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The cohesin complex holds sister chromatids together and is essential for chromosome segregation. Re-
cently, cohesins have been implicated in transcriptional regulation and insulation through genome-wide
colocalization with the insulator protein CTCF, including involvement at the imprinted H19/Igf2 locus. CTCF
binds to multiple imprinted loci and is required for proper imprinted expression at the H19/Igf2 locus. Here
we report that cohesins colocalize with CTCF at two additional imprinted loci, the DIlk1-Dio3 and the Kcnql/
Kcnglotl loci. Similar to the H19/Igf2 locus, CTCF and cohesins preferentially bind to the Gti2 differentially
methylated region (DMR) on the unmethylated maternal allele. To determine the functional importance of the
binding of CTCF and cohesins at the three imprinted loci, CTCF and cohesins were depleted in mouse
embryonic fibroblast cells. The monoallelic expression of imprinted genes at these three loci was maintained.
However, mRNA levels for these genes were typically increased; for H19 and Igf2 the increased level of
expression was independent of the CTCF-binding sites in the imprinting control region. Results of these
experiments demonstrate an unappreciated role for CTCF and cohesins in the repression of imprinted genes

in somatic cells.

A number of mammalian genes termed imprinted genes are
expressed exclusively from one parental allele, and many of
these genes are important for embryonic development. The
aberrant expression of these genes is associated with human
cancers and genetic diseases, such as Beckwith-Wiedemann
syndrome (BWS), Silver-Russell syndrome, Prader-Willi syn-
drome, and Angelman syndrome (4). Imprinted gene expres-
sion requires the establishment of imprinting marks in the
germ line and early embryo and, subsequently, the mainte-
nance of these marks during cell division in somatic tissues. To
date, approximately 100 imprinted genes have been identified,
and many are located in 1-Mb clusters that harbor differen-
tially methylated regions (DMRs) (for a review, see reference
2). Within a cluster, imprinted gene expression is coregulated
by a cis-acting regulatory element, termed an imprinting con-
trol region (ICR), that is also a DMR. There are two major
mechanisms that regulate imprinted gene clusters. One mech-
anism requires the transcription of a long noncoding RNA
(ncRNA), which silences genes in cis, allowing the alternate
allele to be expressed. This study focuses on the second mech-
anism, which employs allele-specific insulation mediated by the
insulator protein CTCF.

CTCF is a highly conserved 11-zinc-finger protein, which
was initially identified as a CCCTC binding factor in the
chicken c-myc locus (36). CTCEF is implicated in transcriptional
activation, repression, and insulation (for a review, see refer-
ence 15). In addition, CTCF facilitates inter- and intrachro-
mosomal interactions (68). CTCF binds to the H19/Igf2 ICR in
a DNA methylation-sensitive manner (3, 21, 27, 55). In this
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case, CTCF mediates the insulator activity of the unmethylated
maternal ICR by blocking the Igf2 promoter from engaging
enhancers downstream of H19 that are shared by H19 and Igf2.
The deletion or mutation of the four CTCF-binding sites
within the ICR causes a paternalization of the maternal allele,
Igf2 biallelic expression, and H19 repression (12). In addition
to the H19/Igf2 locus, CTCF binds to DMRs at a number of
imprinted loci, including G#12, Kcnql/Kcnglotl, Grbi10, and
Rasgrfl (16, 22, 29, 70). CTCF binding appears to be methyl-
ation sensitive at the KvDMRI1 region in the Kcngl/Kenglotl
locus as well as the GrbI0 and RasgrfI loci (16, 22, 70). Inter-
estingly, the Kcngl/Kcnglotl locus and, possibly, the G#/2 locus
use the ncRNA mechanism to regulate imprinted expression
(see below), whereas imprinting regulation at the GrbI0 and
Rasgrfl loci remains unclear. Furthermore, the depletion of
CTCF in mouse oocytes led to a reduction in G#/2 and Grb10
RNA levels (65). It is intriguing that CTCF is present and may
possibly function at imprinted loci that are regulated by differ-
ent imprinting control mechanisms (insulator versus ncRNA).
Nevertheless, it is still incompletely understood how CTCF
manifests its insulator function at the HI9/Igf2 locus and
whether it has a similar function at other imprinted loci.
Recently, we and others reported the genome-wide colocal-
ization of CTCF and cohesin complex subunits, including that
at the H19 ICR (43, 48, 54, 67). Those studies suggested that
cohesins bind to the DNA through a consensus sequence sim-
ilar to that of CTCF. Cohesins are required for sister chroma-
tid cohesion during cell division. The mitotic cohesin complex
consists of four subunits, SMC1/SMC1A, SMC3, RAD21/
SCC1, and SCC3 (SA1/SA2), which were previously proposed
to form a ringlike structure and encircle the sister chromatids
during mitosis (19). Recent studies of Saccharomyces cerevisiae
and higher organisms suggested that cohesins are also involved
in transcriptional regulation, chromatin structure, and devel-
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TABLE 1. Primers and enzymes used for allele-specific analysis by PCRs*

Temp  onp BIC

Region or gene Primer or probe (sequence) ¢C) Enzyme Product size(s) (bp)
IG-DMR IG-DMR207 (TACGGAGATGTGCTGTGGAC) 62 A/G  Ncol B, 104, 95, 37
IG-DMR442 (CTCGCTAGTTCACGGAGGTC) C, 199, 37
Gtl2 DMR Gtl2 1915F (TGAAACCTGTTGGGCG) 61 T/C Haell B, 109, 70, 48, 17
Gtl2 2158R (CAATGGGAGGGGTACAGATG) C, 97,70, 48, 17, 12
KvDMR CTCF BS1 KvDMR 2701F (CCCACCGAAGTAATCCAAAA) 62 C/T Hpy188I B, uncut, 398
KvDMR 3098R (TCAGCTAGGAAGGGATGAGG) C, 292, 106
KvDMR CTCF BS2 KvDMR 2258F (CTGAGAAGCCAAGTGGATCG) 62 A/G  Mfel/Tsp5091 B, 214, 82
KvDMR 2553R (CCACCAGCCTCAGCATATTT) C, uncut, 296
HI9 HI3 (CCTCAAGATGAAAGAAATGGT) 55 G/A  NA, real-time PCR NA, real-time PCR
HE5 (AACACTTTATGATGGAACTGC)
Probe Mut (CCACCTGTCGTCCATCTCC-FL)
Probe Anc (RED640-TCTGAGGGCAACTGGGTGTGG-P)
HE2 (TGATGGAGAGGACAGAAGGG) 55 G/A  Cac8I B, 173, 62
HE4 (TTGATTCAGAACGAGACGGAC) C, uncut, 235
Igf2 Igf18 (ATCTGTGACCTCTTGAGCAGG) 58 Tsp5091 B, 180, 20
1gf20 (GGGTTGTTTAGAGCCAATCAA) C, 165, 20, 15
Gtl2 Gtl3 (CCAAAGCCATCATCTGGAATC) 55 T/? Sfcl B, 250, 87
Gtl4 (CAGCCCTGTGAGGTAGGAAC) C, uncut, 337
DIkl DIk2up (CTGGCTTTCTTCCCGCTGGAC) 54 T/C Dralll B, 212, 104
DIk317dn (GACACAGCCAGGGGCAGTTA) C, uncut, 316

“ SNP, single-nucleotide polymorphism; B, B6 maternal allele; C, paternal allele; NA, not applicable.

opment (for a review, see reference 9), likely through their
ability to interact with chromosomes. Drosophila melanogaster
SMC1, RAD21, and SCC3 were suggested previously to pre-
vent enhancer-promoter interactions at the cut locus (10, 47),
indicating that cohesins function as insulator proteins. Taken
together, the genome-wide colocalization of CTCF and co-
hesins as well as the noncanonical roles of cohesins in tran-
scription regulation provide a clue for the possible mechanism
underlying the function of CTCF in chromosome biology.

We demonstrated that the binding of cohesin complex sub-
units to the H19 ICR requires the CTCF-binding sites (54),
suggesting that CTCF and cohesins may function in concert to
regulate the imprinted expression of H19 and Igf2. Addition-
ally, RNA interference (RNAIi) experiments with HeLa cells
and a human breast epithelial cell line (HB2 cells) revealed
similar expression changes of the H19/Igf2 locus genes when
CTCF knockdown (KD) and cohesin KD cells were compared
(42, 67). Those studies suggested that cohesins are involved in
the imprinted regulation of the H19/Igf2 locus. However, HeLa
cells and HB2 cells express low levels of H79 and Igf2; thus, the
maintenance of imprinted expression may not be tightly regu-
lated. Moreover, the changes observed by these studies could
be due to indirect effects rather than a perturbed function of
cohesins in imprinting.

To investigate further the role of CTCF and cohesins in
genomic imprinting and insulator function, we used a primary
embryonic cell type, mouse embryonic fibroblasts (MEFs), and
expanded our studies to two DMRs at additional CTCF-bound
imprinted loci, the G#I2 DMR and KvDMR1. We show that
cohesin complex subunits also bind these DMRs in MEFs, and
similar to the H19/Igf2 locus, CTCF and cohesins preferentially

bind to the unmethylated allele of the G#2 DMR. However,
CTCF and cohesins bind biallelically to KvDMRI1. To investi-
gate the roles of CTCF and cohesins in these imprinted loci, we
performed RNAI experiments targeting CTCF and two cohe-
sin complex subunits in MEFs and found that the Igf2 expres-
sion level is elevated but remains imprinted, suggesting an
indirect effect of cohesin depletion at the H19/Igf2 locus. We
propose that cohesins are involved in the regulation of proper
expression levels of imprinted genes rather than having a direct
role in imprinting.

MATERIALS AND METHODS

Isolation and culture of F1 hybrid MEFs. MEFs were isolated from individual
mouse 14.5-day-postcoitus (dpc) embryos generated from crosses between
C57BL/6 (B6) (for both the wild-type and the H19*%* mutant) females and
males with Mus musculus castaneus (C) chromosome (Chr) 7, distal 12 and X, in
a B6 background [B6(CAST7P12X)], as previously described (64). The H19*/AR
MEFs were generated from crosses between female with Mus musculus castaneus
(C) chromosome 7 in a B6 background [B6(CAST7)] and B6 males as previously
described (40).

Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChIP) as-
says were carried out by using a chromatin immunoprecipitation assay kit (cat-
alog numbers 17-295 and 17-610; Upstate) according to the manufacturer’s
instructions and as previously described (64). Approximately 1 X 10° MEFs were
used in each immunoprecipitation, which resulted in 40 to 100 g of chromatin-
immunoprecipitated (ChIPed) DNA. All PCR primers and conditions are listed
in Tables 1 and 2.

siRNA treatments. MEFs were cultured in 24-well plates and treated every
48 h with two to three sequential small interfering RNA (siRNA) treatments.
Cells were trypsinized and plated at 30 to 40% confluence. A total of 40 to 80 pM
siRNAs was mixed with 1 pl Lipofectamine 2000 (Invitrogen) and 100 pl Opti
low-serum medium (Invitrogen) and added to the medium (high-glucose Dul-
becco’s modified Eagle’s medium [DMEM] plus 10% fetal bovine serum [FBS])
upon cell plating. The following siRNAs were used: control siRNA (catalog
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TABLE 2. Primers and PCR conditions used for real-time PCRs

MoL. CELL. BIOL.

Region or gene Primer Temp (°C) Primer concn (M) MgCl, concn (mM)

IG-DMR IG-DMR207 (TACGGAGATGTGCTGTGGAC) 62 0.3 1.25
1G-DMR442 (CTCGCTAGTTCACGGAGGTC)

G112 DMR Gtl2 1998F (TGGTTGGGCTATTGGAGTCT) 61 0.5 3
Gtl2 2158R (CAATGGGAGGGGTACAGATG)

KvDMR Ctrl-1 KvDMR 3025F (TACAGGATTGTACGACCTAG) 63 0.3 35
KvDMR 3220R (AGAGCCAGGGGCATACTCAT)

KvDMR CTCF BS-1 KvDMR 2644F (ACCATGCAGAGAAAAGCACA) 56 0.4 5
KvDMR 2844R (CTAGCCGTTGTCGCTAGGAG)

KvDMR CTCF BS-2 KvDMR 2258F (CTGAGAAGCCAAGTGGATCG) 62 0.2 3
KvDMR 2553R (CCACCAGCCTCAGCATATTT)

KvDMR Ctrl-2 KvDMR 1762F (CACTCACCTTGGGACTCGAC) 58 0.6 4
KvDMR 2007R (AGAAGCAGAGGTGATTCGTG)

Ctcf CTCF5F1 (GCCAGCAGGGACACATACAAG) 56 0.5 35
CTCF5R1 (GCTTTCGCAAGTGGACACC)

Smcl Smcl 3767 (CAAGTACCCAGATGCCAACC) 55 0.4 2
Smcl 3983 (CGATCCATGATAGGGGGTAA)

Rad21 Rad21 2815 (CAAGGCTGCACACTCCTGTA) 55 0.3 2.5
Rad21 3045 (CCCCATAAAAGTGCCAACAC)

HI19 HE2 (TGATGGAGAGGACAGAAGGG) 55 0.4 4.5
HE4 (TTGATTCAGAACGAGACGGAC)

Igf2 Igf2f (CGCTTCAGTTTGTCTGTTCG) 58 0.25 2.4
Igf2r (GCAGCACTCTTCCACGATG)

Gtl2/Meg3 Meg3f (TTGCTGTTGTGCTCAGGTTC) 60 0.4 2
Meg3r (ATCCTGGGGTCCTCAGTCTT)

Dik1 DIk1f (CGGGAAATTCTGCGAAATAG) 60 0.4 1.25
DIklr (TGTGCAGGAGCATTCGTACT)

Arpp0 Arpp0#72L (TCCCACTTACTGAAAAGGTCAAG) 55 0.4 4.5

Arpp0#72R (TCCGACTCTTCCTTTGCTTC)

number 12935-300; Invitrogen), CTCF siRNA (Stealth Ctcf-MSS203343; Invit-
rogen), Smcl siRNA (Smc1a-MSS216158; Invitrogen), and Rad21 (RAD21 On-
Target Plus siRNA J-058531-12; Dharmacon). For each experiment, at least
three biological replicates were generated and analyzed.

Western blots. Cells were lysed with TNE buffer (100 mM Tris [pH 7.4], 1%
NP-40, 10 mM EDTA) with a 1:100 dilution of proteinase inhibitor cocktail
(Sigma) and 1 mM dithiothreitol (DTT). Lysates were mixed with 5X loading
buffer, denatured by heating at 95°C for 10 min, and fractionated on an 8%
SDS-PAGE gel. The protein was transferred onto a nitrocellulose membrane
(Bio-Rad), blocked in 3% nonfat milk (Bio-Rad) in Tris-buffered saline (TBS)-
Tween (TBST) (0.05% Tween 20 in 1X TBS), and probed with primary and
secondary antibodies (horseradish peroxidase [HRP]-conjugated anti-mouse and
anti-rabbit antibody; GE). The blot was visualized by using chemiluminescence
(ECL Plus; GE). Quantification was performed by using ImageJ software (NTH).

RNA extraction and reverse transcription. Total RNA from MEFs was ex-
tracted by using an RNeasy Microkit (Qiagen) according to the manufacturer’s
instructions. The reverse transcription (RT) reaction, primed with random prim-
ers, was performed by using Superscript II or III reverse transcriptase (Invitro-
gen) according to the manufacturer’s instructions. For each sample, the mi-
nus-RT control was done without Superscript II or IIT and confirmed to be
negative by PCR of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene.

Real-time PCRs and statistical analysis. Real-time PCR analysis was carried
out with the LightCycler real-time PCR system (Roche), as previously described
(64), with a few modifications. Reaction mixtures were set up in duplicates or

triplicates by using Ready-To-Go PCR beads (Amersham) with a 5-min initial
incubation with TaqStart antibody (Clontech), followed by the addition of 0.2 to
0.6 wM primers (Table 2), 1X EvaGreen (Biotium), and 1.25 to 5 mM MgClL,.
Data analysis was performed by using Light Cycler 4.0 software using the Rel-
ative Quantification program (Monocolor) to determine the ratio of each ChIP
sample relative to input or cDNA levels relative to the acidic ribosomal phos-
phoprotein PO (Arpp0), B-actin, or GAPDH gene (64, 66). For statistical analysis,
the two-tail paired Student ¢ test was used, and differences with a P value of
<0.05 were considered significant.

Allele-specific analysis of ChIPed DNA by PCRs and restriction enzyme di-
gestions. All PCRs were carried out with Ready-To-Go PCR beads (Amersham)
using 0.3 wM each primer (Table 1) and 0.1 uCi of [**P]dCTP. Products were
digested (Table 1) and resolved on 7% or 12% polyacrylamide gels. Gels were
exposed to phosphorscreens and scanned on a Typhoon Trio Phosphorimager
(GE). The relative band intensities were quantified by using ImageJ software
(NIH).

Allele-specific RNA analysis. H19 RNA assays were conducted on cDNA using
the LightCycler real-time PCR system (Roche Molecular Biochemicals) as de-
scribed previously (46). Igf2 and G#/2 RNA assays were conducted on cDNA by
allele-specific restriction digests as previously described (66). DIkl RNA assays
were conducted, with some modifications, as previously described (20). The
digested PCR products were resolved by 7% or 12% polyacrylamide gel elec-
trophoresis. The gels were stained with ethidium bromide. The contribution of
each parental allele to the total RNA was determined by using Quantity One
software (Bio-Rad). All primers used are listed in Table 1.
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FIG. 1. CTCF and cohesins colocalize at the Gt/2 DMR in MEFs. (A) Schematic showing the DIkI-Dio3 imprinted locus (not to scale). The
transcriptional and methylation statuses of the maternal and paternal chromosomes are represented at the top and bottom of the DNA strand,
respectively. (B) CTCF and cohesins colocalize at the G#/2 DMR but not the IG-DMR. The H19 ICR is included for comparison. Shown are
real-time PCR results from at least three independent ChIP experiments. *, P < 0.05; #*, P < 0.01. P values show differences between no-antibody
(No-Ab) controls and antibodies against CTCF, SMC1, or RAD21. Error bars indicate standard errors of data from at least three biological
replicates. (C) Allele-specific analysis of ChIPed DNA by PCR showing preferential binding of CTCF and cohesins on the maternal G#/2 DMR.
Two independent experiments are shown. Histone H3, AcH3, and H3K4me?2 are included as positive controls. B, maternal allele; C, paternal allele.
The percentage of protein binding on the B allele over total binding (B plus C) is indicated at the bottom. At least three experiments were

performed, and similar results were obtained.

Antibodies. The following antibodies were used in ChIP and Western blotting
(WB): anti-histone H3 (ab1791 [ChIP, 5 pg]; Abcam), anti-acetylated histone H3
(AcH3) (catalog number 06-599 [ChIP, 5 pg]; Millipore), anti-dimethyl-histone
H3 lysine 4 (H3K4me?2) (catalog number 07-030 [ChIP, 5 pl]; Millipore), anti-CTCF
(catalog number 07-729 [ChIP, 5 pl; WB, 1:1,000]; Millipore), anti-SMC1 (catalog
number A300-055A [ChIP, 5 pl; WB, 1:1,000]; Bethyl), anti-RAD21 (catalog num-
ber A300-080A [ChIP, 5 pl; WB, 1:500]; Bethyl), and anti-a-tubulin (catalog number
T6199 [WB, 1:2,000]; Sigma).

RESULTS

Colocalization of CTCF and cohesins at the G#/2 DMR and
the KvDMRI1 region. To determine whether CTCF and co-
hesins interact and function similarly at multiple imprinted
loci, we investigated binding at two independent imprinted
loci. G112 encodes a long ncRNA with multiple spliced forms of
unknown function (45, 51). GtI2 resides in the DlkI-Dio3 im-
printing cluster, which was initially identified in a uniparental
disomy (UPD) of distal mouse chromosome (Chr) 12 deficien-
cies (56) and UPDs of the orthologous human Chr 14q32 (23).
The locus contains three paternally expressed protein-coding
genes (DIklI, Rill, and Dio3) and a number of maternally ex-
pressed ncRNAs (Fig. 1A). It was proposed that these ncRNAs
can make up a large polycistronic transcription unit that re-
presses the protein-coding genes on the maternal chromo-
some. In human and mouse, the intergenic DMR (IG-DMR),
which is methylated in the male germ line, functions as the ICR
of the cluster (25, 34, 35). There is a second postfertilization-

derived paternally methylated G#/2 DMR, spanning the pro-
moter, exon 1, and part of intron 1 of G#/2 (56). The maternal
deletion of the G#/2 DMR in human results in the regional
silencing of imprinted genes (24). The Gtl2 DMR contains a
CTCF-binding site (29, 45), raising the possibility that cohesins
bind to the region.

To investigate the binding of CTCF and cohesins at the G#/2
DMR, we used quantitative real-time PCR following chroma-
tin immunoprecipitation (ChIP) in F1 hybrid MEFs (see Ma-
terials and Methods). At the G#/2 DMR, antibodies against
CTCF, SMCI1, and RAD21 precipitated significantly more
chromatin (P < 0.01) than the no-antibody negative control.
However, no enrichment of CTCF and cohesins was seen at
the IG-DMR (Fig. 1B), consistent with the absence of CTCF-
binding sites (45). CTCF bound to the G#2 DMR at a level
similar to that of the H/9 ICR, whereas not as much SMC1 and
RAD?21 bound to the G#I2 DMR as what bound to the HI9
ICR (Fig. 1B), indicating that the affinities of cohesins differ
between the Gt/2 DMR and the H19 ICR. Therefore, cohesins
may interact with CTCF differently and exhibit disparate func-
tions at these two loci.

To determine if the binding of CTCF and cohesins is exclu-
sive to one parental allele, we performed allele-specific PCR
analysis of DNA isolated from ChIP. Because the CTCF-bind-
ing site resides near the G#2 promoter, and active histone
modifications were reported previously to be associated with
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the maternal allele at this region (5), we included two antibod-
ies against acetylated histone H3 (AcH3) and dimethyl-histone
H3 lysine 4 (H3K4me2) as controls. AcH3 and H3K4me2
preferentially bind the transcribed, maternal allele (Fig. 1C,
top), as do CTCF and the two cohesin complex subunits (Fig.
1C). An antibody against histone H3 was also included; H3 was
present at approximately equal levels on the parental alleles
(Fig. 1C, bottom). The binding of CTCF on the unmethylated
maternal allele is consistent with results of experiments show-
ing a methylation-sensitive binding pattern (15). In conclusion,
CTCF and cohesins colocalize in an allele-specific manner at
the G2 DMR, similar to the H19 ICR.

The Kcngl/Kcnglotl imprinted locus contains maternally
expressed genes and one paternally expressed long ncRNA,
Kcnglotl, which is an antisense transcript of Kengl (Fig. 2A).
The loss of imprinted expression at this locus is the most
frequent alteration in individuals with BWS (reviewed in ref-
erence 44). This locus uses primarily the ncRNA mechanism to
regulate imprinted expression. The maternally methylated
KvDMRU1 is the ICR of the locus and includes the Kenglotl
promoter (53). On the paternal allele, where KvDMR1 is un-
methylated, Kcnglotl is expressed, which results in the silenc-
ing of the adjacent genes. The paternal deletion of KvDMR1
causes a loss of expression of Kcnglotl and results in the
activation of genes in cis in embryonic and extraembryonic
tissues (17, 32). The transcription of the intact Kcnglot!
mRNA is required for the imprinted expression of the entire
locus (39, 52, 58), with one exception: Shin and colleagues
showed previously that Cdknlc imprinting was maintained on
a Kcnglotl truncation allele in several fetal and neonatal tis-
sues (52). Fitzpatrick et al. additionally identified two CTCF-
binding sites in KvDMRI1 (16). These data, together with evi-
dence that KvDMRI1 has insulator and silencer activities in
vitro (16, 38, 57), indicate that CTCF may form an insulator at
KvDMRI1 as a secondary mechanism in the Kcngl/Kenglotl
imprinted locus.

We examined CTCF and cohesin occupancy at KvDMRI,
including the two previously reported CTCF-binding sites
(CTCF-binding site 1 [CTCF BS-1] and CTCF BS-2) (16) and
two negative controls (control 1 [Ctrl-1] and Ctrl-2). KvDMR1
has two CpG islands, as shown in Fig. 2A. The two CTCF-
binding sites reside in the first CpG island; Ctrl-1 is located
about 150 bp upstream of the first CpG island, whereas Ctrl-2
is in the second CpG island. Following ChIP, real-time PCR
analysis showed that CTCF, SMCI1, and RAD21 associated
with both CTCF BS-1 and -2 but not Ctrl-2 (Fig. 2B). SMC1
was also detected at Ctrl-1 (Fig. 2B), most likely because Ctrl-1
is only about 200 bp away from CTCF BS-1. Allele-specific
analyses revealed that the allelic bias of CTCF binding at
KvDMRI1 in MEFs was very weak, in contrast to AcH3 and
H3K4me2, which were strongly biased toward the paternal
allele. Compared to the input DNA, CTCF antibody precipi-
tated 5 to 20% more of the paternal allele than the maternal
allele. Similarly, the two cohesin complex subunits showed a
small bias (~5%) toward the paternal allele (Fig. 2C and D).
Our results are in contrast with those of Fitzpatrick and col-
leagues, who showed that CTCF binding at KvDMR1 was
exclusively on the paternal allele in C57BL/6 X SD7 F1 hybrid
MEFs (16). These contrasting results could be reflective of
mouse strain differences.

MoL. CELL. BIOL.

Functional analysis of CTCF and cohesins in MEFs. The
results described above demonstrated that CTCF and cohesins
colocalize at three imprinted DMRs. To assess the functional
significance of the binding of CTCF and cohesins in regulating
the expression of imprinted genes, we performed RNAIi exper-
iments. F1 hybrid MEFs were treated with siRNAs targeting
Ctcf, Smcl, and Rad21. An siRNA that does not target any
known transcripts in mouse was included as a control. To
achieve a better knockdown (KD) efficiency, we tested sequen-
tial siRNA treatments by treating the cells every 48 h. Maxi-
mum depletion (~75% to 90%) of targeted proteins occurred
by 72 h and was maintained for an additional 72 h, with two to
three treatments of siRNAs (data not shown). Accordingly, we
conducted most of the experiments with two or three sequen-
tial siRNA treatments and harvested cells at 96 h to 144 h.
Because no obvious growth or proliferation defects were ob-
served in the siRNA-treated cells, any changes in these cells
were likely due to the altered function of CTCF and cohesin
complex subunits in transcriptional regulation, rather than cell
division.

The RNAI approach using two sequential treatments of one
siRNA against each transcript successfully reduced the amount
of the protein encoded by the targeted mRNA (Fig. 3A). In
general, the siRNAs targeting Ctcf and Rad21 had higher KD
efficiencies than did the siRNA targeting Smc! (Fig. 3A). Fur-
thermore, because there are thousands of CTCF- and cohesin-
binding sites in the genome (43, 48, 67), it was possible that the
depletion of CTCF and cohesins would affect housekeeping
genes. Therefore, we examined the mRNA levels of three
housekeeping genes (the B-actin, acidic ribosomal phospho-
protein PO [4rpp0], and GAPDH genes) in the siRNA-treated
cells (Fig. 3B) and found that the target mRNA was reduced to
30 to 40% compared to the control siRNA-treated cells. Be-
cause no effect on the relative transcript abundance of house-
keeping genes was observed, only the Arpp0 gene was used as
the control in subsequent experiments.

We first characterized the effect of the depletion of CTCF
and cohesins at the H19/Igf2 locus. We hypothesized that
CTCF and cohesins work in concert at the H19 ICR as
insulator proteins and that the depletion of CTCF and/or
cohesin complex subunits would reduce the insulator activ-
ity, resulting in increased Igf2 transcription levels due to
expression from the normally repressed maternal allele. The
deletion of the H19 ICR or CTCF-binding sites from the
maternal chromosome caused a biallelic expression of Igf2
and a reduction of H79 RNA levels, indicating competition
between HI9 and Igf2 for the shared enhancers on the
maternal chromosome (12, 59, 61). Therefore, we expected
to observe reduced H19 expression levels in CTCF- and/or
cohesin-depleted cells. To test this hypothesis, we treated
MEFs with individual siRNAs against CTCF and cohesins as
well as with different combinations of siRNAs (Fig. 4A and
5A). As expected, Ctcf siRNA-treated cells had elevated Igf2
expression levels (P < 0.01), approximately 3-fold relative to
those of control siRNA-treated cells. Rad21 siRNA treat-
ments also led to increased Igf2 expression levels (P < 0.05),
whereas Smcl siRNA had no significant effect (P > 0.05),
probably due to an insufficient KD. Surprisingly, H19 levels
were mostly unaffected, and in Ctcf siRNA treatments, the
levels were elevated (Fig. 5A). Next, we examined the allelic
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similar results were obtained.

expression of Igf2 and HI19. Unexpectedly, most cells main-
tained imprinted Igf2 and H19 expressions (Fig. 5B and data
not shown). When biallelic Igf2 expression was observed, the
maternal expression level was very low (Fig. 5B, arrowhead).
Because Igf2 levels were increased ~3-fold compared to
those of controls, we concluded that the enrichment was not

from the normally silent maternal allele but rather from the
normally active paternal allele. One possible explanation is
that the residual amount of CTCF is sufficient to maintain
imprinting.

To test whether the above-described phenotype depends
on the CTCF-binding sites in the H19 ICR, we conducted
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represents the H/9 ICR. Open lollipops represent unmethylated
DNA; closed lollipops represent methylated DNA. (A) On the wild-
type locus, the ICR exhibits paternal-specific methylation and contains
binding sites for CTCF. On the maternal allele, CTCF binds to the
ICR and blocks the Igf2 promoter from accessing the 3’ shared en-
hancers. On the paternal allele, the ICR is methylated, and H19 tran-
scription is repressed. Because CTCF binding is methylation sensitive,
the ICR cannot act as an insulator on the paternal allele, allowing Igf2
expression. (B and C) In the HI9*% MEFs, four CTCF-binding sites in
the ICR are deleted (white bars). (B) Upon maternal transmission of
the mutant allele, the insulator activity is lost because CTCF cannot
bind to the ICR, Igf2 exhibits biallelic expression, and the H19 expres-
sion level is reduced (12). (C) Upon paternal transmission of the
mutant allele, H/9 remains monoallelically expressed, and the Igf2
expression level is similar to that of the wild-type (12).

siRNA treatments of MEFs that harbor the H19*® mutant
allele (12). When the mutant allele was transmitted mater-
nally, the insulator function at the maternal H79 ICR was
disrupted due to the deletion of the four CTCF-binding sites
at the endogenous locus (Fig. 4B), leading to biallelic Igf2
expression (12) (Fig. 5D). In contrast, when the mutant
allele was transmitted paternally, the normal imprinted ex-
pression of H19 and Igf2 was maintained (12) (Fig. 4C and
5F). If the phenotype in the wild-type cells (Fig. SA and B)
depended on the maternal CTCF-binding sites in the HI9
ICR, we would expect to see no changes in H19 and Igf2
expression in the HI9*%* cells. Contrary to our expecta-
tion, the depletion of CTCF resulted in increased Igf2 ex-
pression levels in KD H19*%* MEFs (Fig. 5C). When both
SMC1 and RAD21 were depleted in these cells, the Igf2
expression level was increased (Fig. 5C). Furthermore, an
allele-specific analysis showed that Igf2 expression remained
biallelic (Fig. 5D) (i.e., there was no difference compared to
control siRNA-treated cells), indicating that the activation
was on both alleles in the HI9*®* MEFs. In HI9"7/*
MEFs, the depletion of CTCF also caused elevated Igf2
expression levels but not a loss of imprinting (Fig. SE and
F). We conclude that CTCF has repressive functions on Igf2
expression independent of the CTCF-binding sites in the
HI19 ICR. The role of cohesins in the repression of Igf2 was
not as pronounced and likely indirect.

We also examined five imprinted genes in the DIlkI-Dio3
and the Kcngl/Kcnglotl loci in the CTCF KD and cohesin
KD MEFs. No loss of imprinting was observed for DIkl,
Gtl2, Kenql, Kenglotl, and Cdknlc (data not shown). Al-
though the expression levels of DIkl and Gtl2 were not
affected in most siRNA treatments, when a difference was
observed, it was always an increase in expression levels (Fig.
6A). No significant difference in the Kcnglotl expression
level was observed (Fig. 6B).
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FIG. 5. Depletion of CTCF and cohesins associated with elevated Igf2 expression levels. (A) Relative RNA levels of H/9 and Igf2 in
siRNA-treated wild-type (WT) MEFs. *, P < 0.05; **, P < 0.01. P values show differences between CTCF or cohesin siRNA treatments and the
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MEFs. Samples were collected at 120 h after two sequential treatments of siRNAs. All samples have monoallelic expression of the B (paternal)
allele.

DISCUSSION

The first evidence for noncanonical functions of cohesins
came from human diseases associated with mutations in co-
hesins and cohesin-related genes. Mutations in the NIPBL
gene (the human ortholog of Scc2, which loads cohesins onto
chromatin [7]) and, subsequently, in the SMCIA and SMC3
genes of Cornelia de Lange syndrome (CdLS) patients were
described previously (8, 30, 62). Surprisingly, some CdLS in-
dividuals do not have severe defects in sister chromatid cohe-
sion (28), suggesting that cohesins are involved in gene regu-
lation and development independent of their mitotic role.
Following this discovery, a number of studies revealed that

cohesins were required in neuronal morphogenesis and em-
bryonic development in model organisms (for a review, see
reference 1). Although cohesins can function as transcriptional
activators at some genes, they may repress the expression of
other genes (1). The possible mechanism(s) by which cohesins
carry out distinct functions at different genes remained un-
known until the genome-wide colocalization of cohesins and
CTCEF was described (43, 48, 67). Consistent with the idea that
CTCF and cohesins function cooperatively in transcriptional
regulation, we found a colocalization of CTCF and cohesins at
three imprinted loci and observed similar changes in imprinted
gene RNA levels between CTCF KD and cohesin KD cells
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FIG. 6. Depletion of CTCF and cohesins leads to changes in Gt/2
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RNA were normalized to Arpp0. The relative value of the control
siRNA treatment was set to 1. Error bars indicate standard errors.

(Fig. 5 and 6). However, the CTCF KD had a much stronger
effect than did the cohesin KD (Fig. 5 and 6). Therefore, we
cannot rule out the possibility that cohesins do not have direct
roles at imprinted loci and function independently of CTCF. In
addition to CTCEF, other partners of cohesins in gene regula-
tion have been described, including the Polycomb protein com-
plex PRC2 (49), the Mediator complex (26), and estrogen
receptor (ER) alpha (50). The Mediator- and ER-associated
sites are largely depleted of CTCF-associated cohesin-binding
sites (26, 50), suggesting that cohesins function through distinct
cofactors. Nevertheless, the colocalization of the binding of
CTCF and cohesins at imprinted loci and the similar effects
seen upon KD suggest that CTCF and cohesins cooperate in
regulating the expression of imprinted genes.

CTCF’s role at the H19 ICR as an insulator protein regu-
lating genomic imprinting is well established (for a review, see
reference 2). When CTCF-binding sites in the H/9 ICR are
deleted from the maternal chromosome, the insulator activity
is lost, resulting in the biallelic expression of Igf2 and reduced
H19 expression levels (12). However, we did not observe a loss
of insulation at the H79 ICR in MEFs when CTCF was de-
pleted by RNAI (Fig. 4C and E), nor did we see a reduction in
H19 RNA levels. This finding could be attributed to our KD
experiments not reducing CTCF below a threshold level re-
quired to maintain insulation at the H79 ICR in MEFs. Alter-
natively, CTCF may be required only for the establishment,
rather than the maintenance, of Igf2 imprinting. Our previous
work, however, argues against this idea. The conditional dele-
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tion of the entire H79 ICR from the mouse neonatal liver led
to a loss of imprinting, suggesting that the ICR is required to
maintain Igf2 repression on the maternal allele (60). Neverthe-
less, the presence of CTCF prior to the RNAI treatment could
be sufficient for establishing a chromatin state that is able to
maintain imprinted gene expression. The fact that we observed
increased expression levels of Igf2 and H19 RNAs upon the
depletion of CTCF (Fig. 5A) suggests that CTCF has dual
functions in the regulation of the H19/Igf2 locus, namely, in-
sulation and transcriptional repression.

Similar experiments involving the depletion of CTCF and
cohesin complex subunits by siRNA or short hairpin RNA
(shRNA) treatments have been reported in the literature.
Wendt et al. showed a reduction of HI9 RNA levels and
increased Igf2 RNA levels upon the depletion of both CTCF
and RAD21 in HeLa cells (67). However, neither a statistical
analysis of the mRNA changes nor an allele-specific expression
analysis was performed in that study. Furthermore, Nativio et
al. reported no changes in H19 imprinted expression or total
HI19 RNA in human HB2 cells. The authors described elevated
and biallelic expression of Igf2 after RAD21 KD, but the level
was so low prior to KD that it was impossible to determine
whether basal transcription was monoallelic or biallelic (42).
The disparity between data from these studies and data from
our study could originate from differences in cell types and
species (mouse versus human). A recent study using MEFs by
Yao et al. showed reduced H19 and increased Igf2 expression
levels upon CTCF depletion by shRNA (69). However, the
reduction of the H19 expression level was not statistically sig-
nificant, and those authors did not show the allelic expression
profile of Igf2, leaving the underlying mechanism for the phe-
notypes unclear. Thus, the role of cohesins in insulator func-
tion at the H79 ICR remains uncertain.

Despite the disparate observations in our study and the ones
described above (42, 67, 69), one phenotype is strikingly sim-
ilar, namely, elevated Igf2 RNA levels after the depletion of
CTCF and cohesins, which is independent of the CTCF-bind-
ing sites in the H19 ICR (Fig. 5). ChIP assays with various
human and mouse tissues revealed multiple CTCF-binding
sites at the Igf2 locus (6, 11, 31, 33, 71); CTCF appears pref-
erentially bound to the maternal allele of Igf2 DMRI1 and the
P2 and P3 promoters (31, 33). Although those observations
suggest that CTCF is involved in the maternal-specific repres-
sion of Igf2, our data argue against this idea. Additional CTCF-
binding sites at the mouse Igf2 locus have been reported. One
report stated that CTCF binds to Igf2 DMRO, which is largely
placenta specific (41), on both alleles (33), whereas we de-
tected no binding in MEFs (data not shown). In concordance
with the latter observation, we saw no consistent enhanced
expression from the Igf2 PO promoter in KD MEFs (data not
shown). Other sites, which are located 5.2 kb and 1.7kb up-
stream of the Igf2 DMRO, have not been tested allelically (6,
71), but SMC1 also binds to these sites in MEFs (Gene Ex-
pression Omnibus [GEO] accession number GSMS560355)
(26). Finally, CTCF and SMC3 bind upstream of human Igf2
DMRO on both parental alleles (42). We hypothesized that the
CTCF-binding sites in the H79 ICR have a higher affinity for
CTCF and/or cohesins than the binding sites at Igf2 and that
the depletion of CTCF and RAD?21 causes a loss of binding at
Igf2 but not the H19 ICR. Therefore, only the repressive func-
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tion but not the insulator function is disturbed upon siRNA
treatment. To test this idea, we performed ChIP experiments
on MEFs treated with control and Crcf siRNAs. In Ctcf
siRNA-treated MEFs, CTCF, SMC1, and RAD21 remained
bound at the H/9 ICR and at both sites upstream of Igf2
DMRO (data not shown). Therefore, it is unlikely that CTCF
functions through these binding sites to repress Igf2 expression.

Although the role of CTCF at the H19/Igf2 locus is well
established, its functions at the Gt/2 DMR and KvDMRI1 re-
main to be elucidated. The colocalization of CTCF and co-
hesins at these DMRs suggests that the proteins function to-
gether. Although we did not observe a loss of imprinting in any
genes tested following the depletion of CTCF and cohesin in
MEFs, mRNA levels of imprinted genes were either increased
or unaltered (Fig. 4C and E and 5), suggesting a role in the
repression of some genes at these loci. An elucidation of the
function at these loci is complicated by the fact that CTCF and
cohesins bind to thousands of genomic sites. The mecha-
nism(s) by which CTCF and cohesins impact gene expression
at imprinted loci other than the H19/Igf2 locus is unclear.
Interestingly, the depletion of both CTCF and cohesins simi-
larly affects the genes in the H19/Igf2 and DIk1/Gtl2 imprinted
clusters (Fig. SA and 6A).

The above-mentioned results suggest the following possible
mechanisms. First, CTCF and cohesins function in concert to
regulate a transcriptional activator or repressor. The removal
of CTCF and cohesins would increase the activity of an acti-
vator (or diminish the activity of a repressor), which would lead
to the overexpression of imprinted genes in the same cluster.
Second, given that CTCF mediates inter- and intrachromo-
somal interactions (for a review, see reference 68) and is en-
riched at nuclear lamina-associated domains (18), CTCF and
cohesins would participate in the higher chromosome organi-
zation that is required to localize gene loci to certain domains
in the nucleus. The loss of CTCF and cohesins may therefore
impair this chromatin organization, leading to elevated expres-
sion levels of imprinted genes. Third, CTCF and cohesins
could function through the imprinted gene network (IGN).
The IGN was first described in a microarray analysis that
suggested a coregulation of imprinted genes (63). Interestingly,
H19, Igf2, and DIkl expression levels are co-upregulated or
downregulated in Zacl-overexpressed or -depleted tissues, re-
spectively (63). Additional evidence for the IGN came from a
study showing the coordinated downregulation of 11 imprinted
genes (including H19, Igf2, DIk1, and Gtl2) independent of
DNA methylation during postnatal growth deceleration in var-
ious mouse tissues (37). Furthermore, Cdknlc, an imprinted
gene in the Kcngl/Kcnglot cluster, was also identified as a
member of the IGN in those two studies (37, 63). It is possible
that CTCF and cohesins play a role in the IGN because of their
binding patterns in various related genes. However, the mech-
anism underlying IGN gene cross talk and coregulation re-
mains to be elucidated.

The complexity of CTCF and cohesins is further highlighted
due to their cell-type-specific binding patterns. ChIPs targeting
CTCF and cohesins in various cell types revealed different
binding profiles (14, 26, 49, 50). A previous analysis by Essien
et al. suggested that CTCF-binding sites at the imprinted loci
described here had a relatively low affinity for CTCF (14).
These low-occupancy CTCF-binding sites tend to be cell type

ROLE OF CTCF AND COHESINS AT IMPRINTED LOCI 3103

specific and developmentally regulated (14). Similarly, co-
hesins also have different binding profiles between mouse em-
bryonic stem cells and MEFs (26) as well as among different
human tissues (50) and Drosophila cell lines (49). Those ob-
servations suggest that CTCF and cohesins have distinct func-
tions in different cell types at a subset of targets. To illustrate
further the roles of CTCF and cohesins in genomic imprinting,
more cell types need to be investigated. By comparing the
binding profiles of CTCF and cohesins at imprinted loci in
different cell types, and subsequently correlating these with the
imprinted gene expression patterns, one would be able to de-
termine which binding sites are controlling imprinting and
which are controlling transcriptional levels.

In conclusion, our results have provided a systematic view of
the colocalization of CTCF and cohesins at imprinted gene
loci. Distinct binding profiles of CTCF and cohesins at differ-
ent imprinted DMRs indicate locus-specific functions. Further-
more, by performing our allele-specific analysis, we have un-
covered new roles for CTCF in the transcription regulation of
the active allele of imprinted genes. Our findings also suggest
a role for cohesins in regulating the expression of imprinted
genes.
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