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Loss of CBX2 induces genome instability
senescence-associated chromosomal
rearrangements

Claudia Baumann®?@®, Xiangyu Zhang?, and Rabindranath De La Fuente1,2®

The polycomb group protein CBX2 is an important epigenetic reader involved in cell proliferation and differentiation. While
CBX2 overexpression occurs in a wide range of human tumors, targeted deletion results in homeotic transformation,
proliferative defects, and premature senescence. However, its cellular function(s) and whether it plays a role in maintenance
of genome stability remain to be determined. Here, we demonstrate that loss of CBX2 in mouse fibroblasts induces abnormal
large-scale chromatin structure and chromosome instability. Integrative transcriptome analysis and ATAC-seq revealed a
significant dysregulation of transcripts involved in DNA repair, chromocenter formation, and tumorigenesis in addition to
changes in chromatin accessibility of genes involved in lateral sclerosis, basal transcription factors, and folate metabolism.

Notably, Cbx2~/~ cells exhibit prominent decondensation of satellite DNA sequences at metaphase and increased sister
chromatid recombination events leading to rampant chromosome instability. The presence of extensive centromere and
telomere defects suggests a prominent role for CBX2 in heterochromatin homeostasis and the regulation of nuclear

architecture.

Introduction

Cellular senescence is a major contributor to tissue dysfunction
and age-related decline in organismal health. Several lines of
evidence support the notion that accumulating DNA damage
causes a progressive deterioration of large-scale chromatin or-
ganization during cellular aging (Niedernhofer et al., 2018).
Persistent double-strand breaks activate the DNA damage re-
sponse (DDR), arresting cell cycle progression, and induce apo-
ptosis or cellular senescence to prevent the accumulation of
deleterious mutations and potential neoplastic transformation
(Bastians, 2015; Rao et al., 2017; Tanaka and Hirota, 2016).
Hence, genome instability may induce changes in cell fate de-
cisions as an immediate adaptive mechanism to prevent cancer
development (Heng et al., 2013).

The molecular mechanisms regulating changes in the chro-
matin landscape during cellular senescence are not fully un-
derstood. However, changes in chromatin structure and function
induced by altered epigenetic profiles are important contributing
factors to the onset of cellular aging (O’Sullivan and Karlseder,
2012). Polycomb group (PcG) proteins are major epigenetic
regulators essential for establishing heritable gene expression
patterns and lineage commitment. As such, PcG proteins play an

important role in cell proliferation, maintenance of adult stem
cell populations, and regulation of stem cell self-renewal
(Margueron and Reinberg, 2011; Mas and Di Croce, 2016; Morey
et al., 2012; O’Loghlen et al., 2012; Pereira et al., 2010; Richly
et al., 2011). PcG proteins aggregate dynamically to form two
major enzymatic complexes, polycomb repressive complex
(PRC) 1 and 2, and exhibit a critical role in the organization of
chromatin structure (Cao et al., 2002; Simon and Kingston, 2013)
and nucleosome compaction (Francis et al., 2004). The chro-
mobox homologue protein 2 (CBX2) is a critical component of the
PRCI1 complex involved in antiviral innate immunity (Sun et al.,
2019), neuronal (Gu et al,, 2018), and gonadal differentiation
(Garcia-Moreno et al., 2018; Katoh-Fukui et al., 1998, 2012), axial
patterning during embryonic development, cell proliferation,
and senescence (Coré et al., 1997, 2004). As an active subunit of
the mammalian PRC1 complex, CBX2 is capable of inducing
chromatin compaction in vitro (Tatavosian et al.,, 2015, 2019).
Live cell imaging in mouse embryonic stem cells (mESCs) re-
vealed that recombinant CBX2 associates with mitotic chromo-
somes, where it is critical to recruit additional members of the
PRCI1 complex (Zhen et al., 2014). We have previously shown that
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CBX2 knockout mice exhibit reduced germ cell viability, defects
in DNA repair, and widespread chromosome abnormalities during
meiosis (Baumann and De La Fuente, 2011). However, the mecha-
nisms leading to deleterious chromosomal rearrangements and
whether CBX2 plays a role in large-scale chromatin organization or
chromatin accessibility in somatic cells remained to be determined.
Importantly, the effects of loss of CBX2 on heterochromatin for-
mation and nuclear architecture in vivo remained unexplored.

Here, we demonstrate that CBX2 is essential for the pre-
vention of senescence-associated chromosomal rearrangements
in mouse embryonic fibroblasts (MEFs). Loss of CBX2 leads to
disruptions of nuclear architecture and large-scale chromatin
structure and results in transcriptional dysregulation of zinc
finger and homeobox transcription factors (TFs) as well as genes
involved in retinoic acid (RA) response, DNA repair, cell cycle
regulation, and tumorigenesis. Moreover, assays for transposase-
accessible chromatin using sequencing (ATAC-seq) revealed that
chromatin accessibility at regulatory elements, such as CpG is-
lands at transcription start sites (TSSs), of several key genomic loci
differs in Cbx2~/~ fibroblasts at early passage and thus precedes
the onset of senescence and genome instability. Senescent Cbx2-/
cells exhibit increased illegitimate mitotic recombination events
and rampant chromosome instability indicative of break-fusion-
bridge cycles leading to translocations and complex chromosomal
rearrangements. These results reveal a critical role in mainte-
nance of chromosome stability during cell division and the pre-
vention of senescence-associated chromosomal rearrangements,
providing important novel insight into the mechanisms leading to
the onset of premature senescence in CBX2-deficient cells.

Results

CBX2 is required for maintenance of chromosome stability
Targeted deletion of Cbx2 induces proliferative defects in lym-
phoid precursor cells as well as cellular senescence as detected
by increased B-galactosidase activity and abnormal accumula-
tion of the cyclin-dependent kinase inhibitor pl6INK4a (Coré
et al., 2004). However, the mechanisms leading to the early
senescent phenotype remained unexplored. The widespread
chromosome abnormalities observed during meiosis in Cbx2~/~
male and female germ cells (Baumann and De La Fuente, 2011)
suggest a potential function in maintenance of chromosome
stability in mitotic cells. Thus, we tested whether replicative
senescence in CBX2-deficient cells is associated with the pres-
ence of numerical and/or structural chromosome abnormalities.
Comparison of wild-type and Cbx2~/~ MEFs at passage 2 (P2)
revealed no significant differences in the proportion of meta-
phase spreads exhibiting chromosome breaks (10.4% and 11.9%,
respectively; Fig. 1, A and B). However, analysis at P5 revealed a
significant increase (P < 0.005) in the proportion of Cbx2/~ cells
(58%) that exhibit both chromosome breaks and large-scale
chromosomal rearrangements compared with (10.1%) wild-
type controls (Fig. 1, A and B).

Wild-type chromosomes demonstrated intact DAPI-stained
pericentric heterochromatin domains and no evidence of
large-scale chromosomal abnormalities at P5 (Fig. 1 A, inset).
However, loss of CBX2 led to the emergence of chromosome
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breaks proximal to centromeric domains as well as a significant
increase in the proportion (16%; P < 0.05) of metaphase cells
with striking defects resembling end-to-end chromosome fu-
sions (Fig. 1, A and C, arrowhead and inset). In addition, severe
cases demonstrated catastrophic karyotypic aberrations in-
cluding chromosome fragmentation (Fig. 1 A, arrows and in-
sets), loss of sister chromatid cohesion (asterisk), and premature
centromere separation (Fig. 1, A and D; 15%). These findings
indicate that loss of CBX2 predisposes cells to chromosome in-
stability and the formation of large-scale chromosomal re-
arrangements at P5. Consistent with the presence of structural
chromosome aberrations, Cbx2~/~ fibroblasts also exhibit a sig-
nificant increase in the proportion of interphase nuclei (37%; P <
0.05) that exhibit micronuclei formation (Fig. 1 E, arrows; and
Fig. S1) compared with only 17% in wild-type cells at P5 (Fig. 1 F).
Moreover, analysis of DNA double strand breaks in interphase
nuclei at P5 revealed a significant increase (P < 0.05) in the
proportion of Cbx2-/~ fibroblasts (18%) that accumulate double
strand breaks with 10 or more YH2AX foci per nucleus as
compared with wild-type cells (7%; Fig. 1, G and H, arrows).
These results provide the initial evidence for a critical role of
CBX2 in maintaining chromosome stability during mitotic cell
division, and the prevention of prominent DNA damage and
micronuclei formation.

Loss of CBX2 induces abnormal centromere heterochromatin
structure and nonrecurrent chromosome translocations
The high incidence of premature centromere separation defects
in CBX2-deficient cells suggested that abnormal constitutive
heterochromatin function might be an important mechanism
leading to chromosome instability in this model. Thus, we
conducted FISH with a major satellite DNA probe (Baumann
et al., 2010). In wild-type fibroblasts at P5, major satellite DNA
sequences are detected as a large domain of highly compact
pericentric heterochromatin on each acrocentric metaphase
chromosome (Fig. 2, A and C). In contrast, Cbx2~/~ fibroblasts
exhibit prominent signs of centromere instability associated
with a spectrum of chromosome aberrations. For example, we
found evidence for the presence of single chromatids lacking
major satellite DNA (Fig. 2 C, bold arrow, inset) as well as re-
current breakpoints within or proximal to pericentric hetero-
chromatin (Fig. 2, B and C, thin arrow, inset). Notably, in
Cbx2~/- fibroblasts exhibiting severe chromosome defects, ex-
treme centromere erosion resulted in the almost complete loss of
satellite DNA and formation of chromosome fusions resembling
a Robertsonian translocation (Fig. 2, B and C, arrowhead, inset).
In addition, we found evidence for the presence of chromatin
fragments containing major satellite DNA sequences that had
become completely detached from metaphase chromosomes
(Fig. 2, B and C, asterisk, inset). These results indicate that
Cbx27/~ cells exhibit a major transition toward genome insta-
bility at P5. Importantly, our results also indicate that centro-
mere erosion due to loss of satellite DNA and centromere breaks
are important contributing factors to the onset of chromosome
instability in CBX2-deficient cells.

CBX2 is the only PcG protein known to stably bind chromatin
during mitosis (Zhen et al, 2014), suggesting a potentially
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important role in chromosome structure. Thus, we determined
whether loss of CBX2 is associated with pericentric hetero-
chromatin decondensation in mitotic chromosomes. Major sat-
ellite DNA domains (red) of wild-type metaphase chromosomes
were analyzed using automated image analysis software (NIS
elements; Nikon) and compared with data obtained from Cbx2/~
chromosomes using threshold masks (Fig. 2 D, green). The av-
erage equivalent diameter (EqDiameter) of pericentric hetero-
chromatin domains in mitotic chromosomes was significantly
larger (P < 0.001) in metaphase spreads of Cbx2~/~ fibroblasts
compared with wild-type cells (Fig. 2 E). In addition, chromatin
domain sphericity, a measure of circularity based on area and pe-
rimeter computations, was significantly decreased (P < 0.001) in
knockout chromosomes (Fig. 2 F), indicating that loss of CBX2 in-
duces decondensation of pericentric heterochromatin, leading to
poorly defined, irregularly shaped heterochromatin domains.

Nuclei with >10 yH2AX foci [%]

yH2AX

Chbx2-/-
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Figure 1. Chromosome instability in Cbx2-/~
fibroblasts. (A-D) Metaphases obtained from
wild-type (n = 58) or Cbx2~/~ (n = 68) fibroblast
cultures showing base levels of chromosomal
instability at P2. Culture to P5 significantly in-
creases the incidence of chromosomal breaks
and fragments (arrows, insets), fusions (arrow-
heads, inset) and premature centromere sepa-
ration (asterisks, inset) in Cbx2~/~ fibroblasts (n =
76) compared with wild-type controls (n = 68).
Experiments were conducted in triplicate, and
differences were considered statistically signifi-
cant when P < 0.05 (two-way ANOVA and paired
t tests). (E-F) Chromosome instability results in
micronuclei formation (arrows) in interphase
nuclei at P5 in Cbx2~/~ (n = 76) compared with
wild-type (n = 66) cells. (G-H) Loss of CBX2
significantly increases the number of yH2AX foci
(green, arrows) per nucleus as well as the pro-
portion of nuclei with >10 yH2AX foci in Cbx2~/~
nuclei (n = 97) at P5 compared with wild-type
controls (n = 115). The arrowheads mark a mi-
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Next, we used spectral karyotyping (SKY) to conduct a
genome-wide analysis of numerical and structural chromosome
abnormalities and to determine the type of structural chromo-
some rearrangements associated with centromere instability
in Cbx2~/- fibroblasts. Chromosome anomalies were classified
according to the International Committee on Standardized Ge-
netic Nomenclature for Mice, and the positions of chromo-
somal breakpoints were designated according to the standard
G-banded karyotype of the mouse (Fig. 3). SKY analysis revealed
a normal diploid (2n = 40, XY) chromosome complement in the
majority (28 out of 30; 93.3%) of wild-type fibroblasts at P5
(Fig. 3 A). Notably, a similar proportion (26 out of 30; 86.6%) of
Cbx2 mutant cells retained a diploid chromosome complement
with only 13.3% of cells exhibiting a tetraploid (4n = 80; XXYY)
chromosome number. However, we found evidence for the pres-
ence of more than one large-scale chromosomal rearrangement in
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Figure 2. Centromeric heterochromatin aberrations in Cbx2~/~ meta-
phases. (A) lllustration of major satellite DNA-FISH signals in normal chro-
mosomes and appearance of defects such as double strand breaks within and
erosion of centromeric sequences. (B and C) Major satellite FISH demon-
strates chromosome breaks at centromeric and pericentric heterochromatin
domains (red) in Cbx2~/~ fibroblasts (arrow) as well as presence of single
chromatids lacking major satellite DNA (bold arrow) and detached chromo-
some fragments consisting of major satellite sequences (asterisk) in Cbx2~/~
(n = 48) compared with wild-type (n = 49) metaphases. Extreme centromere
erosion leads to the formation of chromosome fusions (arrowhead). Data
represent the mean values + SD of three biological replicates. (D) Quanti-
tative centromere size measurements following major satellite FISH (red)
using threshold masks (green) reveal centromere decondensation leading to
(E) an increased average EqDiameter and (F) reduced sphericity in Cbx2~/~
metaphase chromosomes (n = 579) as compared with wild-type chromo-
somes (n = 1,259). Data represent the mean values + SD of three biological
replicates. KO, knockout.

the same cell in Cbx2~/~ fibroblasts (Fig. 3 B). A representative
example of the different types of large-scale rearrangements found
in Cbx27/~ cells revealed the presence of a deletion in chromosome
3 resulting from a double strand break on band 3B, proximal to the
centromere, resulting in the loss of most of the long arm in one
copy of chromosome 3 (Del [3B]) albeit with retention of its cen-
tromere. Notably, the same cell also exhibited a double strand
break in chromosome 5 (band 5C) resulting in an insertional
translocation of a portion of chromosome 5 and its fusion to band
F5 of the X chromosome leading to the formation of a derivative
T(XF5;5C) chromosome (Fig. 3 B). These results indicate that
chromosome or chromatid breaks, proximal to the centromere
and/or pericentric heterochromatin domains in Chx2~/~ fibro-
blasts, result in the formation of complex chromosomal re-
arrangements, chromosome deletions, and translocations by P5. In
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contrast, no large-scale chromosomal translocations were detected
in wild-type fibroblasts, although deletions of minute chromosome
bands and chromatid breaks were present in a small proportion
(2% and 6% of cells, respectively; Fig. 3 C). However, we found
evidence for the presence of structural chromosome abnormalities
in 46% of Cbx2/~ fibroblasts analyzed. Importantly, the type of
nonrecurrent chromosome translocations detected by SKY analysis
(Fig. 3 D) and the high proportion of chromosome (5%) and single
chromatid breaks observed (13%; Fig. 3 E) suggest that large-scale
chromosomal rearrangements are a result of centromere instability
leading to break-fusion-bridge cycles in this model.

Increased centromere mitotic recombination in Cbx2~/~
fibroblasts

To gain insight into the potential mechanisms leading to cen-
tromere instability, we used chromosome orientation FISH
(CO-FISH) with strand-specific peptide nucleic acid (PNA)
probes for centromeric minor satellite sequences (Bailey et al.,
2010; De La Fuente et al., 2015) to detect the presence and
quantify the frequency of centromere sister chromatid ex-
changes (C-SCE) resulting from illegitimate mitotic recombina-
tion. C-SCE were quantified following BrdU incorporation in
wild-type and Cbx2~/- fibroblasts. After one cycle of DNA rep-
lication, the chromatid containing BrdU was digested by strand-
selective exonuclease III cleavage, and a single stranded minor
satellite probe against the leading strand was hybridized. Cen-
tromeres without occurrence of a chromatid exchange event
exhibit a single minor satellite signal (Fig. 4, A and B). However,
two minor satellite signals in the same chromosome can be de-
tected following sister chromatid exchanges (Fig. 4, A and B).
Comparison of centromeric mitotic recombination frequencies
revealed that the majority of wild-type chromosomes (>90%)
showed no evidence for the presence of C-SCE (Fig. 4 B), al-
though basal levels of chromatid exchanges can be detected at
low frequencies in wild-type chromosomes (Fig. 4 C). Notably,
prominent double signals were detected at centromeric regions
in nearly 40% of Cbx2~/~ chromosomes, reflecting a significant
(P < 0.05) increase in the frequency of C-SCE (Fig. 4, B and C).
The number of minor satellite signals per chromosome also
showed a significant increase (P < 0.05) in Cbx2~/~ (1.38) com-
pared with wild-type (1.09) chromosomes (Fig. 4 D). These re-
sults indicate that loss of CBX2 increases the frequency of
illegitimate centromeric mitotic recombination events at minor
satellite sequences and that impaired chromatin structure at
tandem repeats leads to DNA double strand breaks and centro-
mere instability. Notably, Cbx27/~ cells also exhibit a higher
frequency (26%; P < 0.05) of chromosomes with abnormal re-
combination at euchromatin regions following BrdU incorpora-
tion as well as a significant increase in the average number of
sister chromatid exchanges per chromosome (0.27; P < 0.05)
compared with wild-type cells (19% and 0.2, respectively; Fig. 4
E, arrowheads).

Increased telomeric mitotic recombination leads to
chromosome end-to-end fusions in Cbx2™~ fibroblasts

The type of chromosome fusions observed in Cbx2~/~ fibroblasts
suggests that telomeric sequences proximal to the centromere
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Figure 3. Large-scale rearrangements in Cbx2~/~ chromosome complements. (A and B) SKY analysis results from wild-type (A) and Cbx2~/~ (B) fibroblast
metaphase spreads at P5. Cbx2~/~ metaphases present evidence for extensive, nonrecurrent chromosomal aberrations. The representative Cbx2~/~ example
shows a large deletion in chromosome 3 resulting from a double strand break in band 3B proximal to the centromere (Del[3B]). The same metaphase also
exhibits a translocation of a portion of chromosome 5 (break at band 5C) onto band F5 on the long arm of the X chromosome, giving rise to the formation of a
derivative T(XF5;5C) chromosome. (C and D) Proportion of metaphases with different types of chromosomal aberrations in wild-type and Cbx2~/~ fibroblasts
at P5 (n = 30 per sample). “Other”: acentric fragments, tri-radial figures, as well as chromosome and chromatids gaps. (E) G-banded karyotype obtained
through SKY analysis of Cbx2~/~ fibroblast metaphases at P5. The magnification shows a chromatid break within pericentric heterochromatin on the long arm

of chromosome 12.

may also be affected. Thus, to assess potential defects in telo-
mere structure, we used FISH with a PNA probe complementary
to the telomeric DNA repeat sequence (TTAGGG). In wild-type
metaphase spreads, intact chromosome ends were identified by
the presence of four signals per chromosome (a single telomere
signal proximal and distal to the centromere on each chromatid;
Fig. 5 A, arrows). In contrast, we detected a spectrum of telo-
mere defects in Cbx27/~ fibroblasts such as complete loss of
proximal telomeric repeat sequences (bold arrows), distal
telomere-free ends in one or both chromatids (identified by loss
of telomere signal; Fig. 5 A, asterisk), as well as major chromo-
some rearrangements leading to the formation of centromere-
centromere fusions resembling a Robertsonian translocation
with large centromeres (Fig. 5 A, arrowhead). From the total
number of individual chromosomes evaluated in wild-type (n =
1,729) and Cbx2~/~ fibroblasts (n = 1,456), we found a similar low
frequency (<1.7%) of chromosome breaks at proximal and distal
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telomeres in wild-type cells. In contrast, 12% of the total number
of chromosomes evaluated in Cbx2~/~ fibroblasts exhibited ev-
idence of breaks at proximal (7.5%) but also distal (4.5%) telo-
meres (Fig. 5 A). These results indicate that loss of CBX2
function is associated with a higher frequency of proximal tel-
omere breaks. However, distal telomeres are also disrupted.
Next, we used superresolution structured illumination
(SR-SIM) and quantitative image analysis software (Imaris 9.3)
to generate 3D renderings of telomere structure. Wild-type cells
exhibit highly compact and spherical telomeres. In contrast,
Cbx2~/~ fibroblasts at P5 exhibit irregularly shaped, decon-
densed telomeres with areas of stretched chromatin (Fig. 5 B).
Telomere volume, mean fluorescence intensity, and telomere
sphericity (a measure of chromatin compaction) were compa-
red between wild-type and Cbx2~/~ metaphase chromo-
somes. Telomere mean volume was significantly increased in
Cbx2~/- chromosomes (P < 0.001), while mean sphericity and
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Figure 4. High incidence of centromere recombina-
tion in Cbx2~/~ fibroblasts. (A) Schematic represen-
tation of CO-FISH (red) signal appearance in normal
chromosomes (left) and following C-SCEs (two signals =
recombined) within minor satellite sequences. (B and
C) In Cbx2~/~ chromosomes (n = 1,416), C-SCEs occurred
with significantly increased frequency as indicated by
double FISH signals (B, arrowheads; (C) and an increased
number of minor satellite signals per chromosome (D)
compared with wild-type controls (n = 1,440), in which
the vast majority of chromosomes demonstrate single
CO-FISH signals (arrows in B and C). Data represent the
mean values + SD of three biological replicates. (E) SCEs
* within euchromatic regions of chromosomes were ana-
lyzed using BrdU immunodetection (red) in metaphase
spreads after pulse-incorporation of BrdU nucleotides.
The proportion of chromosomes with SCE is significantly

Minor Satellite Signals
per Chromosome
-
2

higher in Cbx2~/~ chromosomes (n = 599) compared with
wild-type controls (n = 688). Characteristic patterns for
absence of SCE events (“no SCE”) with sister chromatids
clearly distinguishable by bright or pale staining and
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fluorescence intensity showed decreased values (P < 0.001)
compared with wild-type controls (Fig. 5 B). Importantly, these
changes in telomere chromatin organization were also detected
as a switch from blue to gray on the volume scale used to
measure the 3D renderings of super-resolved telomeres (Fig. 5
C). To determine whether Cbx2~/~ chromosomes also exhibit a
global reduction of the average telomere length, we conducted
absolute telomere length quantification assays on genomic DNA
from wild-type and knockout fibroblasts at P5 (Fig. 5 D).
Analysis of the average telomere length in kilobases using
quantitative real-time PCR revealed no significant differences
between wild-type and Cbx2~/~ fibroblasts. These results in-
dicate that loss of CBX2 induces decondensation of telomeric
heterochromatin and formation of irregularly shaped telo-
meres by P5. Moreover, these results also indicate that large-
scale structural defects might predispose to the loss of repetitive
telomeric DNA sequences at both proximal and distal telomeres
in a few chromosomes, leading to the formation of Robertsonian-
like or end-to-end fusions. Notably, although telomere struc-
tural defects are detectable at P5, the average absolute telomere
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length remained unchanged, suggesting that telomere ero-
sion in Cbx2~/~ fibroblasts takes place progressively in a few
chromosomes and before global changes in absolute telomere
length.

Telomere repeat regions are subject to stringent regulatory
mechanisms to prevent illegitimate recombination (Jaco et al.,
2008). Thus, we used telomere CO-FISH to determine the
mechanisms of progressive telomere erosion in Cbx2~/~ chro-
mosomes (Fig. 5 E). Telomere CO-FISH revealed that the fre-
quency of telomere sister chromatid exchanges (T-SCEs) is
only 4.9% per chromosome in wild-type fibroblasts (Fig. 5 E).
However, T-SCE frequency increased significantly to 19.1%
in Cbx2-deficient chromosomes (Fig. 5 E, arrowheads).
Consistent with our conventional telomere FISH analysis,
signal-free chromosome ends confirmed the presence of
telomere DNA breaks (Fig. 5 E, bold arrows). These data
indicate that loss of CBX2 interferes with proper telomeric
heterochromatin compaction, leading to decondensed, frag-
ile telomeres that exhibit increased levels of illegitimate
mitotic recombination.
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A Figure 5. Telomere dysfunction in Cbx2~/~ fibro-
blasts. (A) Schematic representation of Telomere
DNA-FISH signals (green) in mouse chromosomes. The
lelomares = position of n = 4 telomeres (arrows) per chromosome in
Yy §g1° — E gxz_, wild-type chromosomes is indicated. Telomere-FISH
Centromere Eg s analysis of P5 mitotic metaphase spreads indicates in-
2 2 g 6 — creased frequency of proximal (bold arrows) and distal
é Eg . (asterisk) telomere breaks in Cbx27/~ chromosomes
5 g & compared with wild-type controls. The arrowhead in-
RA %Q 2 dicates a Robertsonian-like centromere-centromere fu-
Telomeres wg o sion in a Cbx2”~ metaphase. (B) SR-SIM imaging and
= TP“’Xima' Distal quantitative measurement analysis of telomere volume,

elomeres Telomeres

sphericity, and fluorescence intensity in wild-type (n = 239)
and Cbx2/~ (n = 341) chromosomes. Data represent the
mean values + SD of three biological replicates. (C) Rep-
resentative individual telomeres are shown following 3D
surface rendering analysis using Imaris, including color
scale-indicated volume differences. (D) Absolute telomere
length quantification of wild-type and Cbx2~/~ MEFs. Data
represent the mean values + SD of three independent
biological replicates. (E) Schematic representation of tel-
omere orientation-FISH signal appearance in normal and in
chromosomes with occurrence of T-SCEs (more than two
signals per chromosome = recombined) or double strand
breaks (dsBreaks, less than two signals). Representative
chromosomes of wild-type Cbx2 fibroblasts showing a
single telomere signal (green) per chromatid (arrows).
Significantly increased rates of T-SCEs (arrowheads) and

signal-free chromatids as a result of chromosome breaks
(bold arrows) in Cbx2~/~ chromosomes (n = 968) com-
pared with wild-type controls (n = 1,021). Data represent
the mean values + SD of three independent biological
replicates.
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Loss of CBX2 disrupts nuclear architecture and induces
senescence-associated distention of satellite DNA sequences
(SADS)
Higher order chromatin organization is essential for the main-
tenance of chromosome stability in mammalian cells (O’Sullivan
and Karlseder, 2012). However, senescent cells undergo dra-
matic changes in DNA organization and chromosome packaging
(Freund et al., 2012; Swanson et al., 2013).

Confocal microscopy suggested that loss of CBX2 induced
striking changes in the topological organization of pericentric

Baumann et al.
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heterochromatin domains at P5. To undertake a comprehensive
analysis of nuclear architecture in single cells but with high
throughput imaging, we used automated confocal microscopy in
conjunction with multi-parameter image processing and high-
content analysis (HCA). Notably, HCA revealed a significant
increase (P < 0.001) in the nuclear area of Cbx2~/~ fibroblasts
(28.4 um?) compared with wild-type cells (15.5 pm?; Fig. 6 A).
Moreover, in wild-type cells at interphase, heterochromatin
domains are organized as densely packed DAPI-stained chro-
mocenters (Fig. 6 B, arrows). In contrast, Cbx2-/~ fibroblasts
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Figure 6. Altered nuclear architecture and
distention of satellite DNA sequences in
Cbx2/~ cells. (A) Changes in nuclear architec-
ture in Cbx2~/~ cells (n = 63) are associated with
an increased nuclear area compared with wild-
type control cells (n = 120) as assessed by HCA.
Data represent the mean values + SD of three
biological replicates and were analyzed using
Mann-Whitney tests. (B) Confocal microscopy
reveals large-scale decondensation of (DAPI-
bright) heterochromatin blocks in Cbx2~/~ nuclei
(bold arrows) compared with wild-type nuclei
presenting densely packed chromocenters (thin
arrows). The arrowhead indicates a micronu-
cleus in a Cbx2~/~ fibroblast. (C) SR-SIM imaging
of DNA-FISH-labeled pericentric heterochro-
matin (green) at DAPI-bright nuclear domains
(blue). Threshold masks indicate areas detected
by the major satellite FISH probe, and line scan
graphs depict intermittent fluorescence intensity
peaks corresponding to a cross-section of the
nucleus (blue line). (D and E) The proportion of
the nuclear area occupied by pericentric heter-
ochromatin (D) and the mean fluorescence in-
tensity of these domains (E) in wild-type (n = 5)
and Cbx2~/~ (n = 5) nuclei. (F) SR-SIM and HCA
indicate a significant reduction in Lamin Bl
(green) fluorescence intensity in Cbx2~/~ fibro-
blasts at P5 (n = 68) compared with wild-type
controls (n = 123). The insets show merged im-
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exhibit striking changes in higher-order chromatin structure
including loss of chromocenter organization and formation of
highly decondensed pericentric heterochromatin (Fig. 6 B, bold
arrows). Next, we determined whether the loss of chromocenter
compaction in Cbx2~/~ fibroblasts is associated with topological
changes in the large-scale organization of major satellite se-
quences. SR-SIM provides a lateral resolution of approximately
twice that of diffraction-limited microscopes and an axial reso-
lution ranging between 150 and 200 nm, providing a powerful
system for the analysis and reconstruction of topological chro-
matin organization and its interaction with the nuclear lamina
(Schermelleh et al., 2008). Distention of SADS is a consistent and
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ages of Lamin Bl (green) and DAPI (blue).
(G) Skeleton analysis revealed significantly de-
creased mean Lamin Bl skeleton lengths in
Cbx27/~ nuclei (n = 6) compared with wild-type
controls (n = 9). Images represent magnified
areas of the nuclei as indicated in the insets.
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potentially ubiquitous marker of cellular senescence recently
described in both human and mouse cells (Swanson et al., 2013).
However, analysis of SADS higher-order chromatin unfolding
beyond the diffraction limit of confocal microscopy remains
unexplored. Using super-resolution analysis, networks of
higher-order chromatin fibers can be resolved. Detection of
major satellite sequences using DNA-FISH in combination with
SR-SIM revealed that wild-type fibroblasts exhibit clearly de-
lineated chromocenters that are formed by loops of tightly
condensed chromatin fibers (Fig. 6 C). Consistent with the
spatial separation of individual chromocenters, line-scan
analysis revealed intermittent peaks of fluorescence intensity
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in the nucleoplasm. In contrast, major satellite sequences in
Cbx2~/~ fibroblasts were highly decondensed and, at times,
fused into a large network of loosely connected chromatin fi-
bers. Notably, line-scan analysis revealed the presence of
continuous peaks of lower fluorescence intensity (Fig. 6 C).
Consistent with a higher-order chromatin unfolding, we found
evidence for a significant increase in the total nuclear area
occupied by major satellite sequences in Cbx2~/~ fibroblasts
(46.8%, P < 0.05) compared with (20.5%) in wild-type fibro-
blasts, as well as a significant reduction in the average fluo-
rescence intensity of major satellite sequences (Fig. 6, D and E)
by both super-resolution and confocal microscopy. These
findings are consistent with a phenotype of SADS, a hallmark of
early nuclear chromatin changes during senescence (Swanson
et al., 2013, 2015). Thus, loss of CBX2 induces striking changes
in nuclear architecture and the large-scale organization of
satellite DNA sequences by P5.

To test whether premature senescence in Cbx2~/~ cells is also
associated with abnormal structure and function of the nuclear
lamina, we used high content confocal microscopy in conjunc-
tion with SR-SIM to quantify and structurally analyze Lamin Bl
expression (FiSerovd et al., 2019). HCA revealed a significant
reduction (P < 0.001) in Lamin BI fluorescence intensity in
Cbx2~/~ nuclei compared with wild-type controls (Fig. 6 F).
SR-SIM revealed the presence of a dense network of Lamin Bl
filaments distributed throughout the nuclear lamina in wild-
type fibroblasts (Fig. 6 G). In contrast, and consistent with our
HCA, Cbx2~/~ fibroblasts exhibit a significant reduction in both
the size and density of Lamin Bl filaments as detected by a Skel-
eton algorithm specifically designed for quantitative analysis of
segmented, binary images of nuclear lamina filaments (FiSerova
et al,, 2019), confirming the presence of significantly shorter (P <
0.01) Lamin Bl branches (skeletons) in Cbx2~/~ nuclei (Fig. 6 G).
These findings indicate that loss of CBX2 is associated with several
hallmarks of premature senescence such as altered nuclear ar-
chitecture, SADS formation, and abnormal expression of key
components of the nuclear lamina.

Altered expression levels of regulatory factors involved in
DNA damage, chromosome instability, and tumorigenesis in
Cbx2-/- fibroblasts

To determine the mechanisms leading to chromosome instabil-
ity, we compared the transcriptomes of wild-type and Cbx2/~
fibroblasts at P2 using RNA sequencing (RNA-seq). This
approach allowed for the comprehensive analysis of genome-
wide transcriptional changes in mutant cells before the onset
of chromosome instability and premature senescence. We
identified 294 differentially expressed genes (DEGs) in Cbx2/~
fibroblasts (Fig. 7 A), of which 175 genes were significantly
up-regulated (red, P < 0.05) and 119 genes were significantly
down-regulated (blue, P < 0.05). Replicate samples clearly clus-
tered by genotype as indicated by the heatmap and showed a high
Pearson correlation coefficient (0.996) between replicates (Fig. 7 B
and Fig. S2). Kyoto Encyclopedia of Genes and Genomes (Kegg)
pathway analysis revealed an over-representation for papilloma
viral infection, proteoglycans in cancer, and focal adhesion sig-
naling pathways in Cbx2~/~ MEFs (Fig. 7 C). Importantly, gene
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ontology (GO) analysis revealed an enrichment for biological
processes, such as cell growth and death (17 genes), cancer (41
genes), DNA replication, repair, and aging, immunological
factors, signal transduction, and amino acid metabolism
(Fig. 7 D and Fig. S2), indicating that CBX2 plays a role in reg-
ulating the expression of factors associated with maintenance of
genome stability and the prevention of neoplastic transforma-
tion. A total of 36 TFs were differentially expressed in Cbx2/~
MEFs compared with wild-type cells (Fig. 7 E). These TFs
clustered preferentially into two main TF families: zinc finger
zf-C2H2 and homeobox TFs (Fig. 7 F). Importantly, 15 (42%) of
the differentially expressed TFs are known CBX2 targets in
mESCs (Lau et al., 2017), suggesting a direct functional impli-
cation of CBX2 in the transcriptional control of these genes
in MEFs.

The top-most significantly down-regulated transcript in
Cbx2~/- fibroblasts (-6.9-fold) was a processed thymine DNA
glycosylase pseudogene (Tdg-ps2; Fig. 7 G), a paralog of the
mismatch protein TDG, which is involved in DNA demethylation
and epigenetic stability of several developmental genes known
to be targets of the PRC (Cortazar et al., 2011). This was followed
by Rpl26 (-5.29-fold), a component of the large ribosomal sub-
unit implicated in DNA damage-induced cell senescence and
regulation of p53 (Chen et al., 2017; Towers et al., 2015), and the
RA early-inducible transcripts Raetlb (-4.7-fold) and Raetlc
(-4.8-fold). Other important differentially expressed transcripts
included Neuritin (Nrnl; -3.9-fold), commonly dysregulated in
several human cancers (Dong et al., 2018; Kim et al., 2011), and
LIM homeobox 8 (Lhx8), a polycomb-regulated developmental
factor (Daino et al., 2018). In addition, Hmgala, a high-mobility
group protein associated with karyotypic abnormalities
(Pierantoni et al., 2016), Salll, a pericentric heterochromatin
protein (Yamashita et al., 2007) known to interact with the
telomere repeat binding factor TRF1 (Netzer et al., 2001) and
Wilm’s tumor protein (WTI1), a tumor suppressor implicated
in genome stability (Shandilya and Roberts, 2015) showed al-
tered expression levels. In contrast, significantly up-regulated
transcripts included Rbm46, the ubiquitin-specific peptidase
2 (Usp2), the proto-oncogenes Spil and Fork head box D1, the
morphogenic factors Wnt6 and WntlOa, the Hmgal splice vari-
ant Hmgalb, as well as the homeobox TF Nkx2.9 and the zinc
finger TF Zicl. Notably, 23 known CBX2 target genes (Lau et al.,
2017) showed differential expression levels in Cbx2~/~ MEFs.
However, due to limitations in the availability of validated CBX2
chromatin immunoprecipitation sequencing antibodies, direct
genomic targets of CBX2 in fibroblasts remain to be elucidated.
As is, we cannot formally establish whether individual expres-
sion changes in knockout fibroblasts are a direct consequence of
loss of CBX2 or indirectly caused by changes in TF expression
levels.

Changes in chromatin accessibility in Cbx2-/- fibroblasts

To determine whether the transcriptional dysregulation of
several polycomb target genes observed in CBX2~/~ cells is also
associated with changes in chromatin accessibility, we con-
ducted ATAC-seq analyses on parallel samples of P2 MEFs.
ATAC-seq revealed a virtually identical peak distribution
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Figure 7. Loss of CBX2 alters the transcriptome profile of early passage fibroblasts. (A) MA plot of DEGs between wild-type (n = 2 samples) and Cbx2~/~
(n = 2 samples) fibroblasts at P2 to visualize the differences between measurements taken in wild-type and Cbx2~/~ samples. Red dots = up-regulated DEGs
(n = 175), blue dots = down-regulated DEGs (n = 119), and gray dots representing non-DEGs (n = 17,147). (B) Heat map of DEGs indicating log10 transformed
gene expression levels. The color scale indicates up- or down-regulated gene expression. (C) Kegg pathway enrichment for up- and down-regulated genes in
Cbx27/ cells. The gene number per pathway and the Q value are indicated by size and color scales, respectively. X axis represents the rich factor. (D) GO term
analysis of biological processes for up- and down-regulated genes in Cbx2~/~ fibroblasts with the x axis representing the number of genes detected per
respective enriched pathway. (E) Gene expression heat map of DEGs encoding TFs. (F) DEG classification by TF families. The number of differentially expressed
TFs per TF family in Cbx2~/~ fibroblasts is indicated in black, while the number of DEG CBX2 target genes per TF family is indicated in red. (G) Significantly up-
(red) or down- (blue) regulated key transcripts in Cbx2/~ fibroblasts. Asterisks indicate that correlative changes in chromatin accessibility were observed by
ATAC-seg. Known CBX2 targets in mESCs are labeled in red.
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relative to genomic features in Cbx2~/~ fibroblasts and wild-
type cells (Fig. 8 A and Fig. S3). Heatmaps of tag distributions
across TSSs (Fig. 8 B), merged regions, or genebodies (Fig. S3)
revealed no major changes in tag distribution between Cbx2/~
and wild-type cells, indicating that loss of CBX2 does not induce
global changes in chromatin accessibility. However, we found
significantly differential ATAC-seq peaks (P < 0.01) in 520
genomic loci in Cbx2~/~ fibroblasts compared with wild-type
controls (Fig. 8 C and Fig. S3). Of these, 238 loci demon-
strated loss of accessibility (red dots), while 282 loci showed
increased accessibility (green dots). Interestingly, the top ge-
nomic loci with gain of chromatin accessibility involved three
long noncoding RNAs (IncRNAs), Gm39154, Gml19299, and
9430037G07Rik, with unknown function (Fig. 8 D and Fig. S4).
In several of the top 22 loci, changes of accessibility were also
evident at several intergenic genomic regions (Fig. 8 D). The top
coding transcripts showing gain in accessibility were the deu-
biquitinase (USP28; Fig. S4) involved in DDR during genotoxic
stress (Wang et al., 2018) and the T cell lymphoma invasion and
metastasis 2 gene (Fig. 8 D). On the other hand, the diaphanous-
related formin 3 gene, which is involved in the spindle checkpoint
(Damiani et al., 2016), the agouti signal protein (nonagouti), the
kirre-like nephrin family adhesion molecule 3, and the sorting
nexin 7 gene were the highest ranked protein coding loci showing
a loss in chromatin accessibility.

Of the 238 genomic regions with gains of chromatin acces-
sibility, 46.3% corresponded to protein coding loci. This pro-
portion was similar (46.9%) across the 282 regions with loss of
accessibility (Fig. 8 E). In contrast, genomic regions coding for
IncRNAs acquired chromatin accessibility at more than twice the
rate than they lost peaks (19.4% and 7.7%, respectively) relative
to the total number of changes per category. In addition, more
intergenic regions lost accessibility (45.4%) than gained novel
peaks (34.4%; Fig. 8 E). These findings support the notion that
loss of CBX2 is associated with changes in chromatin accessi-
bility not only at specific protein coding regions but also at in-
tergenic and IncRNA loci. Importantly, loss of CBX2 may,
depending on specific genomic loci, induce either increased or
decreased chromatin accessibility.

Due to the prominent role of PRCI in the regulation of gene
expression of many developmental genes (Cao et al., 2002; Di
Croce and Helin, 2013; Isono et al., 2013), we sought to test
whether loss of CBX2 alters chromatin accessibility at putative
PRCI target genes. ATAC-seq revealed that loss of CBX2 protein
leads to a significant loss of chromatin accessibility at several
CpG islands within the CBX2 target locus Nrnl in MEFs at P2
(Fig. 8 F). The down-regulated CBX2 target gene and homeobox
TF Nkx2.9 approached, but did not reach, statistical significance
for chromatin accessibility changes, despite distinct changes in
ATAC-seq peaks at CpG islands at this locus (Fig. S5). PRCI
components have previously been shown to alter chromatin
accessibility at several enhancer sites in human cancer cells
(Chan et al., 2018). We observed a gain of accessibility at a pu-
tative enhancer region upstream of the TSS of the Usp2 locus
(Fig. S5). Testis-specific Usp2 isoforms localize to centrosomes
in mouse spermatogenic cells (Lin et al., 2000), while suppres-
sion of Usp2 in triple negative human breast cancers improves
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chemo-responsiveness and cancer stem cell elimination (He
et al., 2019). These results indicate that in addition to changes
in pro-oncogenic and DDR loci, loss of CBX2 can also affect local
chromatin accessibility at key TF genes and other critical target
loci. Kegg pathway as well as GO term analyses revealed an
enrichment of differential peaks in genes involved in immuno-
logical processes, amyotrophic lateral sclerosis (ALS), and folate
and tRNA metabolism (Fig. 8, G and H). Importantly, changes in
chromatin accessibility within 13 genes, including Nrnl, Rbm46,
and Zicl, correlated with differential expression of their re-
spective transcripts as determined by integrative ATAC-seq/
RNA-seq analysis (Fig. 9, A-D).

Together, our genome-wide analyses indicate that loss of
CBX2 is associated with a significant reduction in transcripts for
key enzymes required for heterochromatin function, cell cycle
regulation, and activation of the DDR in early passage MEFs.
Moreover, our results also revealed significant changes in
chromatin accessibility at developmental and DDR loci in addi-
tion to key CBX2 target genes. Together, the transcriptional
profiles of coding and noncoding RNAs in addition to changes in
chromatin accessibility provide critical molecular insight into
the mechanisms by which loss of CBX2 function leads to chro-
mosome instability and cell senescence.

Discussion

CBX2 has recently emerged as a potential oncogene in different
types of human cancers. A meta-analysis of >40,000 patient
samples using the COSMIC and Oncomine databases revealed
Cbx2 gene amplifications and increased mRNA expression in
>30% of ovarian and breast tumors (Clermont et al., 2016).
However, the cellular function(s) of CBX2 are not fully under-
stood. Importantly, its potential role in maintenance of chro-
mosome stability remained unexplored. Here, we provide new
evidence indicating that CBX2 is required for the regulation of
heterochromatin structure during interphase and chromosome
stability during mitosis. Loss of CBX2 results in aberrant ex-
pression of genes involved in DDR, cell cycle regulation, cellular
senescence, and cancer, providing novel mechanistic insight
into its role in the regulation of chromosome stability. Impor-
tantly, by regulating the expression of both coding and non-
coding RNAs associated with the DDR, CBX2 may be at the
crossroads of DNA repair pathways, signaling the presence of
chromosome instability during cell division and oncogene-
induced neoplastic transformation. Centromere and telomere
instability in Cbx2~/~ fibroblasts results in increased mitotic
recombination events at both minor satellite and telomeric DNA
sequences, leading to chromosome breaks and formation of
large-scale chromosomal rearrangements such as deletions,
translocations, and end-to-end fusions. Our results also indicate
that SADS during interphase, and decondensation of centro-
meric repeats during mitosis, increase the frequency of sister
chromatid exchanges and lead to progressive centromere ero-
sion. Notably, although accumulation of both proximal and
distal telomere breaks occurs before any significant changes
in absolute telomere length can be detected, the presence of
both centromere and telomere breaks at a few chromosomes is
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Figure 8. Loss of CBX2 induces changes in chromatin accessibility at key genomic loci in early passage MEFs. (A) The location of ATAC-seq peaks
relative to genomic annotations is presented in pie charts for wild-type and Cbx2~/ fibroblasts at P2. (B) Heatmaps of tag distributions across TSS. (C) Volcano
Plot of differential ATAC-seq peaks. Loci with significant loss (red, n = 238) and gain (green, n = 282) of chromatin accessibility in Cbx2~/~ cells are highlighted.
(D) Top-most regulated loci with gain (green bars) and loss (red bars) of accessibility in Cbx2~/~ cells. (E) Comparative analysis relative to different genomic loci
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among all loci with gained versus all loci with lost accessibility. (F) UCSC browser view of ATAC-seq peak patterns at the Nrn1 locus. Cbx2~/~ fibroblasts at P2
exhibit loss of chromatin accessibility at several CpG islands within the Nrn1 locus (red boxes). (G) Over-represented Kegg pathways identified in Cbx2~/~ MEFs.

(H) Top 10 over-represented GO terms.

sufficient to induce a major transition toward chromosome
instability by P5. The onset of chromosome instability is also
associated with emergence of major hallmarks of chromatin
senescence such as changes in nuclear architecture, loss of
Lamin Bl at the nuclear lamina, and micronuclei formation.
Together, our results indicate that CBX2 plays a major role in
the regulation of constitutive heterochromatin homeostasis and
informs the mechanisms leading to premature senescence and
large-scale chromosomal rearrangements induced by centro-
mere instability.

Mechanisms of chromosome instability in Cbx2-/~ fibroblasts

CBX2 is an important epigenetic reader that binds genomic re-
gions marked by transcriptionally repressive histone mod-
ifications such as H3K27me3 and with lower affinity H3K9me3,
and is capable of directly inducing nucleosome compaction
in vitro through a stretch of positively charged amino acids
(Grau et al., 2011; Kaustov et al., 2011). CBX2 exhibits an AT hook
DNA binding domain and functions as an active subunit to re-
cruit additional members of the PRC1 complex to the chroma-
tin template during interphase and to mitotic chromosomes in

A
281 98
ATAC DE Peak
associated Genes
RNA DE Genes
C Nrn1 :l

mESCs (Kaustov et al., 2011; Zhen et al., 2014). However, its
function on genome organization remains poorly understood.
Transcriptome analyses indicate that loss of CBX2 is associated
with altered expression of critical DNA damage signaling and
repair proteins. Notably, the top down-regulated transcript in
Cbx2/~ fibroblasts encodes a processed pseudogene of Tdg-ps2.
Tdg-ps2 is a paralog of the gene coding for the mismatch protein
TDG, which plays a critical role in the base-excision repair
pathway by protecting CpG sites from spontaneous deamination
of cytosine and 5mC and, thus, preventing G:T mismatches. TDG
regulates the epigenetic stability of several Polycomb target
genes and is involved in active DNA demethylation downstream
of ten-eleven translocation dioxygenases (Cortézar et al., 2011;
Cortellino et al., 2011; Dalton and Bellacosa, 2012; He et al., 2011).
Down-regulation of TDG in melanoma cell lines causes cell cycle
arrest, senescence, and genome instability (Mancuso et al.,
2019). TDG has also been implicated in RA signaling processes
by enhancing RXR/RAR binding to RA response elements in
yeast (Um et al., 1998). Whether interference with transcrip-
tional control through RA signaling plays a role in altered ex-
pression levels of the RA early-inducible proteins B and y
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Figure 9. Integrative ATAC-seq/RNA-seq analysis. (A) Venn diagram illustrating correlative changes in chromatin accessibility and gene expression in
Cbx2~/~ fibroblasts. DE, differentially expressed. (B) Loci with significant correlation in ATAC-seq and RNA-seq peaks. (C) Track alignment for ATAC-seq and
RNA-seq tracks at the Nrn1 locus. (D) Track alignment for ATAC-seq and RNA-seq tracks at the TSS of the Rbm46 locus. The orange bracket indicates dif-
ferential ATAC-seq peaks.
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(Raetlb) and (Raetlc) observed in this study remains to be
investigated.

The ribosomal protein 126 (RPL26) controls p53 translation
in response to DNA damage in mouse and human cells (Chen and
Kastan, 2010; Takagi et al., 2005) and stabilizes p53 protein
through the formation of a ternary complex with HDM2 (Zhang
et al., 2010). Importantly, RPL26 may function as a tumor sup-
pressor in mouse tumor cell lines (Beck-Engeser et al., 2001;
Takagi et al., 2005). Thus, down-regulation of Rpl26 in Cbx2-/~
fibroblasts may attenuate p53 induction and limit the ability of
these cells to respond to DNA damage. The high mobility group
proteins Hmgala and Hmgalb exhibit an AT-hook domain that
allows for efficient binding to short AT-rich DNA regions and
are important chromatin architectural factors with transcription
regulatory activity (Munshi et al., 2001). High mobility group
protein overexpression has major implications for breast cancer
initiation and progression (Fusco and Fedele, 2007; Palmieri
et al., 2012; Sgarra et al., 2018; Sumter et al., 2016). On the
other hand, targeted deletion of Hmgala induces down-regulation
of spindle assembly checkpoint genes and micronuclei formation
(Pierantoni et al., 2015; Pierantoni et al., 2016). Notably, tran-
scripts for Hmgala were significantly down-regulated in Cbx2~/~
fibroblasts, potentially contributing to the onset of chromosome
instability in mutant cells at P5. Together, these results indicate
that loss of CBX2 function induces significant pro-oncogenic gene
expression changes but also affects critical factors required for
DDR and chromosome stability.

Consistent with previous studies using a double knockout
model of the PRC1 components Ringl/Rnf2 in mESCs (Hodges
et al,, 2018; King et al., 2018), no global changes in chromatin
accessibility at TSSs were detected in CBX2~/~ fibroblasts.
However, in contrast with other members of the PRC1 complex,
targeted deletion of CBX2 induced changes in chromatin acces-
sibility at regulatory regions of IncRNAs, the deubiquitinase
(USP28), known to promote oncoprotein accumulation and p53
activation in response to chromosome instability (Meitinger
et al., 2016; Wang et al., 2018), the T cell lymphoma invasion
and metastasis 2 protein, which localizes to the nuclear envelope
and has been implicated in regulation of nuclear morphology in
MEFs (Woroniuk et al., 2018), as well as important neuro-
developmental genes such as ALS2. Alsin (Als2 and its C-terminal
homologue Als2¢cl) play overlapping functions on endosome
regulation and exhibit centrosome localization in human neu-
ronal cells (Hadano et al., 2004; Millecamps et al., 2005). Im-
portantly, an increase in accessibility upstream of the Als2
promoter was also associated with a significant up-regulation of
Als2cl transcripts in CBX2~/~ MEFs (Fig. S4).

It has been previously suggested that disruption of CBX2 may
impair the repression of its target genes in a manner that may
not require changes in chromatin accessibility (Illingworth,
2019; King et al.,, 2018). However, we found evidence for
changes in chromatin accessibility in several CBX2 target genes,
including Nrnl, Zicl, and Nkx2.9, that were associated with a
corresponding change in transcription as identified by RNA-seq.
In addition, we found CBX2 targets that showed altered tran-
scriptional activity in mutant cells without changes in chroma-
tin accessibility. Nkx2.9 encodes a homeodomain-containing TF
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known to be critical for embryogenesis (Jarrar et al., 2015). The
Nkx2.9 promoter is bivalently marked and repressed but poised
for transcription during early development, and PRCI partic-
ipates in its transcriptional repression (Mazzarella et al., 2011).
Loss of Nkx2.9 leads to abnormal neuronal networks in the
spinal cord (Holz et al., 2010; Pabst et al., 2003). In addition,
overexpression of Zicl in human cancers is associated with
Survivin targeting-improved prognosis (Gu et al., 2019; Han
et al., 2018). Notably, ZICI is also an important activator of
Wnat signaling in Xenopus laevis (Merzdorf and Sive, 2006). Our
results indicate that subtle albeit significant differences exist in
the molecular phenotypes resulting from targeted deletion of
different PRCI components and that loss of CBX2 function affects
chromatin accessibility at neural specifying Polycomb target genes
in addition to nontarget genes and IncRNAs. Consistent with this
notion, recent studies have also detected differences in chromatin
accessibility at enhancer regions in Ringla/Rnf2 knockout cells
(Chan et al., 2018). PcG proteins are known to act in concert with
an increasing number of IncRNAs to regulate gene expression and
heterochromatin formation (Aguilo et al., 2011; Fatica and Bozzoni,
2014; Marchese et al., 2017). Importantly, emerging evidence in-
dicates intricate regulatory interactions between CBX2 and
IncRNAs (Kawaguchi et al., 2017; Sun et al., 2019; Yang et al., 2019)
that might be critical for recruiting chromatin-remodeling pro-
teins to specific loci or nuclear domains (Aguilo et al., 2011; Fatica
and Bozzoni, 2014; Marchese et al., 2017).

Senescence-associated SADS and centromere erosion

SADS is an early senescence-associated phenomenon that in-
dicates major changes in higher-order chromatin structure and
function in both human and mouse cells (Swanson et al., 2013).
The mechanisms of SADS formation and its consequences on
centromere instability and genome organization are not fully
understood. However, loss of CBX2 induced striking changes in
the large-scale organization of satellite DNA and chromocenter
formation. Notably, these changes in chromatin structure were
also associated with a significant reduction in transcripts of
factors essential for heterochromatin formation, including Salll
and Hmgala. HMGALI binds pericentromeric heterochromatin in
Drosophila melanogaster and mouse cells via its AT-hook domains
and is strictly necessary for chromocenter organization, as loss
of HMGAI protein function induces abnormal chromocenter
formation (Jagannathan et al., 2018). Importantly, with striking
similarity to the phenotypes observed in Cbx2~/- fibroblasts,
loss of HMGAL leads to defective nuclear envelope integrity,
micronuclei formation, and accumulation of DNA damage
(Jagannathan et al., 2018). Our results indicate that loss of CBX2
results in SADS formation, abnormal chromocenter formation
during interphase, and increased deleterious centromeric mi-
totic recombination events during mitosis. Thus, abnormal ex-
pression of factors involved in heterochromatin formation and
subsequent distention of satellite sequences in CBX2~/~ fibro-
blasts contribute to increased frequency of C-SCEs, centromere
breaks, and progressive centromere erosion as a mechanism of
chromosome instability. Mammalian centromeres are highly
recombinogenic (Jaco et al., 2008). Therefore, any changes in
protein complexes that bind pericentric and centromeric
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heterochromatin may predispose to increased recombination
events at minor or major satellite DNA sequences. Previous
studies indicate that the canonical PRC1 complex containing
CBX2 also functions in the formation of atypical Polycomb
chromatin domains capable of directly recognizing and binding
pericentric heterochromatin in metaphase chromosomes of the
early mouse embryo. Moreover, elegant biochemical studies
have recently demonstrated that CBX2 undergoes a process of
phase separation to form nuclear condensates that can concen-
trate DNA and nucleosomes in mESCs. Importantly, the phase
separation function of CBX2 is coupled to its chromatin com-
paction ability (Plys et al., 2019; Tatavosian et al., 2015, 2019).
Notably, phase separation of the heterochromatin protein HP1
has also been recently demonstrated as an important mechanism
that contributes to the organization of constitutive heterochro-
matin in human somatic cells (Strom et al., 2017).

Increased centromere and telomere mitotic recombination and
large-scale chromosome rearrangements

In mouse embryonic stem cells, centromeres are sixfold more
recombinogenic than telomeres (Jaco et al., 2008). The presence
of micronuclei, recurrent centromeric breaks in addition to the
loss of entire chromosome arms and the type of segmental
translocations detected through SKY analysis indicate that in-
creased centromere recombination and centromere fission are
the primary mechanism(s) of chromosome instability in CBX2/~
cells. However, both proximal and distal telomeres were
affected. Because of the lack of evidence for any changes in
absolute telomere length at P5, our results indicate that loss of
CBX2 initially disrupts telomeric higher-order chromatin orga-
nization rather than telomere length. Consistent with this hy-
pothesis, previous studies indicate that the presence of a few
critically short telomeres is sufficient to induce chromosome
fusions and translocations and that the shortest telomeres,
rather than absolute telomere length, drive the onset of chro-
mosome instability (Hemann et al., 2001). Aside from its role
in chromocenter formation, HMGAI1 has also been shown to
be involved in telomere integrity in Arabidopsis thaliana (Charbonnel
et al,, 2018). Notably, Salll, a pericentric heterochromatin pro-
tein, provides a functional link between centromeric and te-
lomeric heterochromatin by establishing an interaction with
the telomere repeat binding factor TRF1 (Netzer et al., 2001).
Thus, altered expression levels of Hmgala and Salll in Cbx2/~
fibroblasts may affect constitutive heterochromatin homeo-
stasis at both centromeric and telomeric domains. The large-
scale chromosome rearrangements observed here, together
with changes in nuclear architecture, suggest that loss of CBX2
induces dramatic changes in meso-scale genome organization.
In Drosophila cells, the PRC1 components Pc and Polyhomeotic
proteins regulate nanoscale chromatin organization and gene
expression by promoting the formation of protein clusters
ranging from 30 nm to 700 nm. In turn, these protein clusters
directly impact chromatin topology by establishing chromatin
interactions at different scales of genome organization (Wani
et al., 2016). Studies are in progress to determine whether loss
of CBX2 function affects nanoscale chromatin organization in
mammalian cells.
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Together, our results provide novel molecular insight into the
mechanisms leading to premature senescence in CBX2/~ cells
and suggest that CBX2 functions at the crossroads of cellular
senescence and oncogene-induced neoplastic transformation.
Importantly, the frequent CBX2 gene amplification events and
increased mRNA expression levels detected in a recent meta-
analysis of a large sample of human tumors (Clermont et al.,
2014) indicate that CBX2 is an important oncogenic factor with
clear potential as a prognostic marker and therapeutic target in
several types of human neoplasms. Our studies inform and
contribute to the identification of specific target pathways re-
quired for heterochromatin formation, DNA repair, and cell
cycle regulation that could be ideal candidates for novel drug
design and the implementation of next-generation epigenetic
therapy strategies in human oncology.

Materials and methods

Cell culture and sample preparation

All animal experiments were conducted in accordance with the
recommendations and guidelines of the Institutional Animal
Care and Use Committee and the Public Health Service Policy on
Humane Care and Use of Laboratory Animals of the National
Institutes of Health. Cbx2 null and wild-type MEFs were col-
lected at 18.5 d post coitum from timed male embryos of Chx2
heterozygote matings (C.129P2-Cbx2™1Cm/J; Coré et al., 1997)
according to standard procedures. Primary cell cultures were
maintained in high-glucose DMEM (Gibco/Thermo Fisher Sci-
entific) supplemented with 10% FBS (Hyclone, GE Healthcare),
1/100 (vol/vol) sodium pyruvate, 1/100 (vol/vol) L-glutamine,
and 1/100 (vol/vol) penicillin/streptomycin (all Gibco/Thermo
Fisher Scientific) before cytogenetic and molecular analysis of
cultures at P2 and P5. Mitotic chromosome complements were
spread onto glass slides following colchicine treatment (100 nM)
for 2-5 h and hypotonic treatment with 75 mM KCl (Sigma-
Aldrich) for 11 min before fixation with methanol/acetic acid
(Sigma-Aldrich) or 2% PFA, 0.15% Triton X-100 for FISH and
immunochemistry, respectively.

Immunochemistry

Immunochemical detection of subcellular protein localization
was conducted on PFA-fixed interphase nuclei and metaphase
spreads in blocking buffer containing 5% FBS and 0.05% Triton
X-100 (Sigma-Aldrich) in PBS at 4°C overnight. A mouse YH2AX
antibody (Abcam, 1:500) and a rabbit LaminBI antibody (Abcam,
1:200) were both used by overnight incubation in blocking
buffer at 4°C. Primary antibodies were detected using 488- and
555-coupled Alexa Fluor secondary antibodies (Molecular Probes/
Thermo Fisher Scientific) at a dilution of 1:1,000 for 1 h at room
temperature. Samples were counterstained and mounted using
Vectashield containing DAPI (Vector Laboratories, Inc.) before
image acquisition by conventional and confocal microscopy and
SR-SIM as well as HCA as outlined below.

DNA-FISH
DNA-FISH analyses were performed using FITC-labeled
telomere-specific PNA probes (TelC-FITC”-O0-TTAGGGTTAGG
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GTTAGGG; a generous gift from Dr. Maria Blasco [Centro
Nacional de Investigaciones Oncolégicas, Madrid, Spain] and
Bio-Synthesis Inc., Lewisville, TX, respectively) as well as CY3-
labeled major satellite-specific pericentromeric probes (Star-
FISH Cambio). Surface spread chromosomes were dehydrated
in serial ethanol washes (2 min each, 70%, 90%, 100% ethanol),
air-dried, and denatured in 70% formamide (VWR International
Ltd.) in 2 x saline sodium citrate (SSC) at 85°C for 10 min and
subsequently chilled in ice-cold 70% ethanol for 5 min. 0.2 pg/ml
telomeric repeat and major satellite probes were then denatured in
PNA probe cocktail containing 70% formamide, 5 mM KCl, and
1 mM MgCl, (Sigma-Aldrich), or manufacturer-supplied hybridi-
zation buffer (Cambio) for 10 min at 85°C and incubated at 30°C for
1 h, respectively. Overnight hybridization was performed at 30°C,
and stringency washes were conducted in 50% formamide in 2 x
SSC for 5 min each before mounting of coverslips in Vectashield
mounting medium with DAPI and subsequent microscopic analysis.

SKY analysis

SKY analysis was conducted in collaboration with the Cytoge-
netic Laboratory at the Van Andel Research Institute (Grand
Rapids, MI). Methanol/acetic acid-fixed surface spreads were
analyzed by 24-color, whole-chromosome painting and simul-
taneous visualization of each chromosome pair in a metaphase
spread. Images were recorded using a spectral interferogram
(Applied Spectral Imaging). Classification of chromosome anom-
alies was conducted according to the International Committee
on Standardized Genetic Nomenclature for Mice (http://www.
informatics.jax.org/mgihome/nomen/anomalies), and the po-
sitions of chromosomal breakpoints were designated according
to the standard G-banded karyotype of the mouse.

CO-FISH

CO-FISH analyses were conducted using a CY3-labeled minor
satellite PNA probe complementary to the lagging strand (CY3-
OO0-AAAACACATTCGTTGGAA; a generous gift from Dr. Maria
Blasco) as well as with a FITC-labeled PNA probe specific to the
lagging strand of telomere repeat sequences (“TelC-FITC”; Bio-
Synthesis Inc.) as previously described (Jaco et al., 2008) with minor
modifications. Briefly, MEFs were cultured in medium containing
10 pM BrdU (Sigma-Aldrich) for one cell cycle to facilitate BrdU
incorporation during S-phase. Metaphase chromosome comple-
ments were then surface spread as described above. Samples were
stained with 500 ug/ml HOECHST 33258 (Molecular Probes/
Thermo Fisher Scientific) for 15 min at room temperature, and
BrdU-incorporated DNA was subsequently UV-nicked for 30 min in
2 x SSC and digested using 3 U/ul Exonuclease III (NEB Biolabs) for
30 min at 37°C. DNA was denatured at 75°C for 15 min in 70%
formamide in 2 x SSC, and hybridization with the Cy3-labeled minor
satellite or FITC-labeled telomere probes was performed at 37°C
overnight. Stringency washes were conducted in 0.1% SSC for 5 min
at room temperature before DNA counterstaining and mounting.

Analysis of sister chromatid exchanges by differential

BrdU labeling

Sister chromatid exchanges were detected using pulse-
incorporated BrdU (10 uM) that was added 17 h before
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supplementation of colchicine (100 nM) and metaphase chro-
mosome spreading. Slides were treated with 2 N HCI for
20 min, extensively washed in PBS, and immunolabeled using a
mouse anti-BrdU antibody (Roche, 1:200) overnight at 4°C in
conjunction with an Alexa Fluor 555 anti-mouse secondary
antibody. Detection of BrdU nucleotides by immunochemistry
reveals strongly asymmetric fluorescent signals between ho-
mologous regions of sister chromatids.

Absolute telomere length quantification assay

Telomere length was directly quantified using the Absolute
Mouse Telomere Length Quantification qPCR Assay Kit (Scien-
Cell Research Laboratories) in conjunction with the FastStart
Essential DNA Green Master mix (Roche Lifescience) on wild-
type and knockout fibroblasts at P5. Results were normalized to
an internal single copy reference amplicon derived from a se-
quence mapping to chromosome 10. In addition, a genomic DNA
sample with known telomere length was used as a reference for
calculating the absolute telomere length of the target samples
(expressed as average telomere length [in kilobases] per telo-
mere) in three biological replicates.

Transcriptome analysis by RNAseq

The transcriptomes of wild-type and Cbx2~/~ fibroblasts at P2
were mapped and quantified by deep sequencing and quanti-
fying the frequency of each gene represented in duplicate (RNA-
seq; Mortazavi et al.,, 2008). 2 x 105 cells per replicate and
genotype were used for RNA extraction and transcriptome
analysis using a DNA nanoball sequencing platform, generating
~4.62 GB per sample. The clean reads ratio was >99% for all four
samples. The average mapping ratio with the reference genome
using HISAT2 was 93.44%, with uniformity in the mapping re-
sult suggesting that the samples are comparable. Novel coding
transcripts were merged with reference transcripts to obtain the
complete reference. Bowtie2 was used to map clean reads to this
reference (mapping ratio was 83.08%) before gene expression
level computation for each sample with RNA-Seq by expectation-
maximization. Differential expression was analyzed with DEseq2
(Love et al., 2014), and genes were classified as differentially ex-
pressed if the P value was <0.05 and the fold change was greater
than two upward or downward.

ATAC-seq

ATAC-seq was used for mapping chromatin accessibility
genome-wide by probing DNA accessibility with hyperactive
Tnb transposase and insertion of sequencing adapters into ac-
cessible regions of chromatin (Buenrostro et al., 2015). Se-
quencing reads were used to infer regions of increased
accessibility. 100,000 cells per sample and replicate at P2 were
used for ATAC-seq sequencing with Ilumina NextSeq 500. The
paired-end 42 bp sequencing reads (PE42) were mapped to the
genome using the BWA (Burrows-Wheeler aligner) algorithm
with default settings. Only reads that passed Illumina’s purity
filter, aligned with no more than two mismatches, and mapped
uniquely to the genome were used in subsequent analyses. In
addition, duplicate reads were removed. Genomic regions with
high levels of transposition/tagging events were determined
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using the MACS2 peak calling algorithm (Zhang et al., 2008).
Differentially enriched regions were identified using DESeq2 in
GUAVA (Divate and Cheung, 2018) as described previously
(Love et al., 2014), and regions with P value < 0.001 and fold
change greater than four upward or downward are considered
differentially enriched peaks. Peaks within 5,000 bp upstream
and 3,000 bp downstream of the TSS were considered for the
analysis. The peaks identified were associated and annotated
with the nearest genes in GUAVA’s peak annotation algorithm,
and these genes were then used to determine over-represented
Kegg pathways and GO terms (Divate and Cheung, 2018).

Integrative analysis

To align the parameters of the two analyses, ATAC-seq data
were annotated using GUAVA, and regions were considered
differentially enriched peaks if the P value was <0.05 and the
fold change greater than two upward or downward. Peaks
within 5,000 bp upstream and 3,000 bp downstream of the TSS
were considered for the analysis and annotated with the nearest
genes by GUAVA (Divate and Cheung, 2018). These genes were
compared with the DEGs found in RNAseq analysis, and genes
present in both gene lists were analyzed and viewed by loading
the sequence alignment data into the Integrative Genomics
Viewer (Robinson et al., 2011).

Image acquisition, processing, and quantitative measurements
Epifluorescence images were acquired using a Leica DMRX/E
fluorescence microscope (Leica Microsystems, Inc.) equipped
with a PLAN APO 63x/1.20 water objective at room temperature.
Fluorochromes used included Alexa Fluor 488- and Alexa Fluor
555-coupled secondary antibodies as well as CY3 and FITC-
labeled fluorescent probes. Images were captured with a Leica
DFC 350F camera using Openlab software (Improvision), and
image processing was performed using Photoshop 8.0 (Adobe)
for linear adjustments and cropping of fluorescent images. No
gamma adjustments were made. SR-SIM was performed on an
ELYRA S1 Superresolution microscope (Zeiss) on an Axio Ob-
server Z1 inverted microscope stand equipped with three laser
lines: 405 nm, 488 nm, and 561 nm. Images were acquired using
a 100x oil objective and were processed with ZEN software
(Zeiss) to generate super-resolved Z-stacks (0.0l-pm steps),
maximum projections, and colocalization line graphs.
Quantitative measurements were performed following es-
tablishment of identical fluorescence intensity threshold masks
for all images before transformation into binary layers. Analyses
were conducted using the NIS Elements 4.0 Automated Meas-
urements Module (Advanced Research; Nikon Instruments Inc.)
or Imaris 9.3 software (Bitplane AG) with multidimensional
imaging software to measure the EqDiameter (the diameter of a
sphere of equivalent volume of an irregularly shaped object), as
well as volume and sphericity (the ratio of the surface area of a
perfect sphere with the same volume as the measured object to
the surface area of the object itself), and mean fluorescence in-
tensity of the object. 3D renderings of individual telomeres were
computed from 3D images by sequential preprocessing, seg-
mentation, and connected component labeling steps. Surfaces
were used to identify relevant entities within images for
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visualization and measurements of volume, fluorescence in-
tensity, and sphericity. HCA of the images was conducted using
an ImageXpress Micro Confocal imaging system (Molecular
Devices, LLC) using DAPI and 488-nm filters. Data were ana-
lyzed using MetaXpress software (Molecular Devices, LLC)
following detection of nuclei using DAPI fluorescence and
measurement of nuclear surface areas and mean fluorescence
intensity using the 488-nm filter. Skeleton analysis was con-
ducted using the Skeletonize3D plugin of Image] software
(National Institutes of Health) to perform skeletonization of
binary images (8-bit) of Lamin Bl immunofluorescence staining
as previously described (FiSerov4 et al., 2019). Briefly, following
tagging of all pixels in a skeleton image, all junctions, triple and
quadruple points, and branches were counted, and the mean
branch length was measured.

Statistical analysis

All data presented were collected from three independent bio-
logical replicates (except for RNA-seq and ATAC-seq, which
were conducted in duplicate experiments) and statistically an-
alyzed using GraphPad Prism software. Comparison of all pairs
was conducted using parametric and nonparametric tests (Mann-
Whitney or t test) according to the sample distribution with
GraphPad Prism software. Data are presented as means, and
variation between individual replicates is indicated as the SD.
Differences were considered significant when P < 0.05 and are
indicated by different superscripts with *, P < 0.05; **, P < 0.01; ***,
P < 0.005; and ****, P < 0.001.

Data availability
Next-generation RNA sequencing and ATAC-seq data is avail-
able on NCBI GEO (accession no. GSE156413).

Online supplemental material

Fig. S1 contains additional images of wild-type and Cbhx2~/~ fi-
broblast nuclei as well as grayscale images of all color metaphase
spreads in Fig. 2, Fig. 4, and Fig. 5. Fig. S2 summarizes sup-
porting information and quality control data pertaining to RNA-
seq experiments. Fig. S3 contains supporting information and
quality control data pertaining to ATAC-seq experiments. Fig. S4
shows University of California Santa Cruz UCSC Genome
Browser tracks of the Rbm46, Als2/Cdk15, Gm39145, Gm19299,
9430037GO7Rik, and Usp28 loci. Fig. S5 shows UCSC Genome
Browser tracks of the Zicl, Usp2, Nkx2.9, and Cbx2 loci.
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Figure S1. Grayscale images. Additional example images (DAP!I in grayscale) of wild-type and Cbx2/~ fibroblast nuclei to Fig. 1 E. Image compilation of DAPI
grayscale-only images of chromosomes in Figs. 1, 2, 3, 4, and 5.
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Figure S2. RNA-seq supplemental QC data and GO term classification. (A) Pearson correlation (corr) analysis between RNA-seq samples revealed strong
correlation between the replicate samples of each genotype and led to the expected hierarchical clustering of the two wild-type samples and the two knockout
samples, respectively. (B) A principal component analysis using an orthogonal transformation to convert a set of observations of variables into a set of values of
linearly uncorrelated variables (principal components) also showed similar correlation between samples. (C) Box plot of the distribution of gene expression
levels between samples, and (D) gene expression density map for all four samples indicating uniform gene expression levels. (E) The number of genes by
different FPKM ranges across four samples. (F) GO classification of DEGs. Biological process (red), cellular component (blue), and molecular function (green).
Coeff, coefficient; KO, knockout.
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Figure S3. ATAC-seq supplemental QC data. (A and B) Pearson correlation of peak tag numbers. Correlation analysis between ATAC-seq samples revealed
strong correlation between the two replicate samples of each genotype and led to the expected hierarchical clustering of the two wild-type samples and the
two knockout samples, respectively. (C) A principal component analysis using an orthogonal transformation to convert a set of observations of variables into a
set of values of linearly uncorrelated variables (principal components) also showed similar correlation between samples. (D) Box plots of raw and normalized
peak counts from WT and Cbx2~/~ samples. (E) Peak tag numbers of merged peak regions. (F) Venn diagram of merged regions with peaks from wild-type and
Cbx2/~ samples. (G) Heatmaps of tag distributions in merged peak regions and genebodies. (H) Histograms showing the distance from peak centers at merged
peak regions, TSSs, and genebodies.
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Figure S4. ATAC-seq genome browser views of key genomic loci. University of California Santa Cruz UCSC Genome Browser views of ATAC-seq peaks at
the (A) Rbm46, (B) Als2, (C) Gm39154, (D) Gm19299, (E) 9430037G07Rik, and (F) Usp28 loci in wild-type and Cbx2~/~ fibroblasts. Differential peaks are boxed in
red. KO, knockout.

Baumann et al. Journal of Cell Biology
CBX2 and genome instability https://doi.org/10.1083/jcb.201910149

S5

620z Jequade( 10 U0 3senb Aq 4pd 6171016102 A0l/5212Z81/6710L610Z8/L L/6LZ/APd-a)ome/qal/Bio ssaidni//:dpy woly papeojumoq


https://doi.org/10.1083/jcb.201910149

Zicl ‘_|

> Usp2

[
CpG
CpG CpG
91,360,000 91,365,000 91,370,000 Chr9: 44,060,000 44,070,000 44,080,000 44,090,000
oo et s s fens _a20_savBseors i ur-1 ARG 1o 215 i
WT-1
wr 4 .l‘ _L “
[ P T . IS SN —— A . F VO

e iorn s Baremicrorn ™ " "

WT-2

KO-1
- m
bz . ‘.“..‘uu\\|\\.‘."."nnw|“.‘mn.un\ﬂmlﬂl\l\ll T [ S S — Ko-2 ] L v W y _“__L-_._ waba
10 kb

C Nkx2.9 D Cbx2

Chr12: 56,610,000 56,612,000 56,614,000 56,616,000
W P | b | k.
oo - i voveceors flhT-2_aTec_mmte_izie nianorn T
wr2 o it T ‘..AH]HH“HHHM, ,‘mﬂ”m!HHHHHm HHHH\Mumm\lHHHm w\HHHHHH‘HM
,,,,,,, — e evoceorg fllo-1_Tec_mate_i2is umanorn T
KO-1 . o Lot it e e il il
S—_— 2 Gear ATAC 22 nor f—
KO-2 o i i . mmulﬂ\]HH"mUh ,,,, I BE [ — . T iR
— ;
2 kb | ‘
— SN
ATG TGA Genomic M33 locus
EH H.S H H X Smsm| Xb H
[ — T
'E1E2 E3 E4 Es
M= Targeting vector
pBS neo
H wH SmSm sme H  Inactivated M33 locus

——‘—\'IHE)G—(:)——-‘—
primer 1~ = primer 2

1.0kb
3 probe E

Figure S5.  ATAC-seq genome browser views of additional key genomic loci. (A-C) University of California Santa Cruz UCSC Genome Browser views of
ATAC-seq peaks at the (A) Zicl, (B) Usp2, and (C) Nkx2.9 locus in wild-type and Cbx2~/~ fibroblasts. Differential peaks are boxed in red. (D) UCSC Genome
Browser view of ATAC-seq peaks at the Cbx2 locus in wild-type and Cbx2~/~ fibroblasts. Absence of peaks in Cbx2~/~ cells at this locus is due to the targeting
strategy used for generating the null allele. Cbx2 targeting strategy adapted from Coré et al. (1997). KO, knockout.
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