromeres in (a). Asterisks indicate statistical significance at p<0.0001 by
unpaired Student’s t-test. Bars are standard error of the mean (SEM). Images of (A) were
taken by standard fluorescence microscopy. Images of (C), (E) and (F) were taken by
confocal fluorescence microscopy. The scale bars indicate 10 pum.
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Localization of HP1a to constitutive heterochromatin is impaired in ChIR-depleted HelLa
cells. (A) Treatment of cells with an aurora kinase inhibitor, ZM447439, revealed a marked

decrease in HP1a association with pericentric regions of mitotic chromosomes in the

absence of ChIR. The bar indicates 10 um. (B) Quantitative analyses of the fluorescence
intensity of pericentric heterochromatin in mitotic cells. Pericentric HP1a signals in the

images used in (A) was measured. The mean values are indicated with SEM. For each

analysis, 2—-3 mitotic cells carrying 27-48 pericentric regions were analyzed. (C) H3K9-me3

is retained in pericentric regions in ChlR-depleted cells. The bar indicates 10 um.
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Figure 3.

Chromatin immunoprecipitation (ChIP) indicates decreased association of HP1a and H3K9-
me3 in ChIR1-depleted cells. (A) Immunoblot showing a complete depletion of ChIR1 in a
stable clone of ChIR1-shRNA expressing HeLa cells, which are used in (B). (B) Chromatin
immunoprecipitation (ChlP) shows impaired binding of HP1a and H3K9-me3 in
heterochromatin regions. (C) The graphs show the averages of 3 experiments. Bars indicate
standard deviation (S.D.).
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Figure 4.

ChIR-depleted cells have decreased chromatin density at telomeres. (A) Micrococcal
nuclease (MNase) assay indicates a normal pattern of chromatin structure in g-satellite
regions but sparse chromatin density in telomeres in ChlR-depleted cells. DNA of
permeabilized cells was treated in situ with MNase for the indicated time and the chromatin
was collected and separated by agarose gel electrophoresis. The DNAs were transferred to
Nylon filter membrane, followed by hybridization with probes for human repetitive
sequences. (B) Radioactivity along the lanes indicated by arrows in (A) acquired from the
hybridization with p-satellite and telomere probes was measured by a phosphoimager and
plotted. Positions of the oligonucleosomes are indicated at the top.
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Figure 5.

Ddx11~/~ embryos have impaired DNA methylation at pericentric repeats. DNAs isolated
from Ddx11*/* ES cells, Ddx11*/* E9.5 embryos, and Ddx11~~ E9.5 embryos were
digested with Hpall or Mspl and analyzed by Southern hybridization using minor and major
satellite probes.
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Figure 6.

HeLa cells depleted of both HP1a and HP1p exhibit morphological phenotypes similar to
those found in the absence of ChIR. (A) Immunoblot showing depletion of HP1a and/or
HP1p in HelLa cells. (B) HP1B- and HP1a/HP1B-depleted HeLa cells expressing EGFP-H2B
show dispersed chromatin distribution. (C) HP1a/HP1B-depleted HeLa cells show disrupted
centromere localization. Bars indicate 10 pm.
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