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ABSTRACT
Gene amplification is a hallmark of cancer with chromosomal instability although the underlying mechanism by which altered copy numbers are maintained
is largely unclear. Cohesin, involved in sister chromatid cohesion, DNA repair, cell cycle progression
and transcriptional regulation of key developmental
genes, is frequently overexpressed in human cancer. Here we show that cohesin-dependent change
in DNA replication controls the copy numbers of amplified genes in cancer cells with chromosomal instability. We found that the down-regulation of elevated cohesin leads to copy number-associated gene
expression changes without disturbing chromosomal segregation. Highly amplified genes form typical long-range chromatin interactions, which are stabilized by enriched cohesin. The spatial proximities
among cohesin binding sites within amplified genes
are decreased by RAD21-knockdown, resulting in
the rapid decline of amplified gene expression. After several passages, cohesin depletion inhibits DNA
replication initiation by reducing the recruitment of
pre-replication complexes such as minichromosome
maintenance subunits 7 (MCM7), DNA polymerase ␣,
and CDC45 at replication origins near the amplified
regions, and as a result, decreases the DNA copy
numbers of highly amplified genes. Collectively, our
data demonstrate that cohesin-mediated chromatin
organization and DNA replication are important for

* To
†

stabilizing gene amplification in cancer cells with
chromosomal instability.
INTRODUCTION
In order to maintain genome integrity, genetic and epigenetic alteration is strictly regulated during mammalian
development (1). However, genomic instability, including
deletion/insertion, alternations in chromosome number,
chromosome translocations and gene amplifications, is frequently observed in human cancer (2). The continuous accumulation of genomic instability leads to an imbalance
in aneuploidy, an increased rate of loss-of-heterozygosity
and gains or losses of whole or partial chromosomes that
is called chromosomal instability (CIN) (2,3).
Gene amplification, which is observed in many types of
cancer with CIN (4), drives tumor progression by increasing the expression of oncogenes such as c-Myc, HER2 and
EGFR (5). The extra copies of amplified DNA in human
cancers can be organized as cytologically visible homogeneously staining regions (HSRs) and extrachromosomal
double minutes (DMs) (4). DMs, an autonomously replicating extrachromosomal circular DNA, can be initiated by somatic genome rearrangement through DNA breakage and
repair processes (called the breakage-fusion-bridge (BFB)
cycle) in human cancers (6,7). The creation of DNA double strand breaks (DSBs) followed by replication stress and
fusion of chromosome ends results in an unstable dicentric
chromosome, which leads to the accumulation of additional
DNA breaks (7,8). Thus, continuous DSBs formation and
subsequent inaccurate DNA repair may provoke the amplification of DMs near the breakage sites (4,9). DMs are delivered to the daughter cell by attaching to the mitotic chromosome during mitosis (7). In addition, DMs can be inte-
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MATERIALS AND METHODS
Patient tissues, cell culture, virus production, transduction
and cell-growth inhibition assay
Twenty four human gastric tumor tissues and the matched
normal tissues were obtained from the Tissue Bank of Seoul
National University Hospital. The study protocol was reviewed and approved by the institutional review board
of Seoul National University Hospital. Four CIN+ cell
types (SNU16, N87, COLO 320-HSR and COLO 320DM) with multiple chromosomal structure changes and
three CIN− cancer-cell types (HCT116, LoVo and HepG2
cells; diploid/near-diploid karyotype with a few structural
alterations) were obtained from American Tissue Culture
Collection or the Korean Cell Line Bank and have not
been cultured for longer than 6 months. Cells were cultured in DMEM or RPMI 1640 supplemented with 10%
fetal bovine serum and gentamicin (10 g/ml) at 37 ◦ C

in a 5% CO2 -humidified atmosphere (7,15,26–29). Control and RAD21-directed TRC lentiviral shRNAs were purchased from Open Biosystems. Lentiviruses were produced
by transducing 293FT cells with shRNA using a Virapower
packaging mix (Invitrogen) as previously described (30).
The viruses were harvested from the media on day 3 by centrifugation, and cells were then incubated with viral supernatant in the presence of 6 g/ml polybrene (Sigma). After 2 days of incubation, the transduced cells were cultured
in the presence of 1 g/ml puromycin (Sigma) for another
3 days before collection as previously described (17). Silencing was confirmed by western blot analysis and qPCR.
To generate stably transfected cells, several single colonies
were isolated and independently expanded in the presence
of puromycin as previously described (30). Flow cytometry
was performed as previously described (17). Cell-growth inhibition was measured by an MTT assay as previously described (31).
Reverse transcription and western blot analysis
Two g total RNA was reverse transcribed with random
hexamers as previously described (22,32). Whole cell extracts were prepared, and western blot analysis was performed as previously described (31).
Array-comparative genome hybridization (array-CGH) analysis
Genomic DNA from cells was analyzed by array-CGH
(33) using a 2 × 400K oligonucleotide microarray (Agilent
Technologies) according to the manufacturer’s recommendations as previously described (34). Test DNA (2 g) and
reference DNA (2 g) was digested with AluI and RsaI
(Promega). The digested test DNA and reference DNA
were labeled with cyanine (Cy) 3-deoxyuridine triphosphate
(dUTP) or Cy5-dUTP, respectively, using an Agilent Genomic DNA Labeling Kit PLUS (Agilent). The individually
labeled test and reference samples were then purified using
Microcon YM-30 filters (Millipore, Billerica, MA). Following purification, the Cy3-labeled test DNA and Cy5-labeled
reference DNA were mixed together and combined with
2× hybridization buffer (Agilent), 10× blocking agent (Agilent) and human Cot-1 DNA (Invitrogen). The hybridization mixture was slowly dispensed onto a microarray chip
and assembled with an Agilent SureHyb chamber (Agilent).
The assembled slide chamber (Agilent) was placed in the rotator rack in a hybridization oven for 40 h at 65◦ C with suitable rotation. Hybridization was followed by two washes
with Washing Buffer 1 and Washing Buffer 2 (Agilent) according to the manufacturer’s instructions. After washing,
all microarray slides were scanned with an Agilent Microarray Scanner G2505C at a 5-m resolution. Captured images
were transformed into data with Feature Extraction Software, version 10.7 (Agilent), and then imported into Agilent CGH Analytics 5.0.14 software for evaluation. From
the array-CGH data, we subtracted the background intensity from the total spot intensity. To remove systematic bias
of the chip, within-slide normalization was performed using Lowess normalization for log2 transformed data. Copy
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grated into the chromosome arm, followed by repeated initiation of BFB cycle triggered by site-specific DSBs, finally
leading to HSRs formation (7,10). However, the molecular
mechanisms responsible for maintaining gene amplification
in human cancers are not completely understood yet. Since
gene amplification not only confers a selective advantage
during tumor development but also minimizes sensitivity to
anti-cancer drugs (11), therefore, understanding the maintenance processes operating for amplified genes may provide an opportunity to overcome drug resistance caused by
oncogene amplification (9,11).
Cohesin is composed of four major core subunits: SMC1,
SMC3, RAD21 and SCC3 (12). This complex was originally found to be involved in sister chromatid cohesion,
DNA repair and cell cycle progression (13,14). Thus, mutational inactivation of the cohesin complex causes CIN and
aneuploidy in human cancer cells due to improper chromosome segregation fidelity (15,16). In addition to its major influence on sister-chromatid cohesion and DNA repair,
the cohesin complex affects gene transcription by facilitating long-range interactions among members of many developmentally regulated gene families (17–22). Interestingly,
aberrant expression of cohesin components is also present
in many human cancers (23). The recent discovery that the
overexpression of cohesin components confers poor prognosis and resistance to chemotherapy in breast and colorectal cancers (24,25) raises the possibility that the elevated cohesin level is essential for tumorigenesis (23). However, it
is not yet clear if enhanced expression of cohesin can contribute to the gene amplification process.
In the present investigation, we comprehensively evaluated the effects of cohesin reduction on gene amplification. We found that the down-regulation of elevated cohesin
abolishes long-range chromatin interactions of highly amplified genes with a concurrent reduction of transcription
in human gastric cancer cells. Moreover, reduction of cohesin appears to de-stabilize high-level gene amplifications
by disrupting the recruitment of pre-replication complex to
the near amplified genes in chromosomally unstable cancer cells, thereby reducing DNA copy-number of amplified
genes.
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number data for the target and control samples were manually inspected. Probe-level data were segmented using the
circular binary segmentation method (35) to detect statistically significant CNA values. Copy number gain or loss
beyond log2 (RAD21-shRNA/control-shRNA) ± 0.3 was
cataloged for each sample. All calculations were performed
using R.

were labeled with MacProbeTM solution (Macrogen). The
slides and probes were denatured at 75◦ C for 2 min and hybridized overnight at 37◦ C. Post-hybridization washes were
conducted according to the manufacturer’s protocol.

Paired-end transcriptome analysis

ChIP assays were performed as previously described
(22,30). qPCR using SYBR Green (Molecular Probes)
was performed to observe enriched DNA or cDNA using
StepOnePlus (Applied Biosystems) as previously described
(32). The enrichment of target DNA over the input was calculated using the Ct method, and the results were presented as the mean ± SEM (17,30,39). The PCR primers
used for the ChIP and qPCR assays are available upon request.

CNV assay
Cells and human primary gastric cancer tissues and
matched normal samples were assayed for gene copy
number using TaqMan Gene Copy Number Assays (38).
Each probe was designed based on a genomic sequence
(Homo sapiens.GRCh37/hg19) using Applied Biosystems
proprietary software. Each assay was run as a TaqMan realtime PCR reaction in triplicate, using an FAM dye-based
assay targeted to 11p13 and a VIC dye-based assay for the
reference gene, RNase P (PN 4316844 from Applied Biosystems). Each 20 l PCR reaction contained 20 ng gDNA
and TaqMan probe/primer mix in TaqMan Universal Master Mix, and was amplified using StepOnePlus (Applied
Biosystems). Cycling conditions were 2 min at 50◦ C and 10
min at 95◦ C, followed by 40 cycles of 15 s at 92◦ C and 60 s
at 60◦ C. Real-time data were collected by CopyCaller v2.0
software. This method involved the relative quantification
of the test sequence versus a reference gene known to have
two copies per diploid genome. Relative quantity was determined using the Ct [(FAM Ct – VIC Ct) sample – (FAM
Ct – VIC Ct) calibrator] method (17) in which a reference
sample or calibrator known to have two copies of the test
sequence is used as the basis for comparison.

Chromosome conformation capture (3C) assay
A 3C assay was performed as previously described
(22,40,41) with minor modification. Briefly, chromatin
crosslinked in 1% formaldehyde was digested with 1000 U
of EcoRI (NEB) overnight followed by ligation with 2000
U of T4 DNA ligase (NEB) at 16◦ C for 4 h. Crosslinking
was reversed, and the DNA was then purified by phenol extraction and ethanol precipitation as previously described
(30). To generate control templates for the positive controls,
equimolar amounts of the different BAC clones were mixed
and digested with 200 U of EcoRI overnight at 37◦ C as previously described (42). After phenol extraction and ethanol
precipitation, DNA fragments (200 ng/l) were ligated with
T4 DNA ligase. Digestion efficiency was calculated as previously described (43) and samples with efficiencies greater
than 90% were used for the 3C assays. Crosslinking frequency and ligation efficiencies between different samples
were normalized relative to the ligation frequency of two
adjacent EcoRI fragments in the CalR gene (41). Quantitation of the data was performed by qPCR using SYBR Green
(Molecular Probe).
Antibodies
Antibodies specific for the following factors were used
in this study: c-Myc (SC-40), normal rabbit IgG (SC2027), CDC45 (SC-20685) and RNA pol II (SC-899) from
Santa Cruz Biotechnology; RAD21 (ab992) and DNA
Pol ␣ (ab31777) from AbCam, and CTCF (07–729) from
Millipore. Anti-CD44 antibody (5640S) and anti-MCM7
(3735S) was purchased from Cell Signaling Technology.
Anti-SMC1 antibody (A300–055A) was from Bethyl Lab.
Immunofluorecsence analysis

Fluorescent in situ hybridization (FISH)
Cells were fixed with Carnoy’s solution on slides and then
dried. The cells were then covered with 10 l dual hybridization mixture containing a pair of painting probes and labeled with two different fluorochromes. The painting probes

Cells were seeded on 0.01% poly-L-lysine (Sigma-Aldrich)coated coverslips. Next day, the coverslips were rinsed once
in PBS (37◦ C), fixed in 4% formaldehyde for 15 min, permeabilized with 0.5% Triton X-100 for 5 min and then incubated with primary antibody for 1 h at RT. The primary
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Sequencing libraries were generated according to the standard protocol of Illumina Inc. for high-throughput sequencing. The transcriptome was then sequenced using
a Genome Analyzer IIx (Illumina Inc.) as previously described (34). We mapped 101-bp sequenced fragments to
the human genome using TopHat2.0.8, which can allow
up to two mismatches with the references. Sequenced reads
were aligned to human transcript reference sequences from
the UCSC database (Homo sapiens.GRCh37/hg19) for expression analysis at the gene/transcript levels (36). We use
the DEGseq R package program to detect differential expression mainly because this software supports an experimental design between two samples without multiple technical replicates (37). We identified differentially expressed
genes (DEGs) according to the overall differential expression from the DEGseq analysis with FDR < 0.001. The
genes with FDRs of less than 0.05 and normalized fold
change values greater than 2 were shown in Supplementary
Figure S6B.

Chromatin immunoprecipitation (ChIP) assay and quantitative real-time PCR (qPCR)
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antibodies used in this study were rabbit polyclonal antiMCM7 and anti-RAD21 at a dilution of 1:100. The coverslips were rinsed three times with PBS, followed by incubation with the appropriate fluorophore-conjugated secondary antibody (Invitrogen) for 1 h at RT. The cells were
counterstained with 4 ,6-diamidino-2-phenylindole (DAPI;
300 nmol/L; Invitrogen) and the coverslips were mounted
on slides using Faramount aqueous mounting medium
(DAKO).
RESULTS
Reduction of cohesin induces neither mitotic arrest nor defective chromosomal segregation in SNU16 cells

Reduction of cohesin coordinately leads to copy numberassociated gene expression changes in SNU16 cells
To directly assess the influence of cohesin depletion
on gene amplification, we systematically identified copynumber changes in RAD21-KD SNU16 cells. Using arrayCGH analysis (34), we found that genome-wide copynumber alterations were observed in RAD21-KD SNU16
cells compared to the control GFP-shRNA expressing
SNU16 cells (Supplementary Figure S1B). To further determine whether DNA copy-number alterations produce
corresponding changes in gene expression, copy numberassociated gene expression alterations were monitored in
RAD21-KD SNU16 cells. First, to assess the transcriptional impact of cohesin reduction, we carried out pairedend transcriptome analysis (34) from the control GFP-KD
or RAD21-KD SNU16 cells and identified global gene
expression changes in RAD21-KD SNU16 cells (Supplementary Figure S4). Next, genome-wide array-CGH data
and transcriptional profiles were integrated to search for

Cohesin-mediated
long-range
chromatin
interactions is required for transcriptional efficiency of the
APIP/PDHX/CD44 locus in SNU16 cells
In order to investigate whether cohesin can directly regulate the expression of amplified genes, we evaluated the
highly amplified APIP/PDHX/CD44 locus in SNU16
cells. APIP/PDHX/CD44 locus, whose expression was
responsive to RAD21-KD, are localized within 500 kb
in chromosome 11 (Figure 2A and B). Since CTCF
plays important role in cohesin positioning on chromatin (44), we determined whether CTCF is present at
the APIP/PDHX/CD44 locus. A UCSC Genome Bioinformatics database (http://genome.ucsc.edu/) search for
CTCF binding motifs across the APIP/PDHX/CD44 locus revealed numerous putative candidate sites (Figure 2A).
Chromatin immunoprecipitation (ChIP) assays showed
that CTCF binds within the APIP/PDHX/CD44 locus in
SNU16 cells (Figure 2C). Each value was normalized with
gene copy number to determine the correct signal per region (data not shown). Prominent bindings of RAD21 and
SMC1, two members of the cohesin complex (12), were colocalized with CTCF in SNU16 cells (Figure 2D and E),
suggesting that APIP/PDHX/CD44 locus is a natural target of the CTCF and cohesin complex.
Increasing evidence has recently indicated that cohesin, along with CTCF, mediates high-order chromatin
structures among CTCF/cohesin binding sites for the
transcriptional regulation of many developmentally regulated gene families (17–20,22). To test whether the
APIP/PDHX/CD44 locus forms typical long-range chromatin interactions through cohesin binding, we carried
out a chromosome conformation capture (3C) analysis
(40) to assess the proximity of chromatin across the
APIP/PDHX/CD44 locus. Because high levels of cohesin
occupancy is apparent in the CTCF/cohesin binding site
at the 3 end of CD44 in SNU16 cells (amplicon 11 in Figure 2D), the EcoRI restriction fragment containing this region was used as an anchor primer. The 3 end of CD44 was
found to strongly interact with the CTCF/cohesin binding
sites within the coding region of APIP, the 3 end of PDHX
and the promoter region of CD44 in SNU16 cells (blue line,
Figure 2F). When we used primers complementary to the 3
end of PDHX as anchors (amplicon 7 in Figure 2D), we also
found strong interactions between PDHX and both APIP
and CD44 in SNU16 cells (blue line, Figure 2G), suggesting
that the APIP/PDHX/CD44 locus has a high-order chromosome architecture in SNU16 cells.
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First, to explore if elevated cohesin level is required to maintain gene amplification, we stably reduced the expression
of cohesin by RAD21-knockdown (KD) in SNU16 human
gastric cancer cells with multiple chromosomal instability
(CIN+ ) (Supplementary Figure S1A) (27,29). RAD21 is a
core subunits of the cohesin complex (12). Two different
RAD21-directed shRNAs reduced RAD21 expression with
a similar efficiency, thus decreasing RAD21 mRNA and
protein levels by approximately 90% in SNU16 cells (Figure 1A and B). In contrast, the levels of CTCF, which position cohesin on its site (44), were not affected in RAD21KD SNU16 cells (Figure 1A and B). Using FACS analysis
we observed that stable RAD21-KD SNU16 cells seemed
to exit mitosis, and then divided and survived well without pronounced cell death (Figure 1C). Moreover, following treatment with nocodazol, a microtubule polymerization inhibitor (16), we also found that stable RAD21-KD
does not induce aberrant sister chromatid separation (Figure 1D and E). Collectively, we conclude that the stable
down-regulation of cohesin by RAD21-KD induces neither
mitotic arrest nor defective chromosomal segregation during mitosis and meiosis in SNU16 cells with CIN+ . We obtained similar results in three CIN+ (N87, COLO 320-HSR
and COLO 320-DM) (7) and three cancer cells with stable
chromosomes (CIN− ) (HCT116, LoVo and HepG2) (Supplementary Figure S2 and S3) (15,16,26).

candidate target genes with concomitantly altered DNA
copy numbers and gene expression levels following cohesin reduction (data not shown). By matching differentially expressed genes to the corresponding copy-number,
we identified six segment regions, including the WDR11
and APIP/PDHX/CD44 locus (see below), in which altered
expression significantly correlated with changes in DNA
copy-number (Supplementary Table S1). Taken together,
our results suggest that reduction of cohesin by RAD21KD coordinately lead to copy number-associated gene expression alterations in SNU16 cells.
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Figure 1. Stable down-regulation of cohesin does not led to mitotic arrest or the development of chromosomal segregation defect in SNU16 cells. (A,
B) SNU16 cells were stably transduced with control GFP-shRNA or two different RAD21-shRNAs (R#35 and R#98). (A) Western blot analysis was
performed with the indicated antibodies on day 60 after RAD21-KD in SNU16 cells. ␣-tubulin served as a loading control. (B) RAD21 or CTCF mRNA
expression was analyzed by qRT-PCR on day 60 after RAD21-KD in SNU16 cells. Each value was normalized to that of 18S ribosomal RNA relative to
the control GFP-shRNA expressing SNU16 cells. Error bars represent the SD, n = 3 biological replicates from independent viral transduction. *P < 0.01;
Student’s t test. (C) SNU16 cells were stained with propidium iodide at the day 5, 30 and 60 after RAD21-KD, and then subjected to FACS analysis. The
percentage of cells in the Sub G1, G1, S and G2/M phases are shown. (Mean ± SD, n = 3 biological replicates). (D) A metaphase chromosome spread was
prepared by treatment with nocodazol, a microtubule polymerization inhibitor (16), at the day 5, 30 and 60 after RAD21-KD in SNU16 cells and then
cells were stained with DAPI. Scale bar = 15 m. (E) The total chromosome numbers of the control GFP-KD or RAD21-KD SNU16 cells populations
were counted at the day 5, 30 and 60 after three independent viral transduction procedures. Fifty mitotic spreads were evaluated for each sample (± SD).
Representative FISH images are shown in (D).
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Figure 2. Reduction of cohesin leads to transcriptional inefficiency of the APIP/PDHX/CD44 locus in SNU16 cells. (A) The APIP/PDHX/CD44 locus at
chromosome 11p13 is illustrated to scale. The location of putative CTCF/cohesin binding sites and the primer pairs used for qPCR are shown with names
below. (B) APIP and CD44 expression was measured by qRT-PCR on day 60 after RAD21-KD in SNU16 cells. Each value was normalized to that of 18S
ribosomal RNA relative to the control GFP-KD cells. (Mean ± SD, n = 3 biological replicates. *P < 0.01; **P < 0.05). (C–E) A ChIP assay was carried
out with the control GFP-KD (blue bar) or RAD21-KD SNU16 cells (R#35; red bar) on day 60 after lentivial transduction using antibodies against to
(C) CTCF, (D) RAD21, and (E) SMC1. The enrichment of target DNA over the input was calculated using the Ct method (17). 3 HS1 (amplicon 12)
of the human β-globin locus and Necdin (amplicon 13) served as positive and negative controls, respectively, for CTCF/RAD21 binding (17). (Mean ±
SEM, n = 3 biological replicates). (F, G) Relative crosslinking frequencies among CTCF/RAD21 binding sites within the APIP/PDHX/CD44 locus were
measured with a 3C assay in the control GFP-KD (blue line) or RAD21-KD SNU16 cells (red line) on day 60 after lentivial transduction. The EcoRI
restriction fragments in the APIP/PDHX/CD44 locus appear as gray shaded bars. Black shading indicates the anchor fragment of (F) the 3 end of CD44
and (G) the 3 end of PDHX. Each value was normalized to the crosslinking frequency at the CalR gene and the total DNA copy numbers to determine
the correct signal per region (41). The maximum crosslinking frequency was set to 1. (Mean ± SEM, n = 3 biological replicates).
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Copy-numbers of amplified APIP/PDHX/CD44 locus are
decreased by cohesin reduction in SNU16 cells
Not only the gene transcription but also the amplified copynumber of the APIP/PDHX/CD44 locus in SNU16 cells
was notably reduced by RAD21-KD (Figure 3A). Interestingly, the amplified APIP/PDHX/CD44 locus appeared as
DMs (indicated as in Figure 3B), HSRs (indicated as
in Figure 3B) and distributed insertions (indicated as in
Figure 3B) in parental SNU16 cells (4,7). Thus, to elucidate the copy-number changes induced by cohesin reduction with greater accuracy, a TaqMan-quantitative PCRbased CNV assay (38) targeting APIP/PDHX/CD44 locus
was performed. Compared with the two copies of APIP and
CD44 in the HCT116 cells, more than 100 copies of APIP
and CD44 were found in SNU16 cells (Figure 3C). Notably,
the copy-number of APIP and CD44 in the RAD21-KD
SNU16 cells was significantly reduced relative to that in
the control GFP-KD cells (Figure 3C). Next, FISH analysis of a metaphase spread of RAD21-KD SNU16 cells
revealed that the amplified APIP/PDHX/CD44 locus located in the HSRs was slightly reduced by RAD21-KD
(Figure 3D). In addition, RAD21-KD in SNU16 cells also
led to a decrease in the total number of DMs bearing the
APIP/PDHX/CD44 locus (Figure 3E), suggesting that cohesin reduction via RAD21-KD decreases the focal copynumber of amplified APIP/PDHX/CD44 segments, which
exist in both HSRs and DMs in SNU16 cells. DNA copynumbers of APIP and CD44 started to dwindle 30 days
after viral transduction of RAD21-directed shRNAs and
subsequently remained low throughout the rest of the experiment (Supplementary Figure S7A). However, the copynumber changes of the same set of genes were not detected
following RAD21-KD in HCT116, LoVo and HepG2 cancer cells (Supplementary Figures S7B and S8). Collectively,
these results suggest that down-regulation of cohesin in-

duces copy-number loss of amplified APIP/PDHX/CD44
locus on HSRs and DMs only in CIN+ SNU16 cells but not
in other cancer cells having stable chromosome.
Cohesin depletion reduces the enrichment of pre-replication
complex at replication origins near amplified regions
DNA replication occurs in two steps: the licensing of origin
of replication and the initiation of DNA replication (45–47).
Pre-replication complex (pre-RC) is responsible for proper
recruitment of replication licensing machinery at replication origins (45,46). Interestingly, several pieces of evidence
have suggested that perturbation of DNA replication initiation can eliminate the number of amplified genes on DMs
in several human cancers (48,49). Thus, a regional DNA
replication defect by improper recruitment of pre-RC may
contribute to change the overall copy-number of amplified
genes (4,8,47,50). Recently, cohesin has been shown to directly regulate DNA replication (39,51). Moreover, cohesin
complexes are particularly enriched at replication origins
during DNA replication (39,52,53). Hence, it is of interest to determine whether cohesin depletion might affect the
enrichment of pre-RC at replication origins near amplified
genes.
First, we compared the binding of pre-RC to the
APIP/PDHX/CD44 locus in CIN+ SNU16 cells with
a highly amplified APIP/PDHX/CD44 locus on HSRs
and DMs and HCT116 cells having two copies of
APIP/PDHX/CD44. Based on a DNA replication origin database (DeOri; http://tubic.tju.edu.cn/deori/),
we identified four DNA replication origins near the
APIP/PDHX/CD44 locus (Figure 4). pre-RC is composed
of several proteins, such as the origin recognition complex
(ORC), six minichromosome maintenance subunits (MCM
2–7), CDC45, GINS tetramer and DNA polymerases (Pol
␣, Pol ⑀ and Pol ␦) (54–56). Binding of Pol ␣, which is
required for eukaryotic DNA replication (57), at replication origins within the APIP/PDHX/CD44 locus was
strongly enriched in SNU16 cells (Figure 4A). In contrast,
relatively low Pol ␣ binding was detected in HCT116 cells.
Each value was normalized with gene copy number to
determine the correct signal per region (data not shown).
Similarly, enrichment of MCM7, which forms a pre-RC
to recruit the DNA polymerase complex to target origins
and functions as a replicative DNA helicase (58,59), in
SNU16 cells was higher than in HCT116 cells. We also
observed strong recruitment of CDC45, a well-known
MCM helicase activator (59), at replication origins within
the APIP/PDHX/CD44 locus in SNU16 cells but not in
HCT116 cells, suggesting a positive correlation between
DNA copy number and the enrichment of pre-RC.
We next found that strong binding of pre-RC was notably
impaired in RAD21-KD SNU16 cells compared to control
GFP-KD cells. Significantly fewer pre-RC was detected in
RAD21-KD SNU16 cells at replication origins within the
APIP/PDHX/CD44 locus (Figure 4B and Supplementary
Figure S9D and E). Using immunofluorescence assays, we
found that RAD21 depletion led to reduced co-localization
of MCM7 and RAD21 (Figure 4C and D). However, reduction of cohesin by RAD21-KD did not change the basal
mRNA expression of pre-RC (Supplementary Figure S9C)
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Next, we examined whether cohesin was crucial for the
observed long-range chromatin interactions and gene expression. First, we confirmed that high level of APIP
and CD44 expression was reduced by RAD21-KD in
SNU16 cells (Figure 2B). Second, our ChIP experiments showed that RAD21 and SMC1 enrichments at the
APIP/PDHX/CD44 locus in RAD21-KD SNU16 cells
were reduced twofold on average compared with those
in the control GFP-shRNA expressing cells (Figure 2D
and E). Consistent with the decreased enrichment of cohesin, the physical proximity in the RAD21-KD SNU16
cells (red line, Figure 2F and G) was significantly lower
(twofold) than that in the control GFP-KD cells (blue line,
Figure 2F and G). We observed the down-regulation of
cohesin enrichment and a reduction of long-range chromatin interactions between the CTCF/cohesin binding sites
within these amplified regions as early as 5 days after
RAD21-KD in SNU16 cells (Supplementary Figure S5
and S6). Thereafter, gene expression of highly amplified
APIP/PDHX/CD44 was significantly reduced in RAD21KD SNU16 cells (Supplementary Figure S7C). Collectively,
these results suggest that cohesin-mediated high-order chromosome architecture is required for transcriptional efficiency of the APIP/PDHX/CD44 locus in SNU16 cells.
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(39). Taken together, these results suggest that cohesin depletion reduces the enrichment of pre-RC at replication origins near amplified regions on HSRs and DMs. Thus, continuous reduction of active DNA-replication, which is essential for the maintenance of amplified genes on HSRs and
DMs (7), by cohesin depletion might provoke copy-number
loss of amplified oncogenes in CIN+ SNU16 cancer cells
(4,8,47).

Copy-numbers of amplified gene existing in both HSRs and
DMs are decreased by cohesin reduction
Next, to further confirm that two different types of gene amplification, HSRs and DMs, could be affected by cohesin reduction, a CNV assay was performed with COLO 320-HSR
and COLO 320-DM cells stably transfected with control
GFP-shRNA or two different RAD21-shRNAs (Supplementary Figure S3B and C). COLO 320-HSR and COLO
320-DM cells are derived from human colon carcinoma and
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DISCUSSION
Cohesin is required to form sister chromatid cohesion for
proper chromosome segregation during mitosis and meiosis
(13). Therefore, defects in chromosomal segregation caused
by inactivating mutations of chromatid cohesion genes leading to increased chromosomal instability and aneuploidy
have been identified in human cancer (16,60). Although a
high frequency of recurrent mutations and deletions of cohesin components has been found in various types of human cancer (16,61,62), such genetic alternations in genes
encoding the cohesin components seem to be very rare in
our human gastric cancer samples (data not shown). Instead, aberrant overexpression of cohesin components is
frequently observed in human gastric cancer (15 out of the
24 samples, 62.5%) (Supplementary Figure S10A and C).
We also tested the human gastric cancer data set with 50
tumor and normal pairs from the Cancer Genome Atlas
(TCGA) database and obtained similar results (Supplementary Figure S10B). This suggests the possibility that elevated
cohesin level may generally affect tumorigenesis through
alternative mechanisms other than the induction of sister
chromatid cohesion defects in human gastric cancer.
Since human gastric cancers show a high level of gene
amplification (Supplementary Figure S11) (27,29,63), we
therefore wondered if elevated cohesin level is required to
maintain gene amplification. In the current study, we found
that cohesin reduction decreases the focal copy-number
of amplified APIP/PDHX/CD44 segments on HSRs and
DMs in SNU16 cells. Using COLO 320-HSR and COLO
320-DM cells, we also confirmed that down-regulation of

cohesin enrichment can generate the copy-number loss of
amplified c-Myc existing on both HSRs and DMs. Considering the fact that our RAD21-KD cells proliferated well
without developing defective sister chromatid cohesion formation or aberrant chromosome segregation during mitosis and meiosis (Figure 1 and Supplementary Figures S2
and S3), cohesin-mediated copy-number alterations might
be independent of mitotic defects or chromosomal missegregation (64,65). To extend the generality of our observations demonstrating the effects of cohesin reduction,
we tested the highly amplified WDR11-AS1/WDR11 locus in RAD21-KD SNU16 cells and obtained the same
results (see Supplementary Text, Supplementary Table S1
and Supplementary Figure S12). In addition, we observed
very similar results after RAD21-KD in N87 gastric cancer cells with HER2 amplification (see Supplementary Text
and Supplementary Figure S13). However, copy-number
changes of the same set of genes were not detected following RAD21-KD in near-diploid HCT116, LoVo and
HepG2 cells (Supplementary Figures S7 and S8). Therefore, cohesin-mediated copy-number loss of highly amplified genes on HSRs and DMs may be not a general characteristic of cells with stable chromosomes but is instead specific to cancer cells with multiple structural chromosomal
changes.
Although the nature of gene amplification in human cancer is not fully understood yet, in general, gene amplification resided on the DMs or HSR occurs and is maintained by DNA replication initiation during tumorigenesis (4,7,45,46). Since the DMs are autonomously replicating
extrachromosomal genetic elements (4,7), repeated rounds
of replication initiation of the DMs may be required for efficient gene amplification (7). Therefore, disruption of DNA
replication initiation by treatment of DNA replication inhibitors such as hydroxyurea or ionizing radiation can eliminate the number of amplified genes on DMs in human cancers (7,48,49). Furthermore, because DMs can be generated
from the repeated BFB cycle triggered by DSBs of HSR
(66), failure to maintain DMs by down-regulating cohesin
molecules may also reduce gene amplification resided on the
HSR. In this study, we found that cohesin and pre-RC are
highly enriched at replication origins near amplified genes.
Cohesin depletion resulted in a reduced recruitment of preRC such as Pol ␣, CDC45 and MCM7 (Figure 4). This result suggests that deregulating DNA replication initiation
by cohesin reduction might generate a regional replication
defect by perturbing proper recruitment of replication licensing machinery, subsequently changing the overall copy
number of amplified genes resided on the DMs or HSR
(4,8,47,50).
Highly amplified APIP/PDHX/CD44, WDR11AS1/WDR11 and c-Myc in SNU16 cells are either directly
or indirectly linked to tumor progression and chemosensitivity (67–69). Down-regulation of cohesin by RAD21-KD
enhanced the anti-proliferative effects of DNA-damaging
agents, cisplatin or PARP inhibitor, in SNU16 and N87
cancer cells (Supplementary Figure S14), consistent with
earlier data (24,25). In the case of HCT116, LoVo and
HepG2 cancer cells with stable chromosome, however,
no significant effect was observed following treatment
with DNA-damaging agents (Supplementary Figure S14).
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carry multiple copies of c-Myc localized in HSR and DMs,
respectively (7). By RAD21-KD in the COLO 320-HSR
cells, we found that cohesin reduction induced copy-number
loss of the highly amplified c-Myc without loss of HSR harboring c-Myc (Figure 5A–C). We similarly observed that
RAD21-KD resulted in copy-number loss of the c-Myc localized in DMs in COLO 320-DM cells (Figure 6A–C), suggesting that down-regulation of cohesin decreases the highlevel c-Myc amplifications existing in both HSRs and DMs
in cancer cells.
We also found that RAD21-KD blocks the formation
and enrichment of cohesin complex near the c-Myc in
COLO 320-HSR and COLO 320-DM cells (Figures 5D and
6D). The c-Myc segment formed long-range chromatin interactions in both COLO 320-HSR and COLO 320-DM
cells (blue line, Figures 5E and 6E). Down-regulation of cohesin by RAD21-KD resulted in the release of spatial chromatin organization of the c-Myc in COLO 320-HSR and
COLO 320-DM cells (red line, Figures 5E and 6E), resulting in a striking reduction in c-Myc expression (Figures 5F
and 6F). We also found that the binding of Pol ␣, CDC45
and MCM7 at replication origins near c-Myc were diminished by RAD21-KD in COLO 320-HSR and COLO 320DM (Figures 5G, 6G, and Supplementary Figure S9A and
B). Collectively, we demonstrated that cohesin reduction via
RAD21-KD decreases the expression and the focal copynumber of amplified genes existing on both HSR and DMs
in CIN+ cancer cells, thereby maintaining low expression
levels of previously highly amplified genes (Figure 7).
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Downloaded from http://nar.oxfordjournals.org/ at Seoul National University Library on January 31, 2016

D

HCT116

R#35

0

shCont

COLO 320-HSR

Calculated Copy Number

A

Nucleic Acids Research, 2016, Vol. 44, No. 2 569

B

A

C
shCont _COLO 320-DM
46.5

42

40

33

27

*

*

30

Number of DMs (n)

Calculated Copy Number

COLO 320-DM

50

(chr; n = 51, DMs; n = 53)

20
R#35 _COLO 320-DM
10

2

90
80
70
60
50
40
30
20
10
0

7.2

*
shCont

HCT116

R#98

R#35

COLO 320-DM
(chr; n = 51, DMs; n = 53)

D

E
2 Kb

c -Myc

1

2

Enrichment

0.5

3

1.2

RAD21

0.4

SMC1

1

shCont
R#35
shCont/IgG
R#35/IgG

0.8

0.3

0.6
0.2
0.4
0.1

Interaction Frequency

CTCF
binding site
ChIP
amplicon

c -Myc

shCont
R#35

0.8

COLO
320-DM

0.4

0

–4

0.2

0

1.2

–2

0

+2

+4

+6

Distance (Kb)

0

1 2 3 4 5

1 2 3 4 5

G

F

COLO 320-DM

1
0.8
0.6
0.4
0.2
0

c-Myc
mRNA

*

0.2

0.016

Pol α

*

Enrichment

Fold Change

1.2

0.16

0.014

0.18

CDC45

MCM7
0.15

0.012

0.08

shCont
R#35
shCont/IgG
R#35/IgG

0.12

0.01

0.12

0.008

0.09

0.006

0.06

0.004

0.04

0.03

0.002
0

0

0

Myc_Ori

Myc_Ori

Myc_Ori

Figure 6. Copy-numbers of amplified gene existing in DMs are decreased by cohesin reduction. (A) COLO 320-DM cells were stably transduced with control
GFP-shRNA or two different Rad21-shRNAs (R#35 and R#98). Changes in copy-numbers of the c-Myc were quantified using a TaqMan quantitative
PCR-based CNV assay. The average of three viral transduction experiments ± SD is presented. *P < 0.01. (B) Metaphase FISH analysis with c-Myc
(labeled with FITC; green) and chromosome 2 centromere (labeled with Cy3 for the control; red) revealed a reduction of c-Myc located within DMs in
RAD21-KD COLO 320-DM cells. (C) Total numbers of DMs per cell were blindly counted in control GFP-KD and RAD21-KD COLO 320-DM cells.
(Mean ± SD, n = 50). *P < 0.01. (D) A ChIP was performed with antibodies to RAD21 and SMC1 in control GFP-KD (blue bar) or RAD21-KD COLO
320-DM (red bar). (Mean ± SEM, n = 3 biological replicates). 3 HS1 of the human β-globin locus (amplicon 4) and Necdin (amplicon 5) served as controls.
(E) 3C assay of c-Myc in COLO 320-DM cells after RAD21-KD. DpnII restriction sites in c-Myc appear as gray shaded bars. Black shading indicates the
anchor fragment of the 5 CTCF binding sites of c-Myc. (Mean ± SEM, n = 3 biological replicates). (F) The expression of c-Myc was measured by qRTPCR on day 60 after RAD21-KD in COLO 320-DM cells. Each value was normalized to that of 18S ribosomal RNA relative to the control GFP-shRNA
expressing cells. The average of triplicate independent viral transduction experiments ± SD is presented. *P < 0.01. (G) A ChIP assay using previously
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