RESEARCH ARTICLE

SOCIETY FOR

microsiotocy | Cellular BiOlOgy® o.)

‘Ll AMERICAN Molecular and

Check for
updates

An RB-Condensin Il Complex Mediates Long-Range
Chromosome Interactions and Influences Expression at
Divergently Paired Genes

Aren E. Marshall,2® Charles A. Ishak,>P* Frederick A. Dicka-b-<d

aLondon Regional Cancer Program, Lawson Health Research Institute, London, Ontario, Canada
bDepartment of Biochemistry, Western University, London, Ontario, Canada
<Children’s Health Research Institute, Lawson Health Research Institute, London, Ontario, Canada

dDepartment of Pathology and Laboratory Medicine, Western University, London, Ontario, Canada

ABSTRACT Interphase chromosomes are organized into topologically associated
domains in order to establish and maintain integrity of transcriptional programs that
remain poorly understood. Here, we show that condensin Il and TFIIC are recruited
to bidirectionally transcribed promoters by a mechanism that is dependent on the
retinoblastoma (RB) protein. Long-range chromosome contacts are disrupted by loss
of condensin Il loading, which leads to altered expression at bidirectional gene pairs.
This study demonstrates that mammalian condensin Il functions to organize long-
range chromosome contacts and regulate transcription at specific genes. In addition,
RB dependence of condensin Il suggests that widespread misregulation of chromo-
some contacts and transcriptional alterations are a consequence of RB mutation.
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enomes are more complex than their one-dimensional, linear DNA sequences. Three-
dimensional organization of interphase chromosomes imparts regulatory information
that contributes to development and disease. In particular, functions are arranged spatially
in the nucleus such that transcription, replication, and other processes are compartmen-
talized in discrete locations (1). The organizational principles of interphase chromosomes
and the molecular mechanisms by which architectural proteins contribute to chromosome Citation Marshall AE, Ishak CA, Dick FA. 2020.

organization are being revealed by chromosome conformation-based analysis (2). The An RB-condensin Il complex mediates long-
range chromosome interactions and

convergence of signaling and environmental cues on transcription and chromatin remod- X : i .
influences expression at divergently paired

eling machinery contributes to cell fate decisions (3). Not surprisingly, cell-type-specific genes. Mol Cell Biol 40:¢00452-19. https:/doi
chromosome territories have been observed and chromosomal rearrangements disrupting 0rg/10.1128/MCB.00452-19.
topologically associating domains (TADs) have been linked to cancer, further suggesting Copyright © 2020 American Society for
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functional relevance of genome conformation (3, 4). ) )
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subunits as well as unique non-SMC proteins. Specifically, cohesin contains SMC1 and
SM(3, and condensins utilize SMC2 and SMC4. Condensins are further differentiated by

their non-SMC subunits, with CAP-D3, CAP-G2, and CAP-H2 being unique to condensin |I 2019

(6). All SMC-containing protein complexes form ring-like shapes that can entrap chromatin Accepted 23 October 2019

fibers to organize them into higher-order structures (5). The role of condensins in the ’N*g:'::;:rg‘oa]';”s“ipt posted online 4
compaction of chromosomes during prophase has been previously described in detail (7). Published 3 January 2020

Cohesins play a critical role in chromosome segregation in mitosis as well but have also
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been determined to play an essential role in organizing the three-dimensional architecture
of interphase chromosomes (8-12). Interestingly, studies show that some long-range
chromosome contacts are preserved in the absence of cohesins, and condensin Il cooccurs
at some TAD boundaries (13, 14), suggesting it may also contribute to chromosome
organization in some instances. However, in comparison to cohesin, the consequence of
defective condensin Il loading is relatively unexplored.

A number of lines of evidence suggest that abnormal chromosome topology in
interphase is an important contributor to oncogenesis. Intergenic mutations and
superenhancers have been shown to stimulate expression of distant oncogenes (15,
16). In addition, loss of chromosome topology due to chromosomal rearrangements
has also been reported (17). Unfortunately, there are few examples to connect common
cancer mutations with the systematic disruption of interphase chromosome topology
(18). Therefore, it is unclear whether single gene mutations systematically alter chro-
mosome topology on a routine basis. The retinoblastoma protein (RB) is typically
known for its role in blocking cell cycle progression through E2F transcription; however,
RB-deficient primary fibroblasts are known to possess relaxed chromatin in proliferating
cells (19). Beyond null mutations, a partial loss-of-function murine Rb7 mutation
compromises condensin Il recruitment to pericentromeric heterochromatin (20, 21).
This mutation is a three-amino-acid substitution that disrupts the LXCXE binding site
used by viral oncogenes called Rb1t (22). Prior studies have shown that when RB-LXCXE
interactions are disrupted, transcription from E2F-containing promoters is misregulated
specifically under growth arrest conditions (22-24). However, during active prolifera-
tion, defective condensin Il recruitment in RbT mutant cells causes DNA replication-
dependent damage at pericentromeric sequences (20), suggesting that RB may play a
role in recruiting condensin Il to interphase chromosomes for nonmitotic functions
while cells proliferate.

To investigate condensin Il regulation of chromosome structure in interphase cells,
we utilized primary Rb1%* fibroblasts to disrupt condensin Il recruitment. Using a
combination of chromatin immunoprecipitation followed by high-throughput sequenc-
ing (ChIP-Seq), transcriptome sequencing (RNA-Seq), and chromosome conformation
capture (3C) approaches, we demonstrate that RB recruits chromosome architectural
protein complexes TFIIIC and condensin Il to bidirectional promoters. Defective recruit-
ment of condensin Il diminished long-range chromosome contacts between bidirec-
tional promoters and distant loci. In the absence of their recruitment, misexpression
was observed at these gene pairs, suggesting that condensin Il recruitment has effects
on local transcription through alteration of chromosome topology. These experiments
highlight transcriptional and architectural functions of an RB-condensin Il complex that
are obligatorily inactivated upon RBT loss in cancer.

RESULTS

Condensin Il and TFIIIC occupy promoters in an RB-dependent manner. To
investigate genome-wide localization of condensin Il during interphase, we performed
chromatin immunoprecipitation followed by high-throughput sequencing (ChIP-Seq) for
CAP-D3, a subunit that is unique to condensin II, in asynchronously proliferating mouse
embryonic fibroblasts (MEFs) which have a mitotic index of approximately 2% (22, 25).
Regions of local enrichment were determined using model-based analysis for ChIP-Seq
(MACS) (26). Using the cis-regulatory element annotation system (CEAS) (27), the distribu-
tion of CAP-D3 ChIP-Seq peaks within genomic features was determined and revealed that
40% of CAP-D3 peaks reside within 1 kb of a transcriptional start site (TSS) (Fig. 1A and B).
We also carried out ChIP-Seq for CAP-D3 and CAP-H2 by using a combination of ethylene
glycol bis(succinimidyl succinate) (EGS) and formaldehyde fixation to preserve protein-
protein interactions that may recruit condensin Il to chromatin and capture more interac-
tions (Fig. 1C). This revealed more peaks by an order of magnitude and showed similar
promoter occupancies (Fig. 1D and E), suggesting that condensin Il commonly occupies
promoters. Since CAP-H2 peaks intersect with CAP-D3 peaks at these promoters with more
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FIG 1 Condensin Il localizes to proximal promoters. (A) Distribution of genomic features throughout the mouse genome and
the distribution of Rb7*/+ CAP-D3 ChlIP-Seq peaks within these genomic features. The category at the top of the pie chart (0°,
or the 12 o'clock position) is “Promoter (=1000 bp),” and the categories continue in order clockwise around the chart, with the
legend being read from left the right. (B) Average distribution of Rb7+/* CAP-D3 ChIP-Seq reads on a metagene, where gene
length is scaled to 3,000 bp. (C) Schematic of captured ChIP fragments with formaldehyde versus formaldehyde and ethylene
glycol bis(succinimidyl succinate) (EGS) fixation. Formaldehyde uses methylene bridges to cross-link and is primarily a protein-
DNA cross-linker, whereas EGS is a protein-protein cross-linker, using N-hydroxysuccinimide (NHS) esters to yield stable amide
bonds. Since condensin Il may not directly bind to DNA at many locations with which it interacts, EGS/formaldehyde dual
cross-linking was used to have a more in-depth look at chromatin contacts. (D) Average distribution of EGS- and formaldehyde-
fixed CAP-D3 ChlIP-Seq reads 1,000 bp upstream and 1,000 bp downstream of genes, where each gene length is scaled to
3,000 bp. (E) Average distribution of EGS- and formaldehyde-fixed CAP-H2 ChIP-Seq reads on a metagene, where gene length
is scaled to 3,000 bp.

than 70% frequency, we conclude that these represent condensin Il complexes and not free
subunits.

Since RB recruits condensin Il to pericentromeric heterochromatin (20), we com-
pared CAP-D3 occupancy locations between wild-type and Rb1~+ murine fibroblasts to
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learn where RB-condensin Il localizes in interphase nuclei. This RbT mutant carries a
missense allele designed to disrupt interactions with viral oncogenes such as the
human papillomavirus (HPV) E7 gene, while preserving interactions with E2F transcrip-
tion factors (22). Condensin Il recruitment to pericentromeric heterochromatin is re-
duced in RbTH* cells (20), but chromatin loading of cohesin and condensin | is normal
(28). In addition, cooccupancy analysis by sequential chromatin immunoprecipitation
(ChIP re-ChlP) for RB with both CAP-D3 and CAP-H2 has demonstrated that they form
a complex (21). Through immunoprecipitation of RB followed by Western blotting for
components of condensin Il, CAP-D3, and SMC2, we reconfirmed previously published
results demonstrating that RB interacts with condensin Il in the chromatin fraction of
wild-type MEFs but the Rb7: mutation eliminates this (Fig. 2A) (28). Accordingly,
through ChIP-Seq, approximately two-thirds of all CAP-D3 peaks found in wild-type
MEFs were lost in the Rb7~+ mutant. To examine RB dependency of CAP-D3 localization
at promoters, CAP-D3 and input ChIP-Seq reads from Rb7*/* and Rb1-t MEFs were
normalized to 1X genomic coverage using reads per genomic content (RPGC), and the
input signal was then subtracted from the ChIP signal. These normalized CAP-D3
ChlIP-Seq signals were compared between the two genotypes at 1,271 promoters that
were the most enriched for CAP-D3 (Fig. 2B). At these promoter locations in Rb 1% cells,
CAP-D3 peaks are completely lost 30% of the time or are shifted or diminished at other
locations, indicating that condensin Il binding is influenced by the Rb7-* genotype.

Condensin recruitment in Saccharomyces cerevisiae is dependent on TFIIIC (29), and
condensin Il and TFIIIC colocalize on chromosomes in mammalian cells (13). To recon-
cile roles for RB and TFIIIC in condensin Il recruitment, we carried out ChlP-Seq for the
TFIIIC 220-kDa subunit in Rb1*/* and Rb1~: MEFs. These data revealed that TFIIIC is
abundant just 3’ of the TSS of promoter regions containing CAP-D3 peaks (Fig. 2C and
D), and genome wide, a similar pattern of TFIIIC binding at TSS is observed (Fig. 2E).
Interestingly, TFIIIC read buildups surrounding the TSS of promoter regions containing
CAP-D3 peaks are reduced in Rb1%t MEFs (Fig. 2C and D). Using MACS, duplicate
ChlIP-Seq experiments were analyzed and revealed that 67% of the promoter views in
Fig. 2C contain TFIIIC peaks in Rb17/+ cells. When TFIIIC occupancy immediately 3" of
the promoter end location is examined, only 42% of these peaks are maintained in
Rb1+* cells, whereas other TFIIIC peaks 5’ of proximal promoters are relatively unaf-
fected by the Rb1t mutation. This indicates that recruitment of TFIIIC and condensin
is RB dependent, specifically at these TSS locations.

To further examine the dependency of condensin Il and TFIIIC binding on RB at
promoter regions and to quantify changes in binding, the Timm13 promoter/Lmnb2
origin of replication was investigated, as this is an example of a CAP-D3 peak location
that was retained, but reads are diminished in ChIP-Seq from Rb1%t cells (Fig. 2F).
Quantitative assessment of CAP-D3 binding at Timm13/Lmnb2 by ChIP-qPCR reveals
that CAP-D3 binding is significantly enriched over the control IgG background only in
Rb1+/+ MEFs and that TFIIIC also shows RB-dependent enrichment at this locus (Fig. 2G
to I). This indicates that condensin Il and TFIIIC are reliant on RB for recruitment to
specific chromosomal loci.

RB-condensin Il complexes regulate expression at bidirectional promoters. The
gene promoters occupied by condensin Il were subject to functional annotation
clustering using the Database for Annotation, Visualization and Integrated Discovery
(DAVID) (30). This analysis demonstrates diverse functional categories, such as DNA
damage repair, cell division, transcription, and translation (Fig. 3A). Interestingly, que-
rying these promoter locations returned substantially more genes, implying that many
condensin Il binding sites occur in bidirectional promoters. RB-condensin ll-occupied
locations are enriched for bidirectional promoters in comparison to their frequency of
promoter regions within the genome (Fig. 3B), and this exceeds the proportion of
bidirectional promoters expected by chance (Fig. 3C).

RNA-Seq and expression microarrays were then used to investigate whether Rb7-%
MEFs display changes in expression of these genes (Fig. 3D). Analysis of expression of
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FIG 2 RB recruits TFIIIC and condensin Il to proximal promoters. (A) Extracts were prepared from asynchronously cycling
Rb1+/+ and Rb1¥t MEFs, and the chromatin fractions from these cells were subjected to immunoprecipitation (IP) with
an anti-RB antibody. The relative amounts of RB, CAP-D3, and SMC2 that precipitated with wild-type and mutant RB were
detected by Western blotting. The lower band visible from the IP fractions of both genotypes in the SMC2 immunoblot
image represents background, as indicated by an asterisk. (B) Heat maps of CAP-D3 ChIP-Seq read abundance at 1,271
promoters that contain a CAP-D3 peak in Rb7+/* cells. CAP-D3 and input ChIP-Seq reads from Rb7+/* and Rb1-t MEFs
were normalized to 1X genomic coverage using RPGC, followed by the subtraction of input signal from the ChIP signal.
(C) Heat maps of TFIIIC ChIP-Seq read abundances in Rb71+/+ and Rb1tt MEFs at the same genome locations as described
for panel B and normalized using the same procedure. (D) Average distribution of Rb7*/* and Rb1~t TFIIIC ChIP-Seq reads
from the positive-strand heat maps in panel C. (E) Average distribution of Rb1+/* TFIIIC ChIP-Seq reads on a metagene,
where gene length is scaled to 3,000 bp. (F) ChIP-Seq tracks for CAP-D3 and TFIIIC from Rb7*/* and Rb1“t MEFs at the
Timm13 promoter/Lmnb2 origin. Read buildup scale is 25. (G) ChIP-qPCR for CAP-D3 and IgG controls at the Lmnb2 origin
of replication (n = 4). (H) ChIP-qPCR for TFIIIC and IgG controls at the Lmnb2 origin of replication (n = 4). (I) ChIP-qPCR
for RB at the Lmnb2 origin of replication (n = 3). All error bars are =1 standard error of the mean (SEM); *, P < 0.05, t test.
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FIG 3 RB-condensin Il regulates bidirectional promoters. (A) Top 10 most enriched annotation clusters
determined using DAVID at genes with CAP-D3 peak within 1 kb of their transcriptional start site. (B) In
a comparison with the proportion of promoters genome wide (“All promoters”) that reside within a
bidirectional promoter region, there are more promoters containing CAP-D3 peaks that are part of
bidirectional promoters. * P < 0.05; x2 test. (C) Bidirectional promoter occupation by CAP-D3 was
compared with simulated data, where peaks are shuffled to promoters at random. * P < 0.05; x2 test. (D)
Expression of transcripts in three Rb74t MEFs was compared to that in three wild-type MEFs by RNA-Seq
(left) and expression microarrays (right). Each row represents a bidirectional promoter occupied by
CAP-D3. Gene A and gene B arbitrarily refer to gene pairs at a given bidirectional promoter. Gene pairs
are sorted according to expression changes: locations where both genes increase in expression are on
top, those with an increase in expression of one gene and a decrease in expression of the other gene are
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genes on either side of bidirectional promoters bound by CAP-D3 in Rb1*/+ MEFs
demonstrates that at many of these locations, changes in expression occur at these
gene pairs in Rb1HL cells. At these locations, there is not a single directionality of these
gene expression changes; both genes can be upregulated, both can be downregulated,
and one gene can be upregulated while the other gene is downregulated. Local
contributions to the differential gene expression in Rb14* cells was further investigated
using Binding and Expressing Target Analysis (BETA) (31), to relate CAP-D3 peak
locations with RNA-Seq expression changes of nearby genes, taking into account CTCF
binding sites and its regulatory boundaries (Fig. 3E). Cumulative gene percentages that
are higher than background suggests that repressive and activating influences occur at
neighboring genes. Position-shuffled CAP-D3 peaks do not correlate with transcript
changes in Rb1%t MEFs compared to Rb1™/+ MEFs, further validating this correlation
and suggesting a functional connection between condensin Il occupancy and nearby
gene expression.

There are a number of potential explanations for gene expression changes at
bidirectional promoters in Rb14% cells. First, the cell cycle category identified by DAVID
suggests that these patterns may simply reflect misregulation of classical RB-E2F
transcripts. However, analysis of 52 established RB-E2F transcriptional targets reveals
only partial occupancy by CAP-D3 (Fig. 4A), and in asynchronously proliferating and
serum-starved Rb14* cells, these genes are significantly less altered in transcript abun-
dance than the previously characterized Rb7¢ mutant that is defective for E2F binding
(32) (Fig. 4B and Q). In contrast, gene expression changes at the CAP-D3-occupied
bidirectional promoters in proliferating Rb1“* cells are largely absent from serum-
starved Rb1¢/¢ and Rb1Y cells. This is evident in heat maps depicting changes at
individual bidirectional promoters and in absolute gene expression values (Fig. 4D and
E). These analyses demonstrate that there is a level of specificity to the gene expression
changes seen in different Rb7 mutants. This emphasizes that misregulation of these
bidirectional promoters when the Rb7- mutant is unable to recruit condensin Il is not
a byproduct of altered RB-E2F transcriptional control.

Another possible explanation for gene expression changes in Rb7* cells at bidirec-
tional promoters is that they may be the consequence of chronic DNA damage
previously reported in these cells (20). Since DNA damage repair is the most enriched
functional category in these bidirectional promoters, we investigated their expression
changes in Rb1% fibroblasts. This revealed that genes involved in DNA damage repair
were both upregulated (11 genes) and downregulated (15 genes). Since these data fail
to reveal a consistent trend, they further suggest that gene expression changes are not
a response to DNA damage.

To gain further insight into condensin IlI's potential role, and to further rule out
previously described functions for RB as an explanation for our observations, we
investigated the chromatin state of these promoters. In wild-type MEFs, there is
extensive simultaneous occupancy of these promoters with Pol2 and H3K4me3, which
suggests that there is active transcription (33) (Fig. 4F), and there was 98% peak overlap
between these modifications and CAP-D3-containing promoters. H3K27ac, a mark of
active enhancers and promoters, is also highly abundant at these promoters, with 85%
overlap (33-35), Conversely, repressive chromatin marks such as H3K27me3 and
H3K9me3 were almost completely excluded from these promoters (Fig. 4F), with 2%
and 1% peak occupancies, respectively. The most obvious conclusion from this work is
that RB-condensin Il complexes are localized to active promoters. Importantly, this
pattern of histone modifications is highly divergent from known regulatory roles for RB
in gene silencing that are characterized by the establishment of H3K9me3 in senes-

FIG 3 Legend (Continued)

in the middle, and those that have a decrease in expression of both genes are on the bottom. (E) Binding
and Expressing Target Analysis (BETA) was used to determine that CAP-D3 peaks correlate with local
changes of RNA-Seq gene expression between Rb1t and Rb1+/+ MEFs, taking into account CTCF binding
sites. ¥ P < 0.05. Computationally “shuffled” peaks are not correlated with transcriptional changes.
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FIG 4 Condensin Il target genes are distinct from classic E2F target genes. (A) Heat maps of CAP-D3 ChIP-Seq read abundance
relative to input controls in Rb7+/* and Rb1-t MEFs at 1-kb proximal-promoter regions of 52 RB-regulated E2F cell cycle target
genes. Heat maps are divided into those promoters on the forward strand (top) and those on the reverse strand (bottom). (B)
Expression microarray data were used to compare abundances of these 52 transcripts between proliferating Rb7-+ MEFs and
serum-starved Rb14t and Rb%C cells, all compared to the wild type. The average expression for three Rb1 mutant MEF
preparations relative to three wild-type preparations is shown. (C) The absolute values of the expression changes in the RbT
mutant MEFs compared to Rb1+/* MEFs from panel B were compared. The RB-regulated E2F cell cycle target gene transcripts
were significantly more misexpressed in RbS¢ MEFs than in Rb7%* MEFs grown under either condition. (D) Expression
microarray data are shown comparing abundances of transcripts at bidirectional promoters occupied by CAP-D3 between
proliferating Rb1%t MEFs and serum-starved Rb1%* and Rb%© MEFs, all normalized to wild-type MEFs. Each row represents a
bidirectional promoter occupied by CAP-D3, and gene A and gene B arbitrarily refer to gene pairs at a given bidirectional
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cence (36), H3K27me3 in terminal differentiation during development (37), and
deacetylation of histones in quiescence (36). This further emphasizes that RB recruit-
ment of condensin Il to these promoters represents a functional paradigm that is
different from previous functions. An intriguing result is the apparent asymmetric
upregulation of one gene at some condensin ll-occupied bidirectional promoters in
Rb1+* cells (Fig. 3D). In this scenario, condensin Il may function to create different
transcriptional environments between closely spaced promoters. We selected two
bidirectional promoters for more detailed analysis to understand misregulation at one
of these gene pairs.

RB-condensin Il complexes mediate long-range chromosome interactions. We
focused our mechanistic characterization on the Usp5/Cdca3 and Pxmp2/Pole bidirec-
tional promoters because quantitative reverse transcription-PCR (RT-qPCR) confirmed
that there was misexpression of one of the gene pairs in Rb1%* and Rb1—/~ cells (Fig.
5A). In addition, ChIP experiments demonstrate that RB occupies these promoters and
that condensin Il subunits and TFIIIC exhibit RB-dependent enrichment at these loci
(Fig. 5B to E). When the Rb1t-encoded protein is present, but unable to assemble this
complex, expression of one gene in each pair is elevated, implicating TFIIIC and
condensin Il in this regulatory event.

Loss of condensin Il function affects progression through mitosis (38), and Rb71-*
MEFs similarly display misshapen chromosomes, mitotic delay, and aneuploidy in
daughter cells (22, 28). Studies of condensin mutants in fission yeast suggest that gene
misexpression may be a consequence of mitotic errors and aneuploidy (39). Therefore,
to create aneuploidy in Rb7+/* MEF cells and to increase G,/M phase levels to be
similar to those in Rb1%* fibroblasts, nocodazole was used to inhibit mitotic progression
(Fig. 6A and B). This induced mitotic errors and delayed progression but did not cause
expression changes at the Usp5/Cdca3 and Pxmp2/Pole bidirectional promoters
(Fig. 6C). This suggests that indirect effects on transcription from defective condensin
Il function in mitosis in RbT% cells is unlikely to explain misregulation at these
bidirectional promoters.

Genome views of Usp5/Cdca3 and Pxmp2/Pole reveal numerous condensin Il subunit
peaks distributed across surrounding regions (Fig. 7A and D). We explored whether this
distribution indicated that condensin Il organizes local intrachromosomal loops be-
tween these locations to influence gene expression at these bidirectional promoters.
We performed four chromosome conformation capture (3C)-qPCR experiments on
wild-type and Rb1%t MEF pairs using Usp5/Cdca3 and Pxmp2/Pole as the reference
points (Fig. 7B and E). These experiments revealed sites of local interaction; however,
loops appeared in locations that were unrelated to condensin Il peaks (Fig. 7C, +60 kb
from Cdca3 bait). Furthermore, no local interactions were gained or lost between
genotypes within these regions (Fig. 7C and F).

To broaden our search for condensin ll-dependent chromosome interactions, we carried
out 16 circularized chromosome conformation capture (4C)-Seq experiments using the
same promoters as bait (four independent experiments for each genotype with each
promoter). Significant interacting regions were determined for each replicate using w4CSeq
(40), and each region shown in Fig. 8A was found in at least two replicates for each
genotype. This analysis revealed that specific contacts are reproducibly lost while others are
gained at these bidirectional promoters in Rb7~- MEFs in comparison to wild-type cells (Fig.
8A and B). In a number of instances, Cdca3/Usp5 and Pole/Pxmp2 showed similar changes
in interactions between wild-type and Rb74* fibroblasts. For example, the two bidirectional

FIG 4 Legend (Continued)

promoter. (E) The absolute values of the expression changes in the RbT mutant MEFs versus those in Rb1+/+ MEFs from panel
D are compared. The genes at CAP-D3-occupied bidirectional promoters were significantly more misexpressed in asynchro-
nous Rb1¥t MEFs than in either of the mutant MEFs grown under serum-starved conditions. (F) Heat maps of ChIP-Seq read
abundances for histone tail modifications and RNA Pol2 in wild-type MEFs at the 1,271 1-kb promoter regions that contain a
CAP-D3 peak. Heat maps are divided into promoters on the forward strand (top) and on the reverse strand (bottom). All error

bars are =1 SEM; * P < 0.05; one-way ANOVA.
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FIG 5 Bidirectional promoters are occupied by an RB-TFIlIC-condensin Il complex. (A) RT-qPCR of Usp5/Cdca3 and
Pxmp2/Pole bidirectional genes in Rb1+/* and Rb1“t and in Rb1*/* and Rb1—/~ MEF littermate pairs (n = 5). (B)
Usp5/Cdca3 and Pxmp2/Pole bidirectional promoter locations and their respective CAP-D3 and TFIIIC ChIP-Seq reads
and peaks in both Rb7+/* and Rb1t MEFs. All scales of read buildups are set to 35. (C) RB ChIP-qPCR results from
asynchronously growing Rb1+/+, Rb1%%, and Rb1—/~ MEFs at the bidirectional promoter locations indicated (n = 5).
The Mcm3 promoter and kb —2 upstream location are used as positive and negative controls, respectively, for RB
ChIPs. (D) TFIIC ChIP-qPCR results from Rb1+/* and Rb1%* MEFs at the same bidirectional promoter locations as
described above (n = 6). (E) CAP-D3 ChIP-gPCR results from asynchronously growing Rb7+/* and Rb1~* MEFs
(n =5). All error bars are =1 SEM. * P < 0.05; determined by t test.

promoters contacted similar regions in chromosome 12, and Fig. 8C uses gray shading to
illustrate a significantly contacted region found repeatedly in wild-type cells that was lost
in all replicates of 4C-Seq in Rb1“* cells. Both Cdca3/Usp5 and Pole/Pxmp2 also gained
common interactions on chromosome 4 in Rb1~* cells (Fig. 8D). Regions of the genome
where contacts were independently lost from each viewpoint in Rb74* cells compared to
the wild type also occurred, and examples are shown in Fig. 8E and F. Collectively, these
data reveal that statistically significant interactions are found between our chosen view-
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FIG 6 Gene expression at bidirectional promoters is not altered by microtubule inhibitor-induced
aneuploidy. (A) Differences in >4N DNA content between Rb1+/* and Rb1~* MEFs and percentage of
cells in G,/M as determined by propidium iodide (PI) staining and flow cytometry (n = 6). (B) Rb71*/+
MEFs were nocodazole (noc) treated for 24 h to increase the >4N DNA and the G,/M content in wild-type
MEFs similarly to the Rb1%* MEFs and the percentage of cells in G,/M as determined by PI staining and
flow cytometry (n = 4). (C) RT-qPCR was used to quantitate the expression of genes at the bidirectional
promoters in untreated and nocodazole-treated Rb71+/+ cultures. All error bars are =1 SEM.

points and distant genome locations and that loss of these contacts is detected in chromatin
from Rb1-* cells.

In order to understand the nature of long-range interactions that include our chosen
locations, we utilized a previous 4C-Seq report that demonstrated that Hoxa10, used as
a bait, interacts with a region 70 Mb away on chromosome 6 and includes the
Cdca3/Usp5 bidirectional promoter (41). Consistent with RB-condensin Il complexes
mediating these distant contacts, our ChlP-Seq data for CAP-D3 demonstrate that it is
located at Hoxa10 and that its recruitment is diminished by the Rb1- mutation (Fig. 9A).
ChIP-gPCR further reveals that RB localization is not changed between Rb7+/* and
Rb1Yt MEFs at Hoxa10 (Fig. 9B), but both CAP-D3 and TFIIIC localization at Hoxal0 are
diminished in the Rb7%* genetic background (Fig. 9C and D). Furthermore, our 4C-Seq
data using Cdca3/Usp5 as the reference location reveals that Hoxa10 interactions were
detected in all four Rb1+/* 4C-Seq replicates but in only one in Rb1Y% cells (Fig. 9A).
These data further support the observation that defective condensin Il recruitment by
RB can impact long-range chromosome interactions. In addition, our analysis demon-
strates that Rb71-t-sensitive contacts can be detected from both chromosome locations
involved in this interaction and that RB recruits condensin Il to both sites.

Overall, chromatin conformations in Rb1~- MEFs are altered in comparison to the
wild-type state, with interactions being both gained and lost. Furthermore, our analysis
reveals changes in long-range interactions at both the Cdca3/Usp5 and Pole/Pxmp2
bidirectional promoters in Rb1“t cells rather than changes in local looping. This
confirms a role for RB and condensin Il in connecting bidirectional promoters with
distant genomic contacts.
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FIG 7 Preservation of 3C-detected chromatin loops in Rb714t cells. (A and D) CAP-D3 and CAP-H2 ChIP-Seq read tracks (EGS and
formaldehyde fixed), surrounding the Usp5/Cdca3 bidirectional promoter (A) and the Pxmp2/Pole locus (D). The read buildup scale is set
to 50. (B and E) Hindlll restriction enzyme fragments are shown as tracks in relation to the gene structure of these genomic locations. (C
and F) 3C interaction frequencies for selected Hindlll fragments (represented by dots) in the Usp5/Cdca3 and Pxmp2/Pole regions of
interest are displayed in graphical format. The dashed vertical lines relate restriction enzyme fragments to specific data points. The bait
fragments are indicated by arrows. 3C cross-linking frequencies were normalized to the Ercc3 locus (n = 4). All error bars are =1 SEM.

DISCUSSION

In order to study loss-of-function effects caused by defective condensin Il chromatin
loading in interphase, we utilized a targeted murine Rb1t mutant in which RB-
condensin |l interactions are impaired (20). Using ChIP-Seq and chromosome confor-
mation capture approaches, we demonstrate that RB organizes chromosome architec-
tural protein complexes TFIIC and condensin Il in proximal-promoter regions of genes.
In particular, bidirectional promoters are occupied by these proteins and they mediate
long-range chromosome interactions. These data suggest that RB-TFIlIC-condensin Il
occupancy of these genome locations acts as an architectural organizer that contrib-
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FIG 8 Loss of long-range chromosome contacts in Rb1t MEFs. (A) 4C-Seq was used to determine chromosomal regions
that interact with the Usp5/Cdca3 and Pxmp2/Pole promoters. Statistically significant interacting regions were determined
using w4CSeq for each of four different wild-type and Rb1%% replicates. Regions that were identified in two or more
replicates are shown as red or blue bars, and chromosome positions are shown across the top. The complete set of regions
identified in Rb7*/* and in Rb1Y* cells are labeled as “all,” while “lost” regions represent contacts identified in wild-type
MEFs but absent in Rb14% cells and “gained” regions represent novel contacts found only in Rb74% cells from that viewpoint.
(B) The numbers of 4C-Seq significant interacting regions, from panel A, found in wild-type MEFs and lost in Rb714t MEFs
(“lost”) or found in RbT“% but not in wild-type MEFS (“gained”) at the Cdca3 or the Pole viewpoints were averaged. (C)
Chromosome ideograms are used to depict regions of contact. Significantly contacting regions are represented by
horizontal bars, with the height of each bar representing the number of experimental replicates (“Reps”) containing the
interaction. An example of a lost contact that is common to Cdca3 and Pole viewpoints is shown. (D) An example of new
contacts formed in Rb7~* MEFs that are common to both viewpoints is shown. (E and F) Examples of a lost contact in Rb74%
MEFs from the Pole viewpoint (E) and from the Cdca3 viewpoint (F) are shown.

utes to expression potential for closely spaced genes (Fig. 9E). Reduction of TFIIIC and
condensin Il recruitment caused by the Rb1* allele alters long-range contacts mediated
from these locations, suggesting that altered chromosome topology may influence
these gene expression patterns. We think that condensin Il is the main contributor to
the formation of these long-range chromosome interactions, although we cannot
formally rule out that TFIIIC may play a role.

The involvement of RB in TFIIIC and condensin Il recruitment to gene promoters in
interphase may seem surprising. We note that some prior studies of mammalian
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condensin Il have utilized cell lines that are transformed by viral oncogenes that target
RB (13, 42). RB’s role in organizing long-range contacts would likely be disrupted in
these cells, or condensin Il would rely on compensatory mechanisms to load in RB's
absence. A number of previous studies have demonstrated that RB interacts with
condensin Il and that this interaction is conserved in Drosophila (28, 43). Furthermore,
TFIIC has previously been shown to bind to RB (44), indicating that these protein
complexes have been known to function together, but their role in chromosome
interactions and transcriptional control at divergent promoters was unknown (45).

The regional effects on transcript levels identified at bidirectional promoters in
Rb14*t cells demonstrate an RB-dependent effect on gene upregulation but also down-
regulation, suggesting that wild-type Rb1 positively influences gene expression in these
instances. Not only is this inconsistent with RB's historical role as a transcriptional
repressor during cell cycle arrest, but it also indicates that RB creates small regional
influences on expression akin to territories or compartments. This general organization
of gene transcription territories has been proposed in other studies (46, 47). Further-
more, recent studies of chromosome topology indicate that functional compartments
created by some long-range contacts are maintained upon degradation of CTCF or
cohesin components (8-12). Our data suggest that RB-condensin Il may contribute to
cohesin-independent contacts by providing a distinct means of linking distant chro-
mosomal regions. However, additional work will be necessary to relate RB-dependent
bidirectional promoters to chromosome topology that is organized by these other
factors.

Cancer genomic studies have revealed that RB7 deletions are preferentially enriched
in metastatic disease (48) or in acquired resistance to targeted therapeutic agents (49).
These are scenarios where deregulated proliferation has already been established and
suggest that RBT loss has additional contributions to cancer biology. DNA damage and
genome instability phenotypes in cancer cells are known to be caused by RBT loss (50).
In addition, work presented here suggests that disruption of chromosome contacts by
reduced condensin Il recruitment may have obligatory effects on gene expression
patterns during cancer progression because of its dependence on RB.

MATERIALS AND METHODS

Cell culture. MEFs were prepared and cultured from embryonic day 13.5 (E13.5) embryos according
to standard methods (51). Rb1+/+, Rb1-/=, RbI%t, E2f1+/*, and E2f1—/— MEFs were genotyped as
previously described and used by passage 4 (22).

ChlIP. Chromatin immunoprecipitation (ChIP) was conducted according to protocols adapted from a
report by Cecchini et al. (32). Briefly, asynchronously cycling cells were fixed in either 1% formaldehyde
in 1X phosphate-buffered saline (PBS) or in 2 mM ethylene glycol bis(succinimidyl succinate (EGS) in 1X
PBS, followed by 1% formaldehyde. Both fixing reactions were neutralized with 0.125M glycine.
Cross-linked chromatin was sonicated so that most chromatin was =400 bp. Sheared chromatin was then
normalized between experimental groups and precleared with protein G Dynabeads and IgG. Precleared
chromatin was then incubated with protein G Dynabeads and ChIP antibodies to immunoprecipitate
proteins. The following antibodies were used to precipitate proteins: anti-CAP-D3 (28), anti-CAP-H2
(A302-275A; Bethyl), anti-H3K27me3 (07-449; EMD Millipore), anti-RB (C-15; Santa Cruz), anti-RB (M-153;
Santa Cruz), anti-RB (M-136 [32]), anti-RB (s855 [32]), anti-RB (Hyb4.1; Developmental Studies Hybridoma
Bank), and anti-TFIIIC-220 (A301-291A; Bethyl). Cross-links were reversed at 65°C, and samples were
treated with RNase and proteinase K. DNA was isolated for qPCR and/or library preparation.

For ChIP-gPCR, the following primer pairs were used: Lmnb2-F, 5'-TCGGAGGCTCTATGGGAAAC-3’,
and Lmnb2-R, 5’-AAGGACAGTGCTTAGGGACG-3’; Cdca3-F, 5'-TCTCTCGCATCCAATGAGCG-3’, and
Cdca3-R, 5'-TACCCGCGGCGCTTTTTATT-3’; Pole-F, 5'-TCATTGGCCGAAGCCGTAG-3’, and Pole-R, 5'-TTCC
TCAGGACCATTGCGAC-3’; Mcm3-F, 5'-ATCCAGGAAGTCCAAGTAGTCTCTC-3’, and Mcm3-R, 5'-TTGAAGTG

FIG 9 Legend (Continued)
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fixed wild-type and Rb71+t MEFs displayed at the top (with the read buildup scale set to 20). 4C-Seq significant interacting regions from
individual replicates (“Reps”) of each genotype from the Cdca3 4C-Seq experiments are shown. The height of the bars indicates the number
of replicates that had significant interaction with each region of the Hoxa locus. (B) RB ChIP-qPCR results from asynchronously growing
Rb1+/+, Rb1-t, and Rb1-/~ MEFs at the indicated location in Hoxal0 (n = 4). (C) CAP-D3 ChIP-gPCR results from Rb7*/* and Rb1-t MEFs at
Hoxal0 (n = 4). (D) TFIIC ChIP-gPCR results from Rb1+/*+ and Rb1t MEFs at Hoxa10 (n = 4). All error bars are =1 SEM. % P < 0.05; determined
by t test. (E) Model of RB-TFIlIC-condensin II-mediated long-range chromosome interactions between bidirectional promoters and distant
loci. RB-TFIlIC-condensin Il assembles at both bidirectional promoters as well as at distant interacting regions such as Hoxa10, but how these

two complexes interact when forming long-range chromosome contacts is unknown.
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GTTAGCCAATCATAACG-3"; Mcm3_-2kb-F, 5'-GCCAAGGCAAAACAACAATTTCTAC-3’, and Mcm3_-2kb-R,
5'-CTATCTCTTTGATTTTGGGTGGCTG-3’;  Hist1h3b_F, 5'-GTCTGTTTGAGGACACCAACCT-3’, and
Hist1h3b_R, 5'-TTTGGGTTCCAGTTTGCACTTTG-3'; and Hoxa10_F, 5'-ACTGGGGATCTCGGTCCTAC-3/,
and Hoxal0_R, 5'-CAGATACTGGGCGGTGGTC-3'.

ChIP-Seq libraries and alignment. For ChIP-Seq, some previously published data were used for
analysis. FASTQ reads were downloaded from the following data sets: CAP-D3 (GSE55040: GSM1328449,
GSM1328450, and GSM1328448), Pol2 (GSE36027: GSM918740 and GSM918761), H3K4me1 (GSE31039:
GSM769028 and GSM769030), H3K4me3 (GSE31039: GSM769029 and GSM769030), H3K27ac (GSE29218:
GSM851277 and GSM723008), H3K27me3 (GSE77993: GSM2064311 and GSM2064301), H3K36me3
(GSE53939: GSM1303764 and GSM1303761), and H3K9me3 (GSE53939: GSM1303762 and GSM1303761)
(20, 52-54). ChIP-Seq libraries created for this study occasionally used DNA from multiple ChIP replicates
per genotype. For CAP-H2 and CAP-D3 ChlPs, 5 IP replicates were combined, and for H3K27me3 ChiPs,
2 IP replicates per library were used. ChIP libraries were sequenced using an lllumina NextSeq (high-
output, 75-cycle kit).

All FASTQ reads (both from ChIP-Seq data published for other studies and from ChIP-Seq data
obtained for this study) were aligned to mouse genome build mm9 using Bowtie2 version 2.3.0 (55).
Reads aligning to multiple locations of a particular element were distributed randomly to these positions,
while multiple reads mapping to the same location were retained as previously described (56). The
following command was used: bowtie2 -t -p 4 -D 15 -R 2 -L 32 -i 5,1,0.75 -x mm9 -U <reads> fastq -S
<output>.sam.

Peak calling and annotation. Peaks were identified using MACS version 1.4.0rc2 according to the
parameters stated below (26). The following command was used: macs14 -t <ChIP>.sam -c
<input>.sam -n <output> -g mm -B -S. For analysis of CAP-D3 localization, only peak locations that had
10 or more tags, a P value of at most 10~3, and a fold enrichment of at least 4 were used for subsequent
analyses. Reads and peak locations were visualized using Integrative Genomics Viewer (IGV) (57, 58).

Peak enrichment per genomic region was determined using CEAS and the mm9 RefSeq table
supplied with the program (27). To determine the number and significance of peaks overlapping with
other peaks or genomic elements, BEDTools was used (59, 60).

To create heat maps of reads, bamCoverage was first used to generate normalized bigWig files of
ChIP and input reads using reads per genomic content (RPGC; 1X normalization), followed by bigwig-
Compare to subtract the normalized input signal from the ChIP signal (61, 62). computeMatrix was then
used to calculate read enrichment scores at promoters with wild-type CAP-D3 peaks, and plotHeatmap
was used to plot those scores.

Functional annotation of genes of interest was performed using the Database for Annotation, Visualiza-
tion and Integrated Discovery (DAVID) (30). Genes were submitted to DAVID and analyzed using the
functional annotation tool with the following categories selected: GOTERM_BP_DIRECT, GOTERM_CC_DIRECT,
GOTERM_MF_DIRECT, UP_KEYWORDS, UP_SEQ_FEATURE, KEGG_PATHWAY, BIOCARTA, INTERPRO,
PIR_SUPERFAMILY, and SMART. Functional annotation clustering was then used to cluster all of the gene
enrichment results, with default parameters. The enrichment score for the annotation clusters represents the
geometric mean, in -log scale, of the members’ P values in each corresponding annotation cluster. Functional
annotation clusters were manually described based on their overarching theme.

Immunoprecipitation. Chromatin fractionation was conducted using methods previously reported
by Ishak et al. (53). These DNase |-prepared chromatin fractions from asynchronously cycling cells were
used for immunoprecipitation. Briefly, proteins were first precleared using protein G Dynabeads and
mouse IgG before overnight precipitation using an anti-RB antibody (clone G3-245; BD Pharmingen).
Protein G Dynabeads were added to the immunoprecipitation mixtures the next day and rocked for
another 2 h. Proteins were resolved by SDS-PAGE, followed by Western blotting using standard tech-
niques. The following antibodies were used for Western blotting: anti-CAP-D3 (28), anti-SMC2 (20), and
anti-RB (clone G3-245; BD Pharmingen).

RNA-Seq. Total RNA from proliferating MEFs was isolated using TRIzol reagent according to the
standard protocol (Invitrogen). Three Rb7*/* and Rb 1+t MEF pairs were used for this analysis. All samples
were further processed and sequenced at the London Regional Genomics Centre (Robarts Research
Institute, London, Ontario, Canada; http://www.Irgc.ca). Total RNA samples were quantified using the
Qubit 2.0 fluorometer (Thermo Fisher Scientific), and quality was assessed using the Agilent 2100
bioanalyzer (Agilent Technologies, Inc.) and the RNA 6000 nano kit (Caliper Life Sciences). They were then
processed using the ScriptSeq complete gold kit (H/M/R) (Illumina, Inc.), which includes Ribo-Zero rRNA
removal. Samples were fragmented, and cDNA was synthesized, tagged, cleaned up, and subjected to
PCR with indexed reverse primers (ScriptSeq index PCR primers) to permit equimolar pooling of samples
into one library. Samples were sequenced on an lllumina NextSeq 500 (mid-output, 150-cycle kit). FASTQ
data files were then downloaded from BaseSpace.

For alignment of reads, a STAR v2.5.0a aligner was used (63). To generate a genome index, the mm9
chromFa.tar.gz file was downloaded from UCSC to create mm9_full_genome.fa, and the following command
was used: STAR -runThreadN 4 -runMode genomeGenerate —genomeDir <STAR_genome_indices_direc-
tory> -genomeFastaFiles mm9_full_genomefa -genomeSAsparseD 2 -limitGenomeGenerateRAM
20000000000 (64). For the alignments, the following STAR command was used: STAR -runMode alignReads
—runThreadN 8 —genomeDir <STAR_genome_indices_directory> -readFilesin <reads>.fastq —sjdbGTFfile
mm9_UCSC_knownGene.gtf -sjdbOverhang 149 —sjdblnsertSave All —outSAMtype BAM Unsorted SortedBy-
Coordinate -outFileNamePrefix <output> -outReadsUnmapped Fastx —outMultimapperOrder Random
—outSAMattributes NH HI AS NM XS -outWigType wiggle. StringTie v1.3.2 was then used to assemble
RNA-Seq alignments into potential transcripts with the following command: stringtie <STAR_
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aligned_sample>.sortedByCoord.outbam -o <output>.gtf -p 4 -G mm9_UCSC_knownGenegtf -A
<output>_gene_abund.tab -B -e (65). The prepDE.py script provided with StringTie was then utilized to
extract read count information from the generated files, and DESeq2 was used to determine differential gene
expression between Rb1+/+ and Rb14* genotypes. When overall gene expression was analyzed, all normalized
transcript read counts from DESeq2 were summed for each gene and the average results for the three Rb74¢
MEF preparations were compared to the average results for three wild-type MEFs. Genes from bidirectional
promoters that had normalized read counts of less than 1 for any of the samples were excluded from heat
maps of data, which were created using matrix2png (66).

Expression microarray analysis. Total RNA from proliferating MEFs was isolated using TRIzol
reagent according to the standard protocol (Invitrogen). Samples were labeled and processed for
GeneChips at the London Regional Genomics Centre (Robarts Research Institute, London, Ontario,
Canada). Three Rb1+/* and Rb1“t MEF pairs were used with biotin end-labeled single-strand cDNA with
the Affymetrix GeneChip WT Plus reagent kit. A 5.5-ug amount of end-labeled cDNA was hybridized for
16 h at 45°C on GeneChip mouse gene 1.0 ST arrays that were subsequently washed, stained by a
GeneChip fluidics station 450, and scanned using the Affymetrix GeneChip scanner 3000 7G using
Command Console v3.2.4. Robust multiarray average (RMA) expression values derived from CEL files
were log transformed prior to analysis of variance (ANOVA) using the Partek Genomics Suite. Annotations
were derived from Affymetrix MoGene-1_0-st-v1 transcript cluster annotations, CSV, release 32. Heat
maps of expression values were created using matrix2png (66).

Data from expression microarray experiments for serum-starved MEFs can be found in GEO under the
following accession numbers: GSE85638, Rb1-t versus the wild type, and GSE54924, Rb1/C versus the
wild type.

Comparison of transcriptome analysis and ChIP-Seq data. To compare CAP-D3 ChIP-Seq binding
sites to changes in transcription, BETA was used (31). First, RNA-Seq data were converted to BETA-specific
format (BSF) with the fold change values being reported as wild type versus Rb14* so that expression
changes when CAP-D3 could bind were highlighted. The expression data were then compared to the
filtered list of high-confidence CAP-D3 peaks (see above) using BETA, taking into account CTCF binding
sites using the following command: BETA plus -p <CAP-D3_peaks>.bed -e <expression_changes>.txt
-k BSF —bl -g mm9 -gs mm9.fa -n <output>.

qRT-PCR analysis of expression. Total RNA from proliferating MEFs was isolated using TRIzol reagent
according to the standard protocol (Invitrogen). First-strand cDNA synthesis was performed using random
primers, RNaseOUT, and SuperScript Il reverse transcriptase according to manufacturer’s instructions (Invit-
rogen). Isolated cDNA was used in qRT-PCRs with iQ SYBR green supermix (Bio-Rad) with the following
primers: Cdca3_exp_F, 5’-GTAGCAGACCCTCGTTCACC-3’; Cdca3_exp_R, 5'-ATTCCGACGCTTCTGTCTCC-3';
Usp5_exp_F, 5'-ATGGCGGAGCTGAGTGAAGA-3’; Usp5_exp_R, 5'-ATAGAGGCCACCCTCAGACT-3'; Pole_
exp_F, 5'-GAGAAGGTGCCTGTGGAACA-3’; Pole_exp_R, 5'-GCTGTAGGCGGTTGGTAAGA-3’; Pxmp2_exp_F, 5'-
GACTGCCTAGCTGTTGGGTG-3'; Pxmp2_exp_R, 5'-CCAAGGGCTGACAAAATGCC-3’; GAPDH_exp_F, 5'-GCACA
GTCAAGGCCGAGAAT-3’; and GAPDH_exp_R, 5'-GCCTTCTCCATGGTGGTGAA-3'. Resulting target quantifica-
tion cycle (C,) values were normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and then
expressed as a fold change relative to the mean for the global wild type.

Flow cytometry. Cells were plated on 10-cm plates at a density of 900,000 cells per plate.
Approximately 24 h later, cells were pulsed with BrdU for a duration of 2 h. Cell cycle analysis was then
carried out as previously described (67).

Nocodazole treatment. Cells were plated on 10-cm plates at a density of 900,000 cells per plate or
on 6-cm plates at a density of 300,000 cells per plate. Approximately 24 h after seeding, cell medium was
replaced with standard culture medium containing either dimethyl sulfoxide (DMSO) only (control) or
20 ng/ml nocodazole. One day after treatment with nocodazole, the cells were processed for flow
cytometry and qRT-PCR expression analysis (see above).

3C analysis. Chromosome conformation capture (3C) analysis was conducted according to protocols
adapted from a report by Hagége et al. (68). Briefly, cells were trypsinized, centrifuged, and resuspended to
make a single-cell suspension, followed with cross-linking in 1% formaldehyde-10% FCS/PBS. The reactions
were quenched with glycine, and the cells were then pelleted and lysed in 5ml cold lysis buffer (50 mM
Tris-HCI [pH 7.5], 150 mM NacCl, 5 mM EDTA, 0.5% NP-40, 1% Triton X-100, and protease inhibitors). Samples
were digested with Hindlll, ligated using T4 DNA ligase, and treated with proteinase K, and cross-links were
reversed at 65°C. Samples were then treated with RNase A, followed by phenol-chloroform purification. 3C
samples were digested with a second restriction enzyme, EcoRI, to help minimize potential PCR biases
resulting from limited template accessibility. The resulting final 3C products were quantified in triplicate by
quantitative TagMan real-time PCR after 3C DNA was normalized to a final concentration of 50 ng/pul. Bacterial
artificial chromosomes (BACs), clones RP23-333M22 and RP23-55K5, containing the Pxmp2/Pole and Cdca3/
Usp5 bidirectional promoters of interest, respectively, were used as control templates. To generate random
ligation products of Hindlll fragments at the regions of interest, BACs were individually digested with Hindlll,
ligated, and digested again with EcoRI. This ligated BAC DNA was serially diluted and used to generate
standard curves in each gqPCR run for each primer pair to which all 3C products were normalized. The 3C
signals at each locus were further normalized to those from a control locus, ERCC3, with primers and a probe
described previously (69). Probe and primer sequences are as follows (primer names correspond to approx-
imate position [in kb] relative to bidirectional promoters): Cdca3_const, 5'-TAGAGCAAAGCTACACCGGG-3;
Cdca3_Probe, 5'-FAM-AGAGAGATCTATCCAGGTCTCACAGGCCC-TAMRA-3’; Cdca3_-93, 5'-GACCACTGCGAGA
CGGAAG-3'; Cdca3_-73, 5'-CCCCAGATACACTCAATCCCTG-3'; Cdca3_-57, 5’-CCTCTCCCCTCCTTTCTTCC-3';
Cdca3_-45, 5'-TACAGATGGTTGCGAGGCAC-3'; Cdca3_-33, 5'-GCTGGGAGGATGAGAAAAATGAC-3'; Cdca3_-
13, 5'-ATCCAGAGATTCACGCTTGCT-3’; Cdca3_+1, 5'-CCTGGAGGAGGCCATTCAAG-3’; Cdca3_+8, 5'-CCAAG
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TCTACCATCTCGGGG-3'; Cdca3_+9, 5'-TTGGGTGACTGAGATAGCCC-3'; Cdca3_+37, 5'-CCTGGCACACAGCAA
GC-3'; Cdca3_+48, 5'-ACCAGAACAGACATCTCAAGTAACA-3'; Cdca3_+57, 5'-TGCATAGCGATGGGTTTCACA-
3’y Cdca3_+59, 5'-TGGCCAGAATGACTGCAAAGAA-3’; (Cdca3_+63, 5'-CCCTCTCCCAGGGTAAAGC-3';
Cdca3_+64, 5'-GTTCCAGAACTTTCCTCTCTTTGC-3'; Cdca3_+69, 5'-GAGGCATGCCACGTAAGC-3'; Cdca3_+70,
5'-CCCGCAGGAGAGGGACTAAA-3'; Cdca3_+71, 5'-TCGGAATTTGCTCCCAGAGTC-3’; Cdca3_+79, 5'-GTGGG
GACAGTAGAGGAAGC-3'; Cdca3_+80, 5'-GCTGAGCCCAGTGGAAAG-3'; Cdca3_+88, 5-GGCTCTGTTTACCAC
AACTGTC-3'; Cdca3_+96, 5'-AGAAGCTGACTTGGGCTACAT-3'; Cdca3_+123, 5'-GTCTAACGGGTTGGTAGAGT
GG-3'; Cdca3_+127, 5'-ACATAATAACACCAGGGGCCG-3'; Cdca3_+129, 5-CACTGACTGACGCACAGAAGAA-
3’; Pole_const, 5'-GGTGTCCTGCTGCCAAGG-3’; Pole_Probe, 5'-FAM-TGCTCCGGCCGCGGCTAC-TAMRA-3';
Pole_-30, 5'-ACAGCCAGAACTACACAGAGG-3'; Pole_-25, 5'-ACTGTTGTGGACTGATGCTTAGAA-3’; Pole_-24, 5'-
TGCCCTTGTCTGAAGTCTGC-3'; Pole_-23, 5'-CTCAGGAGACAGGCAAGCTAA-3’; Pole_-6, 5'-ATGGCAATCACAG
GCACAAG-3’; Pole_-5, 5'-CTGTCCTCATCTGTGCCCTC-3'; Pole_-4, 5'-TGCCAAAGTATGGGGGATGTG-3';
Pole_+3, 5'-TTCCTCGGTGGGCATTCTTC-3'; Pole_+5, 5'-AGAAGATTGTGATCAGTGTTTCTGA-3'; Pole_+11, 5'-
CTTGTTGAACTCCTGCTCTTGC-3'; Pole_+18, 5'-CTAATGGAACCGAGGAGCCG-3'; Pole_+28, 5'-GCAATACACA
AACGCTCTTGGTC-3'; Pole_+32, 5'-AGCCAGACCAACCACTCTTC-3'; Pole_+36, 5'-TGAGAGTTGTCCTGTATGGA
ACG-3’; Pole_+50, 5'-AAAATGCCCACCTTGCTGTG-3'; Pole_+62, 5'-TTCAGGGTTCTCTCTTTGGGAGTG-3';
Pole_+66, 5'-GTGTTCTTCCTGTGTATATACTTGC-3’; Pole_+77, 5'-CTCCCTTAAGTTTGTCGGGCT-3’; Pole_+82,
5'-TGGAGGAATGTGACTGGGGA-3'; Pole_+84, 5'-CTGGGCGCTTGGAGGTTTTAC-3'; Pole_+101, 5'-TTGAAGCC
TAGGTGGGAGTCTT-3'; Pole_+104, 5'-ACAGGAGAGAGGCAGGTATGTC-3’; ERCC3_1, 5'-GCCCTCCCTGAAAAT
AAGGA-3'; ERCC3_2, 5'-GACTTCTCACCTGGGCCTACA-3'; and ERCC3_Probe, 5'-FAM-AAAGCTTGCACCCTGCT
TTAGTGGCC-TAMRA-3'.

4C-Seq. Samples were fixed, digested with Hindlll, and ligated, and cross-links were reversed as
detailed in the 3C protocol above. To generate circularized chromosome conformation capture (4C)
products, 3C products were processed according to protocols adapted from a report by Splinter et al.
(70). Briefly, 3C products were digested with Nlalll, ligated with T4 DNA ligase, and purified. Primers were
designed for the bidirectional promoters of interest for inverse PCRs. For lllumina sequencing, all reading
primers started with an lllumina read adapter sequence, 5'-AATGATACGGCGACCACCGAGATCTACACAC
ACTCTTTCCCTACACGACGCTCTTCCGATCT-3’, followed by a unique tag that was 0 to 3 nucleotides in
length. These tags were unique to each sample and were used both to ensure that the nucleotide
content for every cycle of sequencing was not the same (despite the use of the same primer sequence
for all samples at the same viewpoint) and to pool multiple samples together. After the tag, the reading
primers contained sequence unique to the viewpoint of interest, as close as possible to the Hindlll
digestion site. For the Pole/Pxmp2 bidirectional promoter, this sequence was 5'-GATTCACTCCAAACTCC
ACAAAA-3’, and for the Cdca3/Usp5 bidirectional promoter, it was 5'-AGCAAGAGAGTGTAGCTAAG-3'. For
the reverse sequencing primers for these viewpoints, the primers again started with an lllumina adapter
sequence, 5'-CAAGCAGAAGACGGCATACGAGAT-3’, followed by a sequence unique to the viewpoint of
interest, close to the Nlalll restriction sites. For the Pole/Pxmp2 bidirectional promoter, this sequence was
5'-TCCAAAGGATATATGAGGTTCG-3’, and for the Cdca3/Usp5 bidirectional promoter, it was 5'-GTCTGA
CTTGCAGTTTTCAG-3'. 4C product for sequencing was then prepared using Expand long template
polymerase (Roche) and 3.2 pg of 4C template split between 16 PCRs. PCRs were pooled after completion
and purified. 4C PCR products were then pooled in an equimolar fashion into one library and sequenced
on an lllumina NextSeq (midoutput, 150-cycle kit).

Sequence reads were first trimmed to 20 bp total after the primer and bait sequence (excluding the Hindlll
site) using the FASTQ trimmer from the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). w4CSeq was
then used to identify 4C sites and statistically significant regions and to look at intra- and interchromo-
somal interactions (40). For this analysis, the mm9 genome was used, a total of 500 enzyme sites was
selected as the bin size for trans chromosomes (size_inter), a total of 100 enzyme sites was selected as
the bin size for cis chromosomes (size_intra), a total of 3,000 enzyme sites was selected as the
background window size for the cis chromosome (window_intra), and 0.05 was used as the false
discovery rate (FDR) threshold. To compare the similarities of significant interacting regions, BEDTools
Jaccard was used (59, 60). BEDTools merge was used to combine the significant interacting regions from
each replicate for each viewpoint, and BEDTools intersect was run to determine the merged regions that
were the same between genotypes.

Data availability. Data from RNA-Seq, ChIP-Seq, 4C-Seq, and expression microarrays that have
not been published previously have been deposited in the GEO database (accession number
GSE125149).
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