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Investigating the interplay between Ctcf haploinsufficiency and DNA stability using proteomic
approaches
Background and aims
CCCTC-binding factor (CTCF) is a master regulator of chromatin architecture and genome
organization. CTCF uses differential zinc finger domain combinations to bind chromatin, allowing it to
act as a transcriptional activator, repressor or insulator. CTCF binding is enriched at the borders of
topologically associating domains (1), and its deletion disrupts global domain structure (2).
Homozygous Ctcf knockout mice are non-viable, and Ctcf germline heterozygous mice are susceptible
to spontaneous multi-lineage cancers (3). Furthermore, CTCF is mutated in many human lymphoid
and epithelial malignancies (4). Ctcf is, therefore, implicated as a tumor suppressor gene; however,
the underlying mechanisms remain unknown.
Project aim: To explore which chromatin organisation machineries are directly dependent on proper
Ctcf expression by quantifying global protein changes between wild-type and Ctcf heterozygous mice.
Results
A Ctcf haploinsufficient mouse model was used to examine the genome- and proteome-wide impact of
heterozygosity on transcription and translation. Female Pgk-Cre positive transgenic C57BL/6 mice
were crossed with male mice carrying a heterozygous Ctcf reporter transgene flanked by loxP sites.
Embryonic expression of the PGK-1 promoter results in early and uniform expression of the Cre sitespecific recombinase, thus resulting in total excision of Ctcf in 50% of embryos (the remaining 50%
harbouring the un-flanked Ctcf allele). Mouse embryonic fibroblast (MEF) cultures were established for
in vitro studies using embryos from this breeding regimen, harvested at E13.5. Genotyping by PCR
+/+/+
identified Ctcf heterozygous (Ctcf , HET) and wild-type (Ctcf , WT) lines.
1. Ctcf haploinsufficiency reduces the transcription and translation of Ctcf
qPCR and western blot analyses were first performed to quantify the effect of Ctcf haploinsufficiency
on its own transcription and translation. RNA was extracted from passage 4 (P4) MEF cultures using
QIAzol Lysis Reagent (Qiagen), cDNA was synthesised using the High-Capacity RNA-to-cDNA kit
(Thermo Fisher Scientific), and qPCR was performed with TaqMan probes (Thermo Fisher Scientific)
against Ctcf and Gapdh according to manufacturers’ instructions (n=6 per genotype). Ctcf expression
+/(normalised to Gapdh) was 36.8% reduced in Ctcf MEFs relative to wild-type MEFs (Fig. 1A).
Protein was extracted from P4 MEFs using RIPA lysis buffer and quantified using a Direct Detect
Infrared Spectrometer (Merck Millipore). 20 µg total protein was used for western blotting according to
standard protocols with Ctcf anti-rabbit (1:1000) and β-actin anti-mouse primary antibodies (Cell
Signalling Technology, 1:5000) and fluorescent-conjugated infra-red secondary antibodies (LI-COR
Odyssey; goat anti-mouse antibody (1:20,000) and goat anti-rabbit antibody (1:5000)). The Odyssey
CLx Imaging System was used for visualisation and quantification. Ctcf protein levels (normalised to β
+/-actin) were 26.9% reduced in in Ctcf MEFs compared with wild-type MEFs (Fig. 1B,C).
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Figure 1: Ctcf
MEF cultures show a
highly significant reduction in Ctcf
expression both at transcript (A) and
+/+
protein levels (B, C) compared to Ctcf
MEFs. Student’s t-test, p < 0.0001 (*).

2. A reduced genomic concentration of Ctcf causes genome-wide transcriptomic and
proteomic dysregulation
We next quantified the genome-wide effects of Ctcf haploinsufficiency using RNA sequencing (RNAseq) and quantitative mass spectrometry. Total RNA was extracted as described above (n=6 per
genotype) and DNase treated using the Turbo DNA-free kit (Thermo Fisher). Strand-specific libraries
were prepared using the TruSeq Stranded Total RNA with Ribo-Zero Gold kit (Illumina) and
sequenced with 150bp paired-end reads on a HiSeq 4000 (Illumina). Reads were aligned to the mm10
genome, and differential expression analysis was performed using edgeR (5).
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One hundred and thirteen genes were differentially expressed between Ctcf and Ctcf MEFs (FDR
+/<5%): 69 were significantly under expressed in Ctcf MEFs, including Ctcf itself (Fig. 2A). KEGG
pathway analysis (6) showed enrichment for pathways involved in important cellular processes
including cell adhesion and various cancer pathways such as MAPK and Wnt signalling (Fig. 2B).
For quantitative proteome analysis, protein was extracted from MEFs using triethylammonium
bicarbonate buffer with 0.1% SDS followed by protease digestion and Tandem Mass Tag (TMT)
labelling (10-plex), high pH reverse-phase chromatography for fractionation, and liquid
chromatography–MS (Q-Exactive, Thermo Scientific). Peptides were identified and quantified using
Proteome Discoverer (Thermo Fisher Scientific), which includes the Mascot search engine and
SEQUEST data analysis software. Five biological replicates of each genotype were used (number of
replicates limited by the 10-plex TMT labelling protocol).
8,318 proteins were identified in all ten samples (FDR <1%). Eleven peptides in all samples mapped
+/uniquely to Ctcf, ten which ten showed reduced expression in Ctcf samples compared with wild-type
controls. Protein expression was quantified by summing normalised intensity values for all peptides for
a given protein. Limma (7) was applied to the quantile-normalised protein data to assess differential
protein expression. Unsupervised clustering of the top one hundred differentially expressed proteins
revealed two distinct clusters according to genotype (Fig. 2C).

Figure 2: Ctcf haploinsufficiency results in differential expression of 113 genes (A) compared with wild-type samples (n = 6 per
genotype) representing biological pathways (B) important in cell fate and cancer. (C) A heatmap showing the top 100
+/+/differentially expressed proteins identified using TMT proteomics, comparing Ctcf and Ctcf MEFs (n=5 per genotype).

Conclusions
This Ctcf haploinsufficient mouse model shows transcriptional and translational down-regulation of
Ctcf. Halving the genomic concentration of Ctcf results in a 36.8% reduction in transcription of Ctcf
itself and a 26.9% reduction in Ctcf protein. There is only partial compensation for haploinsufficiency,
thus making this a suitable model for further study. Initial analysis of genome- and proteome-wide
changes shows that Ctcf haploinsufficiency results in significant changes in biologically important
signaling pathways, including those involved in carcinogenesis. Our next steps include technical
replication of the TMT experiment and further in-depth analysis of these data. Specifically, we are
examining how Ctcf loss alters chromatin structure to regulate these gene and protein networks by
chromatin immunoprecipitation with high-throughput sequencing (ChIP-seq) and chromosome
conformation capture techniques (HiC).
How closely have the original aims been met
This preliminary work in vitro has been essential to pave the way for analysis of liver tissues in a Ctcf
conditional knockout mouse model of hepatocellular carcinoma, which is now underway. This grant
has allowed me to develop and validate this model, start to explore the biological implications of Ctcf
loss, and help to understand how it acts as a tumour suppressor gene.
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