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PRDM proteins belong to the SET domain protein family, which is involved in the regulation of gene expression. Although few
PRDM members possess histone methyltransferase activity, the molecular mechanisms by which the other members exert tran-
scriptional regulation remain to be delineated. In this study, we find that Prdm5 is highly expressed in mouse embryonic stem
(mES) cells and exploit this cellular system to characterize molecular functions of Prdm5. By combining proteomics and next-
generation sequencing technologies, we identify Prdm5 interaction partners and genomic occupancy. We demonstrate that al-
though Prdm5 is dispensable for mES cell maintenance, it directly targets genomic regions involved in early embryonic develop-
ment and affects the expression of a subset of developmental regulators during cell differentiation. Importantly, Prdm5 interacts
with Ctcf, cohesin, and TFIIIC and cooccupies genomic loci. In summary, our data indicate how Prdm5 modulates transcription
by interacting with factors involved in genome organization in mouse embryonic stem cells.

PRDM proteins constitute a family of transcriptional regulators
characterized by the presence of variable numbers of zinc fin-

ger domains and an N-terminal PR domain which shares similar-
ity to the SET domain of histone methyltransferases (1, 2). Al-
though few members of the family have been found to possess
intrinsic histone methyltransferase activity (3–5), the PR domain,
which has been demonstrated to serve as a protein interaction
surface (6), and the variable number of zinc fingers provide plas-
ticity to PRDM proteins in terms of molecular functions. PRDM
proteins typically display tissue-specific patterns of expression (7,
8) and are often involved in the differentiation of specific cell
lineages (1). In accordance with the important role of PRDM pro-
teins in development, several members have been reported to be
expressed in multi/pluripotent stem cells populations and regu-
late their differentiation. Indeed, PRDM14 was shown to be essen-
tial for the maintenance of human embryonic stem cells (9) and
for the differentiation of mouse embryonic stem cells into extra-
embryonic endoderm (10). PRDM16 is the master regulator of the
skeletal muscle/brown fat switch (11), and it regulates oxidative
stress genes in neural stem cells (12). Finally, Prdm3 is involved in
hematopoietic stem cell maintenance and differentiation (13).

PRDM5 is a recently cloned member of the PRDM family (14),
and most studies have focused on its promoter hypermethylation
in cancer, suggesting a role in tumor suppression (15–17). The
role of Prdm5 in development has been addressed in zebrafish,
where Prdm5 performs an essential function during embryonic
convergent extension movements through regulation of Wnt sig-
naling (18). We recently characterized a gene trap knockout
mouse allele of Prdm5 and demonstrated that Prdm5 mutant mice
are viable and fertile but display ossification defects due to Prdm5-
dependent regulation of collagenous extracellular matrix genes
(19). These data are in agreement with the identification of
PRDM5 mutations in patients suffering from brittle cornea syn-
drome, a connective tissue disease characterized by impaired ex-
tracellular matrix (20).

Mechanistically, PRDM5 appears not to be able to methylate

histones (21); however, in different cellular contexts, it has been
shown to act as a transcriptional repressor by recruiting the G9a
histone methyltransferase and histone deacetylases (21) or as an
activator by promoting elongating RNA polymerase II (Pol II)
occupancy within transcriptional units or by binding enhancer-
like elements (19).

Gene expression involves multiple levels of regulation in the
nucleus. Aside from the recruitment of RNA polymerases and the
general transcription machinery by sequence specific transcrip-
tion factors, research in recent decades has proven the importance
of epigenetic modifications and chromatin remodelling com-
plexes to achieve proper gene regulation. Moreover, in the recent
years, a strong body of evidence has demonstrated the pivotal role
of genomic organization in terms of intra- and interchromosomal
interactions and nuclear compartmentalization in transcriptional
regulation (reviewed in references 22 and 23). A number of mol-
ecules have been shown to be involved in chromatin organization,
such as laminin, which interacts with the genome in large tran-
scriptionally repressed domains (24), and the zinc finger protein
CTCF, which is considered to be the main insulator protein in
mammals (25). Indeed, CTCF appears to have multiple functions,
such as mediating inter- and intrachromosomal interactions to-
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gether with cohesins (26), to juxtapose enhancer-promoter re-
gions to mediate transcriptional regulation (27), or to act as an
enhancer barrier to prevent spreading of epigenetic modification
domains (28).

Recently, insulator function also has been assigned to the
TFIIIC complex. This is a multiprotein complex that predomi-
nantly recognizes internal sequences in tRNA genes (called A and
B boxes), and it is able to recruit the RNA polymerase III tran-
scriptional machinery for tRNA gene transcription. In addition,
TFIIIC also appears to bind in regions of the genome regardless of
the presence of B boxes and RNA Pol III in general (called extra
TFIIIC [ETC] sites) (29–32), and such regions appear to be cooc-
cupied by CTCF and affect neighboring RNA polymerase II-
driven transcription (29, 32). Importantly, tRNA genes have been
shown to act as chromatin insulators, demonstrating the impor-
tant role of TFIIIC binding to tRNA genes and of ETC sites in
chromatin organization (33).

In this study, we demonstrate that Prdm5 is highly expressed in
mouse embryonic stem cells and use this cellular system to gain
insights into the molecular functions of Prdm5. Mass spectrome-
try and chromatin immunoprecipitation (ChIP)-seq-based anal-
yses reveal that Prdm5 associates with complexes involved in
chromatin organization, such as Ctcf, Smc1 (cohesin), and
TFIIIC. Indeed, Prdm5 acts as a neighboring factor for TFIIIC at
both ETC sites and RNA polymerase III-driven tRNA genes, while
the binding sites of Prdm5, Ctcf, and cohesin overlap. Interest-
ingly, common regions presenting the Prdm5-specific consensus
sequence are often devoid of Ctcf consensus sites, suggesting that
Prdm5 affects Ctcf and cohesin occupancy at common sites.

Collectively, our data suggest that Prdm5 is involved in chro-
matin organization in mouse embryonic stem cells via interac-
tions with CTCF and TFIIIC complexes.

MATERIALS AND METHODS
Feeders and mouse embryonic stem cell (mES) generation. All animal
experimentation was performed with approval from Danish authorities
(protocol number 2006/562-43; Dyreforsøgstilsynet). Mouse embryo fi-
broblasts (MEFs) were isolated by mechanical disruption of embryonic
day 13.5 (E13.5) embryos followed by trypsin digestion. Feeder cells were
MEFs mitotically inactivated by treatment with mitomycin C (Sigma) for
2 h at 10 �g/ml.

Wild-type and Prdm5LacZ/LacZ mouse embryonic stem cells were iso-
lated essentially as previously described (34). Briefly, Prdm5�/LacZ females
were superovulated by injection of pregnant mouse serum gonadotrophin
(PMSG) and chorionic gonadotrophin (hCG) and mated to Prdm5�/LacZ

males. Females were sacrificed 3.5 days after the observation of the vaginal
plug, their uteruses were isolated, and blastocysts were flushed out to be
cultivated in dishes containing a layer of feeder cells growing in knockout
Dulbecco’s modified Eagle medium (DMEM) supplemented with 20%
knockout serum replacement, 1% penicillin-streptomycin, 2 mM L-
glutamine, 1� MEM-nonessential amino acids, 100 mM �-mercapto-
ethanol, and recombinant mouse leukemia inhibitory factor (LIF)
(1,000 U/ml of ESGRO; Chemicon).

After zona pellucida hatching, inner cell masses were isolated and
disrupted by trypsinization with 10� trypsin solution (Sigma) and sub-
sequently cultivated in the same medium supplemented with 20% fetal
bovine serum (FBS) instead of knockout serum replacement on a layer of
mouse embryonic fibroblasts as feeders.

The E14 mES cell line was maintained in Glasgow minimal essential me-
dium (MEM) (Sigma) supplemented with 10% FBS, 1% penicillin-strepto-
mycin, 2 mM L-glutamine, 1� MEM-nonessential amino acids, 1� sodium
pyruvate, 100 mM �-mercaptoethanol, and recombinant mouse LIF.

mES cell characterization (genotyping, karyotyping, and prolifera-
tion). DNA for genotyping was isolated by lysing cells at 55°C in buffer
containing 20 mM Tris-Cl, pH 8.0, 5 mM EDTA, 400 mM NaCl, 1% SDS,
and 400 �g/ml proteinase K and subsequent phenol-chloroform isolation
and isopropanol precipitation according to standard procedures. Primers
used for genotyping were PRDM5_geno_rev (5=-AGTTTGAACAGGGT
ACCATCCAT-3=), PRDM5_geno_wt_fwd (5=-5-TATGGCCCTTTGAT
GTCTTCACTA-3=), PRDM5_geno_ko_fwd (5=-5-CGCCTTCTTGACG
AGTTCTTCTG-3=), Xist_Fwd (5=-5-GCTTTGTTCACTTTCTCTGG-
3=), Xist_Rev (5=-5-ATTCGGACCATGGGA-3=), Sry_Fwd (5=-5-GCATA
TGGTGTGGTCC-3=), and Sry_Rev (5=-5-CCAGTCTTGCCTGTATGT
GA-3=).

Karyotyping was performed by treatment of mES cells with Colcemid
(Sigma) for 2 h, followed by hypotonic treatment with 0.075 M KCl for 25
min at 37°C. Chromosome preparations were fixed with Carnoid solution
and spread on glass slides for staining with Giemsa stain. Images from at
least 20 spreads were acquired, and chromosome numbers were counted
manually.

Proliferation indexes were obtained by measuring bromodeoxyuri-
dine (BrdU) incorporation. Briefly, cells were treated with 33 �M BrdU
solution for 30 min, trypsinized, and fixed in 70% ethanol (EtOH). DNA
was denatured by treatment with 2 M HCl, and cells were incubated with
anti-BrdU antibody (Beckton Dickinson). Detection was achieved by in-
cubation with secondary Alexa Fluor 488-conjugated antibody (Invitro-
gen). Stained cells were analyzed on a FACSCalibur machine (Beckton
Dickinson).

mES cell differentiation assays. Embryoid bodies from E14 cells were
generated by growing in hanging drops according to standard procedures
and harvesting at the indicated times. Cell clones from the wild-type or
Prdm5LacZ/LacZ genotype were allowed to grow feeder free on gelatin-
coated dishes and then seeded in 6-cm plates for differentiation assays 24
h previous to treatment. Cells treated for the so-called �LIF condition
were grown in complete ES cell medium (described above) without LIF,
while cells for the so-called �LIF/�ATRA condition were also treated
with 1 �M all-trans retinoic acid (ATRA) with medium changed every 12
h. After 60 h of treatment, cells were harvested for gene expression anal-
yses.

Expression analyses. Cells were harvested and lysed in radioimmuno-
precipitation assay (RIPA) buffer and subjected to standard SDS-PAGE.
Antibodies used are the following: polyclonal PRDM5 (19), monoclonal
PRDM5 (described below), tubulin (ab11304; Abcam), Oct4 (ab19857;
Abcam), Smc1, TFIIIC63, and TFIIIC220 (A300-055A, A301-242A, and
A301-293A, respectively; Bethyl Laboratories), Ctcf (07-729; Millipore),
vinculin (V9131; Sigma), and hemagglutinin (HA; PRB-101C; Biosite).

Total RNA was extracted from cell pellets using the RNeasy plus mini-
kit (Qiagen) according to the manufacturer’s instructions. cDNA was
synthetized using TaqMan reverse transcription reagents (Applied Bio-
systems), and quantitative reverse transcription-PCR (qRT-PCR) was
performed with the One Step plus sequence detection system (Applied
Biosystems) using Fast SYBR green master mix reagent (Applied Biosys-
tems).

Generation of Prdm5 mouse monoclonal antibody. The PRDM5 an-
tigen fragment (corresponding to amino acids [aa] 1 to 142 of human
PRDM5) was amplified by PCR and cloned into pGEX-6P-1 (GE Health-
care). It was expressed in BL21 cells (Invitrogen) by induction with 0.5
mmol/liter isopropyl-�-D-1-thiogalactopyranoside (IPTG) for 4 h and
subsequently purified with glutathione-Sepharose beads. The purified an-
tigen was injected subcutaneously into BALB/c mice, and after 6 months
hybridomas were made according to standard procedures. Positive clones
were selected by screening the hybridoma libraries by enzyme-linked im-
munosorbent assay (ELISA) with plates coated with purified glutathione
S-transferase (GST) or GST-PRDM5(1-142). The specificity of clone
57-20 was verified by immunoblotting samples from wild-type and
Prdm5LacZ/LacZ MEFs (data not shown).
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Protein interaction analyses. PRDM5 complexes were purified for
mass spectrometry analysis by single-step affinity purification on HA
beads. Briefly, control cells and HA-PRDM5 cells were harvested in NP-40
buffer (0.1% Igepal, 10 mM Tris-Cl, pH 7.5, 150 mM NaCl, 3 mM MgCl2,
1 mM CaCl2, and 250 mM sucrose) containing protease and phosphatase
inhibitor cocktails. DNA was digested by incubation with 2.5 U/mg of
micrococcal nuclease, and lysates were cleared by ultracentrifugation.
Equal amounts of triplicate lysates were incubated at 4°C with HA-agarose
beads (Sigma) overnight. After washes, immunocomplexes were eluted
from beads by incubation with HA peptide (Sigma). Samples were
treated with dithiothreitol (DTT; Sigma) and cloroacetamide (CAA;
Sigma) to alkylate cysteines before being run on SDS-PAGE. Separated
proteins were fixed in the gel and visualized with colloidal Coomassie
staining (Invitrogen).

For coimmunoprecipitation (co-IP) experiments, cells were lysed in
ELB buffer (150 mM NaCl, 50 mM HEPES, 0.1% Igepal, and 100 �g of
ethidium bromide, where indicated) and incubated with HA agarose
beads or beads coated with specific antibodies overnight. After washes,
proteins were recovered by boiling beads in SDS Laemmli buffer. Gel
filtration experiments were performed with a Superose 6 column (GE
Healthcare) on an Akta fast protein liquid chromatography (FPLC) sys-
tem according to the manufacturer’s recommendations.

MS analysis. Digestion of proteins from the gel was performed as
described previously (35). Briefly, each gel lane was separated into four
slices that were destained with 50% EtOH in acetonitrile and dehydrated
with EtOH. Proteins were digested with sequence-grade trypsin (Sigma)
overnight. Trypsin activity was quenched by acidification with trifluoro-
acetic acid (pH 2.7), and peptides were extracted from the gel plugs with
increasing concentrations of acetonitrile. Organic solvent was evaporated
in a vacuum centrifuge, and peptides were purified on STAGE tips with
two C18 filters. Eluted peptides were analyzed by on-line nanoflow liquid
chromatography-tandem MS (LC-MS/MS). Peptide separation was per-
formed by reverse-phase C18 high-performance liquid chromatography
(HPLC) on an Easy nLC system (Thermo Fisher Scientific) loading sam-
ple with a constant flow onto 15-cm-long in-house-packed columns and
eluting peptides using a 120-min gradient of increasing (3 to 70%) buffer
B (80% acetonitrile, 0.5% acetic acid) at a constant flow. The effluent was
directly electrosprayed into a Q-Exactive mass spectrometer (Thermo
Fisher Scientific) through a nanospray ion source. The spray voltage was
set to 2.1 kV, sheet and auxiliary gas to 0, and the temperature of the
heated capillary to 275°C. The peptide mixture was analyzed by full-scan
MS spectra (m/z from 200 to 1750; resolution at m/z 200, 70,000) in an
Orbitrap analyzer after accumulation of ions at a 1e6 target value based on
predictive automatic gain control (AGC) from the previous scan. Q-Ex-
active was operated in data-dependent mode to automatically switch be-
tween MS and MS/MS acquisition. For every full scan, the eight most
intense ions were isolated and fragmented (collision energy, 25%) by
high-energy collisional dissociation (HCD) for a fixed full time at 250 ms
and 70,000 resolution. Finally, the dynamic exclusion list was restricted to
a maximum period of 30 s (36).

The acquired data were processed with MaxQuant software (version
1.2.6.13; Max Plank Institute of Biochemistry, Department of Proteomics
and Signal Transduction, Munich, Germany) (37), in which peptides and
proteins are identified by the Andromeda search algorithm via matching
all MS and MS/MS spectra against a target/decoy version of the mouse
Uniprot complete proteome database supplemented with reversed copies
of all sequences and frequently observed contaminants, like human kera-
tin and albumin. The HA tag version of human PRDM5 sequence was
added to the database. The false discovery rate (FDR) was set to 0.01 for
both peptides and proteins. Carbamidomethylated cysteines were set as
fixed and oxidation of methionine and N-terminal acetylation as variable
modifications. The minimal peptide length was 6 amino acids.

Label-free quantification was performed with MaxQuant as described
previously (38, 39). Briefly, protein intensities were normalized and pro-
teins were quantified between control and case experiments by the Max-

Quant label-free algorithm, resulting in LFQ (label-free quantitation)
protein intensities. The downstream analysis was performed with Excel
(Microsoft) and Perseus (Max Planck Institute of Biochemistry, Depart-
ment of Proteomics and Signal Transduction, Munich, Germany) soft-
ware. The triplicates of each bait IP were analyzed against the three control
IPs. Protein identifications were filtered for contaminants and reverse
hits. A minimum of three peptide identifications, with at least two being
uniquely assigned to the particular protein, were required. Significant
interactors were determined by a volcano plot-based strategy, combining
t test P value and ratio information, as described previously (39). t test-
based comparisons of bait IPs versus control IPs were performed with a P
value threshold set at 0.05 and the bend-of-the-curve value set at 1. LFQ
protein intensity ratios of bait relative to the control was plotted against
the negative logarithmic P value of the t test, as was a stipulated line
representing the permutation-based false discovery rate separating spe-
cific from nonspecific binders. Significant interactors of the bait proteins
were color coded.

ChIP and high-throughput sequencing. For chromatin immunopre-
cipitation assays (ChIP), cells were fixed in 1% formaldehyde for 10 min
and cross-linking was quenched by addition of 0.125 M glycine. Cells were
then harvested in ChIP buffer and sonicated with a Bioruptor UCD-300
(Diagenode) to obtain fragments around 250 bp in size. Immunoprecipi-
tations were performed with the following antibodies: polyclonal PRDM5
(19), Ctcf (07-729; Millipore), Smc1 (A300-055A; Bethyl Laboratories),
TFIIIC63 (A301-242A; Bethyl Laboratories), and normal rabbit IgG
(Sigma). Precipitated DNA was recovered by purification with a
QIAquick PCR purification kit (Qiagen). For ChIP-quantitative PCR
(qPCR), real-time PCRs were performed with the One Step plus sequence
detection system (Applied Biosystems) using Fast SYBR green master mix
reagent (Applied Biosystems). Libraries for sequencing were obtained us-
ing a ChIP-seq DNA sample prep kit (Illumina) according to the manu-
facturer’s recommendations, and samples were sequenced on a Genome
Analyzer II sequencer (Illumina).

For RNA-seq, double-stranded cDNA was transcribed by using a
SuperScript double-stranded cDNA synthesis kit (Invitrogen), and librar-
ies were obtained using the TruSeq RNA sample prep kit v2 (Illumina). All
of the experiments involving high-throughput sequencing were run on
Hiseq2000 sequences at the Danish national high-throughput sequencing
center.

Bioinformatic analyses. (i) RNA sequencing. The quality of the RNA-
seq data was evaluated with fastQC (www.bioinformatics.babraham.ac
.uk/projects/fastqc/) software. RNA-seq data were analyzed using a pipe-
line based on the use of TopHat (40) and CuffLinks (41) essentially as
previously described (42). The reference genome used for alignment was
mm9 and uses UCSC annotation (genome.ucsc.edu). Differentially ex-
pressed genes were detected using the Bioconductor package (43) cum-
merBund.

(ii) ChIP-seq. ChIP-seq data were mapped over the assembly mm9,
and peak finding and filtering were performed as previously described
(19). A total of 25.7 � 106 reads were mapped for Prdm5-Ab1 in wild-type
cells, 25.1 � 106 reads for Prdm5-Ab2 in wild-type cells, 27.8 � 106 reads
for Prdm5-Ab1 in Prdm5LacZ/LacZ cells, and 21.5 � 106 reads for Prdm5-
Ab2 in Prdm5LacZ/LacZ cells. For each antibody, the data from Prdm5LacZ/

LacZ cells was used as the background signal to define peaks, obtaining
4,161 peaks detected by Prdm5-Ab1 and 2,019 detected by Prdm5-Ab2. A
total of 1,490 peaks shared overlaps between the two antibodies and con-
sequently were retained for further analysis (see Table S3 in the supple-
mental material). The Prdm5 consensus matrix was calculated as previ-
ously described (19).

(iii) Ctcf colocalization. Publicly available ChIP-seq peak data of Ctcf
sequencing in mouse stem cells from the ENCODE/LICR project were
downloaded (44). The annotation was lifted from the mouse reference
genome assembly mm8 to the assembly mm9 using a UCSC online tool
(http://genome.ucsc.edu/cgi-bin/hgLiftOver) and intersected with Smc1
and Smc3 tag coverage signal (45) using SeqMiner software (46). A total of
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47,523 peaks were available afterwards. Ctcf position weight matrix (47)
was used alongside the Prdm5 matrix to search for putative binding sites
inside the available peak data using the Biostrings package from Biocon-
ductor and a similarity cutoff set to 80%.

Functional annotation of genomic regions according to developmen-
tal stage of expression was performed using the GREAT database (48),
while pathway annotation of Prdm5 target genes and deregulated genes
was performed with Ingenuity pathway analysis (IPA). For the classifica-
tion of TFIIIC sites we used the previously published annotation (31).
Heat maps for signal comparison around Prdm5 or TFIIIC peaks were
generated by Seqminer (46).

Microarray data accession number. The microarray data have been
deposited in the GEO database, and the accession number is available on
request.

RESULTS
Prdm5 is expressed in mouse embryonic stem cells. In order to
investigate the molecular functions of Prdm5 in a relevant cellular
system, we analyzed its expression pattern in a variety of mouse
cell lines. We first interrogated publicly available microarray data
sets and observed an interesting pattern of expression, with Prdm5
being highly expressed in mouse embryonic stem (mES) cells,
fibroblastic cell lines from mouse embryos, and osteoblasts (Fig.
1A). By Western blot analysis we detected substantial Prdm5 ex-

pression in a panel of mouse embryonic stem cells (characterized
by Oct4 expression) and fibroblast cell lines (expressing type I
collagen), with the highest expression in two mES cell lines (Fig.
1B), suggesting a role for Prdm5 in mES cells. To further corrob-
orate this hypothesis, we evaluated the expression of Prdm5 in a
retinoic acid (ATRA)-induced differentiation model. As expected,
ATRA treatment of the E14 mES cell line decreased the expression
of the Oct4 stemness marker and induced the differentiation
marker Nestin (Fig. 1C). Interestingly, during a 6-day experiment,
we observed a progressive decrease in Prdm5 transcript levels in
cells treated with ATRA relative to mock-treated cells (Fig. 1C).
Moreover, differentiation of mES cells by embryoid body forma-
tion confirmed that the downregulation of Prdm5 upon differen-
tiation is not specific to retinoic acid treatment (Fig. 1D). These
findings are supported by publicly available data sets, which
confirmed Prdm5 to be downregulated in mES cells upon differ-
entiation induced by embryoid body formation or Oct4 knock-
down by short interfering RNA (siRNA) (available as GDS2905,
GDS2666, and GDS1824 NCBI GEO data sets).

In summary, we demonstrate that Prdm5 is expressed in
mouse embryonic stem cells, and it is downregulated upon cellu-
lar differentiation.

FIG 1 Prdm5 is highly expressed in mES cells and is downregulated upon differentiation. (A) Analysis of Prdm5 expression from a Biogps.org microarray data
set on a panel of mouse cell types. (B) Western blot analysis with the indicated antibodies on a panel of cell lines, including two mES cell lines and embryo
fibroblastic cells. Oct4 is used as a stemness marker and type I collagen as a fibroblast marker. Tubulin is used for equal protein loading. (C) qPCR analysis for
Prdm5, Oct4, and Nestin in E14 mES cells treated with ATRA. Error bars represent standard deviations from duplicate experiments. Data are represented on a
log10 (fold change) scale. (D) Representative qPCR analysis for Prdm5 in E14 cells grown as embryoid bodies for the indicated number of days with the addition
of ATRA. Error bars represents standard deviations from triplicate technical replicates.
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Prdm5 is dispensable for mES cell stemness. Given the high
expression level of Prdm5 in mES cells, we decided to analyze its
molecular functions in this cellular system. To circumvent the
issues of off-target effects from RNA interference (RNAi) loss-of-
function experiments, mouse embryonic stem cells from the
Prdm5LacZ/LacZ mouse strain were generated. Three clones for each
genotype were selected for further studies. The genotypes were
confirmed by standard PCR (data not shown) and by Western
blotting, where the expression of the mutant allele could be appre-
ciated by the appearance of a 135-kDa band resulting from the
fusion of the product of the first 2 exons from the Prdm5 gene and
the �-geo gene trap cassette (Fig. 2A). Cells from all genotypes
retained characteristic ES cell morphology (see Fig. S1A in the
supplemental material) and displayed normal karyotypes (see Fig.
S1B). Moreover, Prdm5 loss in ES cells did not alter the cell cycle
distribution (data not shown) or proliferation index, as measured
by BrdU incorporation (Fig. 2B), compared to control cells. Im-
portantly, Prdm5 mutant mES cells expressed stemness markers
such as Oct4, Nanog, and Sox2 at levels comparable to those of
control cells (Fig. 2A and C), and cells of all genotypes expressed
low levels of Fgfr2 and did not express the differentiation marker
HoxB6 compared to mouse embryonic fibroblasts (Fig. 2D).

These results suggest that Prdm5 is dispensable for the stem-
ness of mES cells.

Prdm5 mutant embryonic stem cells display deregulation of
a set of developmental regulators following differentiation. A
number of chromatin modifiers have been reported to be dispens-
able for mES cell maintenance but to play a role in gene regulation
during cellular differentiation (49, 50). Along the same lines, we

sought to characterize genes regulated by Prdm5 during the dif-
ferentiation of mouse embryonic stem cells.

We performed this in two differentiation models. In the first
one (�LIF), we deprived the cells of the cytokine LIF in order to
detect transcriptional changes imposed by Prdm5 during early
stages of spontaneous differentiation; in the second model (�LIF/
�ATRA), other than withdrawing LIF, we treated the cells with
ATRA to evaluate the results at a later differentiation stage follow-
ing a defined differentiation cue. Cells were treated for 60 h, and
RNA was isolated for expression analysis of stemness and differ-
entiation markers. In agreement with the literature, in the two
models we observed an increase in the expression of the differen-
tiation markers Nestin and T (Brachyury) (see Fig. S2A in the
supplemental material) and a decrease of the stemness marker
Oct4 (Fig. 3A) other than the Prdm5 protein level itself (Fig. 3A).
Importantly, no differences in activation/repression of main lin-
eage or stemness markers could be detected between wild-type
and Prdm5LacZ/LacZ mES cells (see Fig. S2A; also data not shown),
further indicating a nonessential role for Prdm5 in the early steps
of ES cell differentiation. To broaden the analyses, we sought to
identify genes regulated by Prdm5 during cellular differentiation
by RNA sequencing. Data from the three cell clones of each geno-
type were treated as biological replicates in order to obtain dereg-
ulated genes strictly dependent upon Prdm5 loss. Differential ex-
pression analyses revealed that a relatively low number of
deregulated genes reached statistical significance (FDR, �0.1; n �
964 for �LIF and n � 305 for �LIF/�ATRA). We subsequently
applied a fold change cutoff of 1.3 in order to restrict our analyses
to more robustly regulated genes (n � 481 for �LIF and n � 136

FIG 2 Generation of Prdm5LacZ/LacZ mouse embryonic stem cells. (A) Western blot analysis of primary mouse embryonic stem cell lines generated for this study.
Oct4 is used as a stemness marker and tubulin for equal protein loading. (B) Percentage of cells incorporating BrdU as measured by flow cytometry analysis of
mES cell lines used in this study. Representative experiment showing individual clones. NIH 3T3 cells are included as a reference. (C) qPCR analysis of mES cell
lines for stemness markers Oct4, Nanog, and Sox2. MEFs are used as negative controls representing differentiated cells. (D) qPCR analysis of mES cell lines for
differentiation markers Fgfr2 and HoxB6. MEFs are used as negative controls representing differentiated cells.
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for �LIF/�ATRA) and performed gene ontology annotation on
the lists of differentially expressed genes (see Fig. S2B). We ob-
served enrichment for genes involved in early embryo develop-
ment and, in particular, for the differentiation of specific tissues,
such as those from the nervous and skeletal systems (see Fig. S2B),
with the latter being in agreement with our previous results (19).
Interestingly, upon LIF withdrawal we observed regulated genes
that were mainly involved in embryonic development, while in

cells treated with retinoic acid we observed a number of genes
related to cell-to-cell signaling (see Fig. S2B).

Detailed analysis of differentially expressed genes in cells with-
drawn from LIF revealed that only 14% of the genes that passed
statistical significance were actually downregulated more than
1.5-fold (data not shown), indicating that Prdm5 loss predomi-
nantly induced small but consistent changes in the transcriptome.
The large majority of deregulated genes were downregulated in

FIG 3 Developmental regulators are differentially expressed in Prdm5LacZ/LacZ cells upon differentiation. (A) Western blot analysis from ES differentiation
experiments used for RNA-seq experiments. An unspecific band (asterisk) and actin were used for equal protein loading. (B and C) Scatterplot of expression data
from RNA-seq experiments in cells deprived of LIF (B) and deprived of LIF but treated with ATRA (C). Each point corresponds to one RefSeq transcript that
showed differential expression with fold changes of �1.3 (in gray) and �1.5 (in black). The Prdm5 point is in blue, while selected down- and upregulated genes
involved in embryonic development are highlighted in green and red, respectively. (D) qPCR analyses of validation samples from the RNA-seq experiment in
�LIF and �LIF/�ATRA conditions. Error bars represent standard deviations from assaying the three cell clones used in the study.
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Prdm5LacZ/LacZ cells, and among the most regulated genes we ob-
served genes coding for developmental regulators, such as Klf4,
Dnmt3a, and Lef1 (Fig. 3B). When we analyzed the results from
cells treated with ATRA, although the number of genes differen-
tially expressed was significantly lower, we observed stronger reg-
ulation, particularly for a number of developmental regulators
involved in main signaling pathways, such as Tdgf1 (also known as
Cripto), EphA2, and Fgfr2 (Fig. 3C and A). Complete lists of de-
regulated genes can be found in Table S1 and S2 in the supplemen-
tal material. To determine the reliability of our RNA-seq data, a
random set of genes was validated by qPCR on an independent set
of RNAs (Fig. 3D).

In summary, Prdm5 loss in mES cells induces the deregulation
of a subset of developmental regulators and signaling genes during
cellular differentiation.

Genome-wide analysis of Prdm5 occupancy reveals binding
to genes encoding developmental regulators. In order to identify
direct Prdm5 targets, we sought to map its genome-wide occupancy
in mES cells by ChIP-seq. To identify Prdm5 binding sites in ES cells
with high confidence, we included three conditions in the experi-
mental design: (i) mES cells were grown on Prdm5LacZ/LacZ feeders to
avoid contamination from Prdm5 expressed in supporting fibro-
blasts; (ii) Prdm5LacZ/LacZ mES cells were used in ChIP-seq analysis
as negative background samples; and (iii) two antibodies display-
ing a different set of epitopes against Prdm5 were used for the
analysis (see the scheme in Fig. S3A in the supplemental material).

We first tested the validity of our strategy by performing ChIP-
qPCR using the previously identified Pdgfra transcription start site
(TSS) region (19) as a positive control for a Prdm5-bound region.
Indeed, when we performed ChIP in wild-type cells we could ob-
serve specific Prdm5 enrichment with both antibodies on Pdgfra
TSS, while this signal was reduced to background levels in mutant
cells (background was measured both by ChIP with unrelated IgG
and by ChIP-qPCR on a negative region) (see Fig. S3B in the
supplemental material).

Approximately 34 million reads were obtained from each se-
quencing reaction with an average mapping percentage of 73%
(data not shown), and peak finding using Prdm5LacZ/LacZ samples
as the background sample for each antibody resulted in 4,161 and
2,018 peaks for the two Prdm5 antibodies (Fig. 4A). Overlay of the
ChIP-seq data for the two antibodies resulted in 1,490 peaks,
which we defined as high-confidence Prdm5 binding sites (Fig.
4A; also see Table S3 in the supplemental material). Finally, when
we analyzed the signal distribution for Prdm5 in a 20-kb region
around targeted TSSs, we observed enrichment for Prdm5 signal
in wild-type cells that was lost in mutant cells (see Fig. S3C in the
supplemental material), demonstrating the efficacy of our exper-
imental design.

Analysis of sequences underlying peak centers with a de novo
motif-finding algorithm identified a Prdm5 consensus sequence
that shares similarity to the one previously identified in MC3T3
cells (19) (Fig. 4B), indicating that the Prdm5 binding motif is
conserved across different cell types.

Annotation of Prdm5 peaks relative to the nearest transcrip-
tional unit showed that Prdm5 binding was evenly distributed
among the TSSs of genes, gene bodies, or intergenic regions (Fig.
4C). This suggests that Prdm5 exerts other functions than the
canonical transcription factor acting on the proximal promoters
of target genes. Interestingly, this binding pattern differs from the

one previously identified in preosteoblastic cells, suggesting that
Prdm5 has different functions in different cell types (19).

Functional annotation of genes assigned to Prdm5-bound re-
gions displayed enrichment for categories such as embryonic de-
velopment and organ morphology, further supporting a role for
Prdm5 in differentiation processes (Fig. 4D). Indeed, when we
performed validation of peaks identified by ChIP-seq, we con-
firmed Prdm5 binding to regions around major developmental
regulators such as Gata2 and Cdx2 (Fig. 4E). Moreover, functional
annotation of Prdm5 target genes in known pathways displayed
enrichment for Prdm5 targets to be part of the WNT pathway (see
Fig. S3D and E in the supplemental material), further confirming
the previously published role for Prdm5 in regulating Wnt signal-
ing (15, 18).

Proteomic analysis of Prdm5 binding partners reveals its as-
sociation with complexes involved in chromatin organization.
In order to understand the molecular mechanisms involving
Prdm5 in transcriptional regulation, we sought to identify Prdm5
interaction partners from the E14 mES cell line. We employed a
label-free interaction proteomic approach by comparing triplicate
purifications from control cells or cells expressing HA-tagged (N-
terminal tag) PRDM5 at levels comparable to the endogenous one
(Fig. 5A).

We first adopted a previously published bioinformatics ap-
proach (38, 39) to discriminate between specific interactors and
contaminants and identified 11 proteins as putative Prdm5 inter-
action partners (Fig. 5B; also see Table S4 in the supplemental
material). Interestingly, two members of the TFIIIC complex
(Gtf3c2 and Gtf3c4) were found to reach statistical significance as
Prdm5 interactors, and other two members of the same complex
were just below significance but still enriched in HA-PRDM5 pu-
rifications compared to control samples (Fig. 5B). Independent
coimmunoprecipitation experiments validated that overex-
pressed Prdm5 associates with endogenous TFIIIC complex com-
ponents such as TFIIIC-220 and TFIIIC-63 (Fig. 5D).

Given the recently suggested role for TFIIIC in chromosome
organization (51) and the reported binding of Prdm5 to a distal
enhancer-like site in osteoblastic cells (19), we hypothesized that
Prdm5 can associate with other proteins involved in chromatin
interactions. Indeed, by manual analysis of the list of candidate
interaction partners for Prdm5, we noticed that cohesin complex
members Smc1a and Smc3 were retrieved with increased MS/MS
counts in IPs from HA-PRDM5 cells compared to those of control
cells (see Fig. S4A in the supplemental material). The validity of
our analysis was confirmed by the finding of RNA polymerase II
subunit as a Prdm5 interaction partner (see Fig. S4), which we
validated in a previous study (19).

Importantly, overexpressed Prdm5 readily bound endogenous
SMC1 and CTCF (a known cohesin interaction partner [26]) (Fig.
5D). By size-exclusion chromatography experiments, we showed
that Prdm5 elutes in fractions of size corresponding to high-mo-
lecular-weight complexes in E14 mES cells, and in the same frac-
tions, we identified TFIIIC components as well as Ctcf and Smc1
as coeluting proteins (Fig. 5C). We demonstrate that Prdm5 can
associate at the endogenous level with both CTCF and TFIIIC
complex (see Fig. S4B in the supplemental material). Moreover,
Prdm5-TFIIIC interaction does not depend on the presence of
residual DNA, as it also occurs in the presence of ethidium bro-
mide (see Fig. S4C).

In summary, analyses of Prdm5 binding partners suggest that a
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pool of Prdm5 resides in complexes involved in chromosome or-
ganization.

Prdm5 cooccupies genomic regions with TFIIIC and Ctcf
complexes. The finding of Prdm5 associating with the TFIIIC
complex, CTCF, and cohesins prompted us to investigate possible
cooccupancy between Prdm5 and its binding partners. ChIP-seq
experiments for TFIIIC (31), CTCF (27), and cohesins (45) in
mES cells have been reported, so we analyzed these publicly avail-
able data sets.

We first addressed a possible interplay between Prdm5 and the
TFIIIC complex by analyzing the presence of ChIP-seq signal for
TFIIIC components around Prdm5 peaks, as shown in Fig. 6A.
Only a subset (approximately 10%) of Prdm5 peaks displays en-
richment for TFIIIC subunits, but strikingly, the binding of

TFIIIC subunits occurred next to Prdm5 peaks in the 2-kb area
inspected (Fig. 6A). When we visually inspected ChIP-seq tracks,
we noted that Prdm5 binding indeed occurred predominantly
next to TFIIIC subunit binding (Fig. 6B).

Importantly, gene annotation of regions bound by Prdm5 and
surrounded by TFIIIC signal revealed enrichment for genes ex-
pressed during early embryonic stages. On the contrary, regions
devoid of TFIIIC signal were assigned to genes expressed during
limb/skeleton development (Fig. 6A).

TFIIIC has been proposed to have multiple roles by concurrent
binding (and recruitment) of RNA polymerase III subunits or by
binding independently at so-called ETC sites (30). However, when
we analyzed the presence of Prdm5 around coordinates corre-
sponding to TFIIIC-ETC sites or common TFIIIC-Rpc4 sites, we

FIG 4 Prdm5 ChIP-seq reveals binding to developmental regulators. (A) Venn diagram representing the overlap of peaks identified by ChIP-seq with two
polyclonal Prdm5 antibodies. (B) Slogo representation of Prdm5 consensus sequence obtained by ChIP-seq. (C) Distribution of the position of Prdm5 peaks
divided in categories of chromosomal regions. (D) Functional annotation according to IPA database for Prdm5 target genes. (E) ChIP-qPCR validation of Prdm5
target regions with both Prdm5-Ab1 and Prdm5-Ab2 in wild-type and Prdm5LacZ/LacZ mES cells.
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did not find differences, with Prdm5 occupancy always situated
around, and not centered on, a subset of TFIIIC sites (Fig. 6C). On
the contrary, when we classified common TFIIIC-Rpc4 sites ac-
cording to the type of transcribed genes, we observed an increase
in Prdm5 signal around tRNA genes versus regions that were pre-
viously validated as repetitive elements, such as SINEs or LINEs
(Fig. 6D; also see Fig. S5A and B in the supplemental material),
suggesting that Prdm5-TFIIIC common sites are enriched in pre-
viously described insulator elements (33).

Our proteomic analysis also identified an association between
Prdm5, Ctcf, and Smc1. When analyzing the ChIP-seq signal for
these proteins around Prdm5 peaks, we observed a large extent of
cooccupancy between Prdm5 and each of the proteins (Fig. 6E).
Different from the overlap with TFIIIC, the cooccupancy of Ctcf,
Smc1, and Smc3 occurs centered on Prdm5 peaks (Fig. 6E). In-
deed, by inspection of ChIP-seq tracks, we observed Prdm5 peaks,
such as the one downstream of Cdx2, to be cooccupied by Ctcf,
Smc1, and Smc3 (see Fig. S5C in the supplemental material).

Ctcf is known to be involved in chromatin organization, and
recently it has been reported to associate with TFIIIC (29, 31, 32).

Since both Prdm5 and Ctcf appear to bind DNA via specific con-
sensus sequences, we asked which DNA sequence would drive the
occupancy of Prdm5-Ctcf-Smc1 complex. To this end, we anno-
tated common Prdm5-Ctcf-Smc1 peaks according to the presence
of either Prdm5 or Ctcf consensus motifs and found that 64.3% of
common Prdm5-Ctcf-Smc1 complexes exclusively contained a
Prdm5 motif, and only 1.75% showed a Ctcf motif (Fig. 6F) (P �
0.0001 by chi-square test), suggesting that Prdm5 mediates Ctcf
presence on common sites.

In summary, our data demonstrate that Prdm5 cooccupies
genomic sites with TFIIIC and/or Ctcf-Smc1 complexes, with the
latter being due to the overrepresentation of Prdm5 consensus
sequences on common target sites. This Prdm5 interaction net-
work indicates that Prdm5 is involved in chromatin organization
in mouse embryonic stem cells in cooperation with insulator
binding proteins.

DISCUSSION

This study provides a global characterization of Prdm5 based on
the isolation of Prdm5 knockout mES cells derived from a previ-

FIG 5 Prdm5 interacts with TFIIIC, Ctcf, and Smc1. (A, left) Western blot with anti-Prdm5 antibody from control cells and cells expressing Flag-HA-tagged
PRDM5 (the asterisk indicates an unspecific band used as a loading control). (Right) Representative silver-staining analysis of samples from HA immunopre-
cipitation experiments. (B) Volcano plot representing results of the label-free pulldown of PRDM5. The logarithmic ratio of protein intensities in the PRDM5/
control pulldowns were plotted against negative logarithmic P values of the t test performed on triplicate pulldown experiments. A hyperbolic red curve separates
specific PRDM5 interactors (green dot, PRDM5; blue dots, TFIIIC components) from the background. (C) Western blot analysis for the indicated proteins on
fractions resulting from size-exclusion chromatography from E14 mES cell nuclear extracts. Fractions corresponding to the molecular mass of standard markers
are indicated. (D) Coimmunoprecipitation experiments between overexpressed HA-tagged PRDM5 and the indicated endogenous proteins. An asterisk indi-
cates an unspecific band.
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FIG 6 Prdm5 interacts with TFIIIC and Ctcf complexes. (A, left) Gene ontology annotation of common Prdm5-TFIIIC sites or Prdm5-specific sites. (Right)
Heat map displaying the ChIP-seq signal for TFIIIC subunits in a 	2-kb window around Prdm5 target regions (n � 1,490). (B) Example of ChIP-seq tracks for
a Prdm5 binding site upstream of U6 and the neighboring peaks for TFIIIC subunits. (C) Heat maps displaying Prdm5-Ab1 and Prdm5-Ab2 ChIP-seq signals
in a 	2-kb window around TFIIIC ETC target regions (n � 2,233) (left) or TFIIIC-Rpc4 common sites (n � 419) (right) classified according to reference 31. (D)
Signal distribution for Prdm5-Ab1 (blue) and Prdm5-Ab2 (pink) in a 	2-kb window centered on SINE and LINE elements (left) or tRNA genes (right). (E, left)
Heat map displaying ChIP-seq signal for Ctcf, Smc1, and Smc3 in a 	2-kb window around Prdm5 target regions (n � 1490). (Right) Signal distribution for Ctcf,
Smc1, and Smc3 in a 	2-kb window centered on Prdm5 target regions. (F) Histogram representing the percentage of sites containing Prdm5 and/or Ctcf
consensus sequence in Ctcf/Smc1-only common peaks or Prdm5/Ctcf/Smc1 common peaks.
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ously characterized gene trap model (19). We employed high-
throughput technologies, such as label-free quantitative interac-
tion proteomics, RNA-seq, and ChIP-seq, to identify Prdm5
interactions partners as well as the transcriptional program con-
trolled by Prdm5. By integration of such robust data sets, we iden-
tified a novel role for Prdm5 in chromatin organization.

Previous studies have indicated versatile and cell type-specific
functions for Prdm5 in gene regulation, acting in both transcrip-
tional repression and activation, likely depending on the presence
of specific cofactors (19, 21).

Functionally, PRDM5 has been coined a tumor suppressor, as
the promoter is frequently found methylated in different cancer
types (14–17); however, genetic evidence causally establishing tu-
mor-suppressive functions of PRDM5 has been published only
recently (60), and the Prdm5 gene trap mouse strain employed in
this study does not develop spontaneous tumors (19). However,
while Prdm5 gene trap animals are viable and fertile (19), mor-
pholino experiments in zebrafish embryos revealed an essential
role for Prdm5 (18). In zebrafish, the Prdm5 loss-of-function phe-
notype was assigned to the role of Prdm5 as a negative regulator of
Wnt signaling. Although Prdm5 in the mouse does not appear to
have an essential function (19), ChIP-seq analysis in mES cells
revealed that Prdm5 might affect WNT signaling by directly tar-
geting genomic regions carrying genes involved in the pathway
(see Fig. S3E in the supplemental material). This is in agreement
with studies of human cancer cell lines linking PRDM5 to dereg-
ulated levels of �-catenin (15).

In a previous study, we identified a role for Prdm5 in ossifica-
tion processes during development and demonstrated that Prdm5
associates with all collagen loci in MC3T3 preosteoblastic cells
(19). Interestingly, Prdm5 binding to collagen genes occurs pre-
dominantly within the body of the genes, and binding intensity
correlates with the expression level of the collagen loci. Mechanis-
tically, we found that Prdm5 associates with RNA polymerase II
and is important for maintaining RNA polymerase II levels at the
Col1a1 locus (19), presumably via affecting local chromatin struc-
tures to promote transcriptional elongation or by direct modifi-
cation of elongating RNA polymerase II.

In the present study, we exploited the high expression of
Prdm5 in mES cells to gain a global perspective of the functions of
Prdm5 in a dynamic model system. Interestingly, a previous anal-
ysis identified PRDM5 together with PRDM14 and PRDM4 as the
three PRDMs expressed at significant levels in hES cells (9). Al-
though PRDM14 is essential for stemness maintenance of human
ES cells by regulating OCT4 levels (9), in mouse ES cells loss-of-
function experiments for Prdm14 revealed only a minor effect on
stemness maintenance (10); indeed, Prdm14 knockout mice are
viable, displaying only fertility defects, indicating species-specific
functions (52). In line with these data, we find that Prdm5 loss
does not affect mES cell maintenance, while, similarly to
PRDM14, it might have different functions in human cells or act
redundantly with Prdm14 in mouse embryonic stem cells. The
latter hypothesis could be valid, considering that Prdm5 and
Prdm14 share approximately 20% of genes bound according to
ChIP-seq data (this study and reference 10), encoding important
signaling molecules such as bone morphogenetic proteins (BMPs),
EphA2, and Meis2 (data not shown).

Gene expression regulation occurs at multiple levels, starting
from the genetic code and more complex epigenetic regulations,

such as histone modifications, to the recently described genomic
interactions and higher-order chromatin organization.

Indeed, the rapid development of genome-wide-scale technol-
ogies has revealed the importance of spatial organization in the
nucleus and the assembly of complex inter/intrachromosomal
networks to establish cell-specific transcriptomes (53). Such phe-
nomena have essential roles during development, where cellular
differentiation of progenitor cells into mature cell types necessi-
tates a plastic genome to be rearranged to express specific tran-
scriptional programs.

A well-studied process of global chromosome organization oc-
curs during X inactivation when female embryonic stem cells start
to differentiate. Indeed, this process includes the spatial organiza-
tion and interaction of the two X chromosomes (54) and the chro-
mosome condensation driven by the long noncoding RNA mole-
cule Xist (55). An example of local chromatin organization is
represented by the differentially methylated region (DMR)
around the H19-IGF2 locus that determines imprinting. Up-
stream of the H19 gene, DNA methylation of an insulator se-
quence determined the binding of CTCF, which acts through an
enhancer-blocking function to determine expression of H19 and
IGF2 genes (56). Ctcf binding induces local chromatin looping via
association with cohesin complex both at the DMR (57) and on a
more global scale (26). Indeed, cohesins have been shown to me-
diate chromatin looping in other complexes as well, such as the
bridging between enhancers and proximal promoters involving
the Mediator complex (45).

By mass spectrometry analysis of affinity-purified PRDM5
complexes, we identified TFIIIC components as Prdm5 interac-
tion partners. TFIIIC is a multimeric protein complex, the main
role of which is to recognize RNA polymerase III target genes
containing internal promoters with A and B boxes, typically tRNA
genes. TFIIIC recognition leads to the recruitment of the TFIIIB
machinery containing the Brf1 subunit for RNA polymerase III-
driven transcription (reviewed in reference 58). Interestingly,
TFIIIC has been discovered to bind genomic sites independent of
the RNA polymerase III machinery, called ETC (30). In recent
years, TFIIIC was shown to be involved in a number of additional
processes, such as chromatin insulation (reviewed in reference
51). Interestingly, tRNA genes themselves recently have been
shown to act as chromatin insulators, indicating an additional role
for these loci in chromatin biology other than tRNA transcription
(33). Comparison of Prdm5 and TFIIIC ChIP-seq data sets re-
vealed that TFIIIC binding occurs near Prdm5 binding peaks in a
range of 2 kb, and these common sites are assigned to genes ex-
pressed in early embryogenesis according to GREAT functional
annotation. When we dissected TFIIIC sites according to their
genomic features, we identified ETC sites and tRNAs as TFIIIC
targets also bound by Prdm5, indicating a role for Prdm5 in me-
diating chromatin insulation.

The other protein complex members we identified to associate
with Prdm5 are Ctcf and cohesin. Ctcf is a multi-zinc finger tran-
scriptional regulator that is known as the main mediator of insu-
lation functions in vertebrates (reviewed in reference 25). Instead,
cohesins are multimeric protein complexes with a main function
in sister chromatid cohesion (59), although studies have revealed
a mitosis-independent role for cohesins in mediating gene expres-
sion (45) and Ctcf-dependent insulator functions (26). Interest-
ingly, we identified Ctcf, Smc1, and Smc3 as proteins exhibiting
large cooccupancy with Prdm5 target sites, with their binding cen-
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tered on Prdm5 peaks. Given that Ctcf was shown to direct cohe-
sin enrichment at specific sites via its consensus sequence (26), we
looked into the presence of Prdm5 and Ctcf binding motifs at the
common binding sites. Strikingly, while the Prdm5 consensus
binding motifs were found at the majority of common Prdm5-
Ctcf binding sites, the Ctcf binding motif was underrepresented,
indicating a role for Prdm5 in associating Ctcf with chromatin at
these sites.

In summary, we provide evidence for a new function for
Prdm5 in interacting with chromatin organizers. Further studies
will be needed to determine if Prdm5 mainly affects local struc-
tures, such as the establishment of the transcriptional boundary
and regional looping, or if Prdm5 also is important for higher-
order chromatin structures, such as interchromosomal interac-
tions.
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