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ABSTRACT 

 

Distinct role of CCCTC-binding factor 

 in the differentiation and function of Dendritic cell lineage 

 

Sueun Kim 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Hyoung-Pyo Kim) 

 

 

Dendritic cell (DC) lineage is comprised of heterogeneous subsets of DCs, which could 

be largely classified by their distinct cytokine dependency for development. CCCTC-

binding factor (CTCF) is a genome-wide DNA-binding protein that regulates its target 

gene expression by controlling the topological structures of chromatin. Previously we 

demonstrated that CTCF is critically involved in the homeostasis of both epidermal 

Langerhans cells and hematopoietic stem cells. However, the role of CTCF in other DC 

lineage development and function remains largely unknown. Here I found that CTCF is not 

critically required for DCs in the granulocyte macrophage-colony stimulating factor (GM-

CSF)-dependent development, unlike for those in the FMS-like tyrosine kinase 3 ligand 

(Flt3L)-dependent development. Although CTCF was required for optimal bone marrow 
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(BM) progenitor proliferation in both Flt3L-and GM-CSF-supplemented cultures, CTCF-

deficient BM and hematopoietic stem cells cultured with GM-CSF showed normal cellular 

apoptosis rate and higher CD11c
+
 DC differentiation. GM-CSF-dependent DCs generated 

from CTCF-deficient BM were demonstrated to drive the enhanced induction of regulatory 

T cells over Th17 cells in part due to their reduced IL-6 production. IL-6 production in 

CTCF ablated DCs was affected through NF-kB signaling pathway. According to the 

experimental autoimmune encephalomyelitis (EAE) model as an autoimmune disease 

model for Th17, the vaccination of CTCF-deficient DCs showed a prophylactic effect in 

vivo. My results indicate that CTCF plays a critical role in the production of pro-

inflammatory cytokine rather than the development and antigen presentation of GM-CSF-

dependent inflammatory DCs. My study demonstrated that targeting CTCF in GM-CSF-

dependent inflammatory DCs is a promising new prophylactic modality to control Th17-

associated autoimmune diseases.  

 

 

 

 

 

Key words: CCCTC-binding factor, conditional knockout mouse, GM-CSF dependent 

dendritic cells, IL-6, EAE model, NF-kB signaling pathways  
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Distinct role of CCCTC-binding factor 

in the differentiation and function of Dendritic cell lineage 

 

Sueun Kim 

 

Department of Medical Science  

The Graduate School, Yonsei University 

 

(Directed by Professor Hyoung-Pyo Kim) 

 

 

I. INTRODUCTION 

 

1. Dendritic cells 

Dendritic cells (DCs) are professional antigen-presenting cells that play critical role for 

determining immune activation or tolerance.
1
 DCs have been discovered from mouse 

spleen by Ralph Steinman in 1973 and defined its name according to their dendritic 

morphology.
2
 The subsets of DCs have been studied for many years and classified 

depending on their function, surface molecules, and resident tissues. Although most of 

DCs are originated from hematopoietic stem cells (HSCs) in BM, there is an another subset 

called monocyte-derived dendritic cells (moDCs) that appears only in response to acute 

inflammation in vivo.
3,4

 Differentiation to various subsets of DCs from HSCs is dependent 
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to soluble cytokines, Flt3L and GM-CSF.
5,6

 A widely used protocol using these cytokines 

can generate different types of DCs in vitro.
7
 Flt3L is necessary for the development 

typical types of DCs such as conventional DCs (cDCs) and plasmacytoid DCs (pDCs). 

MoDCs are derived by GM-CSF and release inflammatory cytokines like Tumor necrosis 

factor alpha (TNFα), interleukin-6 (IL-6), and interleukin-12 (IL-12) in response to Toll 

like receptor (TLR) ligands.  

When antigens are recognized and taken by DCs, DCs are undergone maturation stage 

including processing the antigens and presenting on their surface with MHCII. To present 

processed antigens to T cells, the expression of co-stimulatory molecules CD80, CD86 are 

also increased as well. In order to induce proper effector T cell differentiation according to 

the inflammatory types, cytokines are produced and released by DCs in antigen-specific 

manners. The maturation of DCs is easily induced by lipopolysaccharide (LPS) which is 

largely known for a TLR4 stimulator in vitro. LPS binding to TLR4 triggers several 

signaling pathways in immune cells.
8,9

 NF-kB signaling pathway is one of well-

characterized pathway resulting in phosphorylation of IkBα protein. Basically, IkBα binds 

to NF-kB heterodimer and locates in cytosol. Once IkBα is phosphorylated and 

ubiquitinated, Phosphorylated IkBα is degraded and NF-kB proteins are free to translocate 

into nucleus. The other well-known pathway is transduced via MAP kinase cascade 

pathway including 3 different accessary proteins, p38, JNK and Erk1/2.
9
  

T helper 17 (Th17) cells are one of the effector T cells in inflammatory response, 

producing interleukin-17A (IL-17A), interleukin-17F (IL-17F), and interleukin 22 (IL-22). 
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Th17 cell population was first identified and developed in organ-specific autoimmunity 

and has been widely studied in its representative animal disease model, experimental 

autoimmune encephalomyelitis (EAE),
10-12

 using myelin proteins.
13

 Differentiation of Th17 

cells from naïve CD4
+
 T cells needs several cytokines from antigen-presenting cells such 

as IL-6 and TGFβ, and transcription factor RORγt is a key regulator of deciding to the 

Th17 lineage.
14,15

 Without IL-6, TGFβ alone can induce differentiation of regulatory T 

cells (Treg) that is responsible for immune tolerance.
16,17

 Thus, IL-6 produced by antigen-

presenting cells in inflammation could be a key factor for determining between immune 

response and tolerance.
13

 Therefore, DCs play a pivotal role in between innate and adaptive 

immunity.
18

  

 

2. CCCTC-binding factor 

Epigenetics which studies the mechanisms or pathways that initiate and maintain 

heritable patterns of gene expression and gene function without changing the DNA 

sequence has emerged recently.  Epigenetic mechanisms are affected by several factors and 

processes such as development, environmental chemicals, drugs, aging, and diets. Through 

those factors, histone proteins can be post-modified and DNAs can be methylated which 

both lead to change in the structure of chromatin. There are two architectures related to the 

gene expression, euchromatin and heterochromatin structure. Euchromatin is an open 

structure of chromatin so that transcription factors and RNA polymerases can access easily 



 

 

6 

 

to the promoter. On the other hand, closed structure of chromatin is called heterochromatin 

that rarely occurs gene expression.
19,20

 

To regulate the expression of genes, the interaction between enhancer and promoter is 

also important. However, there are some genes whose enhancer is located far from the 

promoter. In those cases, “DNA looping” is needed to make the distance close between 

promoter and enhancer for processing gene expression. Cohesin and CTCF are the factors 

in charge of DNA looping.
21

  

CTCF is a protein that has 11 zinc-finger domains to bind to DNA and was first 

discovered as a negative regulatory transcription factor of c-myc gene in chicken.
22,23

 

There are about 60,000 CTCF binding sites in mammalian genome, and its sequence is 

highly conserved but distributed in cell-type specific manner.
24,25

 CTCF is involved in 

regulation gene expression epigenetically.
26

 Function of CTCF is mainly attributed to its 

particular ability to mediate long-range DNA interactions that have impact on the 3-

dimensional chromatin structure.
27,28

 Interestingly, CTCF can be both a facilitator and a 

blocker
29

 positioning in the middle of enhancer and promoter. Also, CTCF participates in 

forming topologically-associated domains (TADs) according to interactions occurring 

actively among chromosomes.
24,30

 CTCF function has been studied in hematopoietic cell 

lineages recently. It regulates early thymocytes development,
31

 cell differentiation, and 

cytokine production
32

 in helper T cells.
33,34

 In B cells, CTCF is essential to modulate 

immunoglobulin gene rearrangement.
35-37

 Also, CTCF is attributed to development and 

function of macrophages,
38

 and survival, proliferation, differentiation of DCs as well.
39
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Recently, there has been reported that CTCF regulates migration of Langerhans Cells 

modifying expression of cell adhesion molecule.
40

 This report indicates that DCs 

modulated CTCF molecule can be used as a novel prophylactic of diseases. However, the 

precise role of CTCF in controlling DCs is still unknown. 

In this study, I demonstrate that CTCF differently regulates development of DCs in vitro 

and has an effect on maturation of DCs via TLR4-mediated signaling pathways in response 

to LPS. To use clinical vaccine, CTCF modulated DCs would be a new prophylactic 

modality to control Th17-associated autoimmune diseases. 
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II. MATERIALS AND METHODS 

1. Mice 

Mice carrying the targeted Ctcf allele, Ctcf 
tm1a(EUCOMM)Wtsi

, were purchased from 

European Conditional Mouse Mutagenesis Consortium. For deletion of the lacZ-

neomycin-resistance cassette and the generation of mice with a loxP-flanked Ctcf allele 

(Ctcf
 fl/+

), Ctcf
tm1a(EUCOMM)Wtsi

 mice were bred to ACT-FLPe C57BL/6 mice (Jackson 

Laboratory, Bar Harbor, ME, USA), which express a transgene of an enhanced form of the 

recombinase FLP that is driven by a chicken β-actin-rabbit β-globin hybrid promoter and 

the human cytomegalovirus-IE enhancer. Ctcf 
fl/+

 mice were intercrossed to generate Ctcf 

fl/fl
 mice. Mice were genotyped by polymerase chain reaction (PCR) with the following 

oligonucleotides: forward primer 5’- AACTCCCTGGTTCCACTCCT -3’ and reverse 

primer 5’- GACCCTAGTGCTGTTTCGGC -3’; wild-type product, 420 bp; Ctcf 
fl
 product, 

539 bp. CD45.1 congenic mice and OT-II transgenic mice expressing T-cell receptor 

specific for OVA323-339 were purchased from the Jackson Laboratory. Ctcf 
fl/fl

 mice were 

crossed to Rosa26-CreER mice (CreER, kindly provided by Weonsang Ro, Institute of 

Gastroenterology, Yonsei University College of Medicine) to generate a tamoxifen-

induced systemic Ctcf conditional knockout strain (CTCF-cKO). For inducing Cre-

mediated recombination in CreER mice, tamoxifen (Sigma, St. Louis, MO, USA) was 

dissolved in corn oil (Sigma) and intraperitoneally injected for four to five consecutive 

days (2mg/day). Wild-type C57BL/6 (CD45.2) mice were purchased from the Jackson 

Laboratory. Six- to 12-week-old mice that were bred in specific pathogen-free facilities at 
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Yonsei University College of Medicine were used for all experiments. Age- and sex-

matched Ctcf 
fl/fl

 or CreER littermate mice were used as wild-type (WT) controls 

throughout the study. All animal studies were approved by the Department of Laboratory 

Animal Resources Committee of Yonsei University College of Medicine. 

 

2. Generation of Bone marrow-derived dendritic cells (BMDCs) 

Bone marrow cells were isolated from CreER or CreER;CTCF
f/f

 mice by flushing 

femurs and tibiae using 26 1/2 G needle with 1 x PBS. The BM cells were centrifuged and 

then re-suspended in 1 x RBC lysis buffer for 1 minute in room temperature. The cells 

were centrifuged with added 10 volume of PBS then filtered through a 70μm strainer. For 

the in vitro differentiation of  pDCs and cDCs, the cells resuspended at 2 x 10
6
 cell/ml 

were cultured for 8 days in complete RPMI-1640 medium (HyClone, Logan, UT, USA) 

containing 10% FBS (HyClone), 100 units/mL penicillin, and 100 μg/mL streptomycin, 50 

μM 2-mercaptoethanol with Flt3L (provided by Chae Gyu park, Yonsei university) and 

changed medium every 3 days. For the in vitro differentiation of moDC, the cells 

resuspended at 0.33 x 10
6
 cells/ml were cultured for 6 days in complete RPMI-1640 

medium with GM-CSF (provided by Chae Gyu Park) and changed medium every 2 days. 

For the deletion of Ctcf allele in vitro, 4-OH-tamoxifen (sigma) dissolved 100% ethanol is 

added only at the first day (final 0.5uM). For the enrichment of moDCs, CD11c cells were 

positively selected by using the CD11c microbead (Miltenyi Biotec, Bergisch Gladbach, 
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Germany). All cells were incubated with 5% CO2 at 37℃. Cells were stimulated with LPS 

(100ng/ml to 1ug/ml, Ultrapure E.coli K12 strain, Invitrogen, Carlsbad, CA, USA). 

 

3. Flow cytometric analysis 

Fluorchrome-conjugated anti-mouse B220, CD4, CD8a, CD11b, CD11c, CD24, CD45.1, 

CD45.2, CD80, CD86, I-A/E, IFNγ, IL-4, IL-17A, Foxp3 were obtained from eBioscience 

(San Diego, CA, USA). Intracellular cytokine staining was performed using  

Foxp3/transcription factor staining buffer Set (eBioscience). Cell death and apoptosis were 

analyzed using an Annexin V/ Propidium iodide (PI) staining kit (eBioscience). Cell 

proliferation was performed by CFSE staining. All stained cell samples were analyzed by 

flow cytometry using FACSVerse system (BD Bioscience, San Jose, CA, USA) and FACS 

LSR Fortessa flow cytometer (BD Bioscience). All flow cytometry data were analyzed 

with the FlowJo software (Treestar, Ashland, OR, USA). 

 

4. Antigen uptake Assay 

BMDCs were washed with 1 x PBS and incubated on ice for 1minutesto maintain the 

normal cell condition. The cells were incubated with or without Alexa-647 conjugated 

OVA protein at 4℃ or 37℃ for 30 minutes. Stained cells were analyzed using FACSVerse 

system (BD Bioscience) were used.  
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5. T cell proliferation assay 

CD4
+
 T cells were isolated from spleen of OTⅡ mouse and purified using MagniSort 

Mouse CD4 positive selection Kit (eBioscience). Purified T cells were stained with CFSE 

and co-cultured with OVA323-339 peptide pre-educated CD11c positive BMDCs for 3days. 

 

6. Quantitative real-time polymerase chain reaction (qRT-PCR) 

Total RNA from BMDCs was isolated with the Hybrid-R Total RNA kit (GeneAll 

Biotechnology, Seoul, Korea) as described in our previous study.
40

 cDNA was synthesized 

using PrimeScript
TM

 RT Master Mix (Takara Bio, Shiga, Japan). qRT-PCR was achieved 

with the ABI StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA, 

USA) by monitoring the synthesis of double-stranded DNA during various PCR cycles 

using SYBR Green (Takara Bio). For each sample, duplicate test reactions were analyzed 

for the expression of the gene of interest, and results were normalized to Rpl7 mRNA. 

Primer sequences are listed in Table1. 
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Table 1. Primer sequences used for real-time qPCR 

 

Genes Forward Reverse 

Cd14 CAGAGAACACCACCGCTGTA CAGAAGCAACAGCAACAAGC 

Ctcf AGCGCTATCATGATCCCAAC CGGCTCAGCATTTTCTTCAC 

Foxp3 GGCCCTTCTCCAGGACAGA GCTGATCATGGCTGGGTTGT 

Il10 TGAATTCCCTGGGTGAGAAG CTCTTCACCTGCTCCACTGC 

Il12a GGCCATCAACGCAGCACTTC CACAGGAGGTTTCTGGCGCA 

Il12b CCTGAAGTGTGAAGCACCAA GTCAGGGGAACTGCTACTGC 

Il18 GGCTGCCATGTCAGAAGACT GTGAAGTCGGCCAAAGTTGT 

Il6 CCGGAGAGGAGACTTCACAG TTGCCATTGCACAACTCTTT 

Irak2 CCTACATGGCAAATGGCTCT TGTGGATGATGTCCAGGCTA 

Irak3 ACCCTGTCCTCGGAACTTCT TACAAGCTAGGCTGGGTGCT 

Myd88 CACCTGTGTCTGGTCCATTG AGGCTGAGTGCAAACTTGGT 

Nfkbiz GTGACACAGTTGGACGCAGT TGAATGGACTTCCCCTTCAG 

Nlrp3 GCCTCACTGAACTGGACCTC AGGAGATGTCGAAGCAGCAT 

Nos2 GTGGTGACAAGCACATTTGG AAGGCCAAACACAGCATACC 

Rorc TGCAAGACTCATCGACAAGGC AGCTTTTCCACATGTTGGCTG 

Rpl7 ATGTGCCCGCAGAACCAA GACGAAGGAGCTGCAGAACCT 

Tab1 GGCTACACCGACATTGACCT CTCTGACATCAGCACCAGGA 

Tbx21 CAACAACCCCTTTGCCAAAG TCCCCCAAGCAGTTGACAGT 

Tnf ATGTCCATTCCTGAGTTCTG AATCTGGAAAGGTCTGAAGG 

Tnfaip3 AGGCTATGACAGCCAGCACT AAACCTACCCCGGTCTCTGT 

Traf6 TTTCCCTGACGGTAAAGTGC CTGGCACTTCTGGAAAGGAC 
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7. Cytometric bead assay (CBA) 

BMDCs were stimulated 100ng/ml LPS for 24 hours, and their supernatants were 

collected. Their supernatants were analyzed with CBA mouse inflammation kit (BD 

Bioscience) to quantify each cytokine levels such as IL-6, IL-10, MCP-1, TNFα, IFNγ, IL-

12p70. Splenocytes from EAE model were re-stimulated with MOG35-55 peptide (20ug/ml) 

for 3days and their supernatants were collected. CBA mouse Th1/ 2/ 17 kit (BD Bioscience) 

were performed with the supernatant to estimate the amounts of each cytokine levels 

including IL-17A, TNFα, IFNγ, IL-10, IL-6, IL-4, IL-2. 

 

8. T cell differentiation 

BMDCs were purified using CD11c microbead (Miltenyi Biotec) and re-suspended at 1 

x 10
5 
cells/ml. CD4

+
 naïve T cells were isolated from spleen of C57BL6 mice and purified 

using MagniSort Mouse CD4
+
 Naïve T cell Enrichment Kit (eBioscience). Isolated CD4 

naïve T cells were activated with soluble anti-CD3ε (0.15ug/ml; 145-2C11; BioLegend, 

San Diego, CA, USA). BMDCs (1 x 10
4 

cells/well) and CD4
+
 naïve T cells (1 x 10

5 

cells/well) were co-cultured for 4 days at 1:10 ratio. For the generation to Th1 cells, cells 

were treated with LPS (100ng/ml). For Th2 differentiation, cells were incubated with IL-4 

(10ng/ml; Peprotech, Rocky Hill, NJ, USA), α-IFNγ (XMG1.2, 5ug/ml), and  IL-2 

(10ng/ml). For Th17 differentiation, cells were stimulated with LPS (100ng/ml) and TGF-β 

(3ng/ml; Peprotech). For inducing regulatory T cells, cells were cultured with TGF-β 

(5ng/ml; Peprotech). Additional cytokines such as IL-6 (20ng/ml; Peprotech) and IL-12 
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(20ng/ml; Peprotech) were used. In vitro differentiated CD4
+
 T cells were incubated with 

50ug/ml PMA and 1ug/ml Ionomycin for 2 hours and additionally incubated in the 

presence of Brefeldin A (eBioscience) for 4 hours. 

 

9. Adoptive transfer of BMDC 

BMDCs were pulsed with 50ug/ml MOG35-55 peptide (Genscript, Nanjing, China) for 4 

hours and activated with 100ng/ml LPS for additional 1 hour in RPMI-1640 medium with 

10% FBS. Cells were washed with PBS for three times and re-suspended in PBS before 

being intravenously injected into C57BL6 mice (5 x 10
5
 cells/mice) 7 days before 

immunization.  

 

10. Generation of  EAE mouse model 

MOG35-55 peptide (YounginFrontier, Seoul, Korea) was dissolved in PBS at 2mg/ml and 

Mycobacterium tuberculosis H37RV (provided by Sungjae Shin, Yonsei university) was 

re-suspended in Complete Freund’s Adjuvant (Sigma) at 10mg/ml. Both were mixed at 1:1 

ratio and subcutaneously injected 7 days after vaccination. 400ng salt free pertussis toxin 

from Bordetella pertussis (List Biological Laboratories, Cambell, CA, USA) were injected 

intraperitoneally on day 0 and day 2. Daily scoring of clinical symptoms and measuring the 

body weight were performed for 3 weeks. Perfusion with PBS was performed for analysis 

central nervous system. Brain and spinal cord were isolated and followed by 37% percoll 

(Sigma) isolation to purify the lymphocytes. CNS cells were activated with 50ug/ml 
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PMA(sigma) and 1ug/ml ionomycin (sigma) with brefeldin A (eBioscience) for 5 hours in 

complete RPMI medium. Staining for FACS was achieved followed by. Total splenocytes 

were re-stimulated with 20ug/ml MOG35-55 peptide for 3 days. RNA and protein analysis 

were accomplished. 

 

11. RNA-sequencing 

After the CD11c positive selection using CD11c microbead (Miltenyi) on day 6 of GM-

CSF BMDC, the cells were treated with or without LPS (1ug/ml) for 3 hours at 1 x 10
6 

cells/ml concentration in 6 well plate. All cells were immediately collected in TRIzol 

(Invitrogen), and total RNA was extracted using isopropanol precipitation method. Sample 

preparation and RNA sequencing data analysis were described in our previous study.
40

 All 

RNA-sequencing data was presented using University of California, Santa Cruz (UCSC) 

Genome browser. I performed functional annotation with the Gene Ontology biological 

process using the DAVID Functional Annotation tool  (http://david.abcc.ncifcrf.gov) from 

an expanded subset of gene whose expression differed by at least 1.5-fold in LPS-treated 

BMDCs. For analyzing differential expressed genes in untreated BMDCs, I used GSEA 

tool to perform functional annotation with the Gene Ontology biological process by at least 

1.3-fold. 

 

12. Immunoblotting 
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After LPS stimulation, cells were lysed with lysis buffer in the presence of protease 

inhibitor cocktail and phosphatase inhibitor cocktail and with sonication. Proteins were 

fractioned using 10 or 12% SDS-PAGE and analyzed using immunoblotting with the 

following antibodies: antibody specific for IκB-α phosphorylated at Ser32 (14D4) (Cell 

signaling, Danvers, MA, USA), p38 phosphorylated at Thr180/Tyr182 (3D7) (Cell 

signaling), SAPK/JNK phosphorylated at Thr183/Tyr185 (Cell signaling), Erk 

phosphorylated at Tyr204 (E-4) (Santa Cruz), IκB-α (Cell signaling), p44/42 MAPK 

(Erk1/2) (Cell signaling), JNK2 (56G8) (Cell signaling), p38 MAPK (Cell signaling), 

CTCF (Cell signaling) and βactin  (Santa Cruz). All antibodies were used at a dilution of 

1:1000. 

 

13. Chromatin Immunoprecipitation 

Purified cells were fixed for 10minutesat room temperature in cell culture medium 

containing 1% formaldehyde (Sigma). The reaction was quenched by addition of glycine to 

125mM and incubated for 5minutesat room temperature. Cells washed with PBS, then 

pelleted, and lysed with buffer A (5mM PIPES, pH8.0, 85mM KCl, and 0.5% NP40) for 

5minuteson ice. Nuclei were pelleted and washed with buffer A without NP40, then lysed 

with nuclei lysis buffer B (10mM Tris-HCl, pH8.0, 2mM EDTA, 1mM PMSF and 0.2% 

SDS). Lysed nuclei were sonicated using a bioruptor sonicator (Diagenode, Seraing, 

Belgium) until the average DNA fragment was ~400bp. Lysates were diluted in 2x RIPA-

B buffer (10mM Tris-HCl, pH8.0, 280mM NaCl, 2% Triton X-100, and 0.2% deoxycholic 
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acid) followed by immunoclearing with 1mg/ml BSA, and secondary antibodies linked to 

magnetic beads (Dynal, Lake Success, NY, USA). Immunoprecipitaions were performed 

with 1ug primary antibodies to NF-kB p50 (Cell signaling), anti-H3K27Ac (Abcam, 

Cambridge, UK), and anti-H3K4me3 (Abcam) at 4℃ for overnight. Immune complexes 

were harvested with magnetic beads, and washed twice for 5 minutes in each of the 

following buffers: RIPA-140 buffer (10mM Tris-HCl, pH8.0, 0.1% SDS, 1% Triton X-

100m 1mM EDTA, 0.1% deoxycholic acid, and 140mM NaCl), RIPA-500 buffer (10mM 

Tris-HCl, pH8.0, 0.1% SDS, 1% Triton X-100m 1mM EDTA, 0.1% deoxycholic acid, and 

500mM NaCl), LiCl buffer (10mM Tris-HCl, pH8.0, 250mM LiCl, 0.5% NP40, 1mM 

EDTA, and 0.5% deoxycholic acid), and TE buffer (10mM Tris-HCl, pH8.0 and 1mM 

EDTA). Immune complexes were disrupted with elution buffer (100mM NaHCO3 and 1% 

SDS), and reversed the crosslinks by adding 200mM NaCl and RNase A (Qiagen, Hilden, 

Germany), then incubated at 37℃ for 30 minutes and at 65℃ for overnight with proteinase 

K (New England Biolabs, Ipswich, MA, USA). DNA was purified by using SPRI bead 

(Beckman Coulter, Brea, CA, USA). DNA were dissolved in 50ul water, and 2ul were 

used as template for PCR reactions using StepOneplus real-time PCR System (Applied 

Biosystems). Primer sequences are listed in Table2.  
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Table 2. Primer sequences used for ChIP assay 

 

Genes Forward Reverse 

Il6 TCAATTCCAGAAACCGCTATG GCTCTCTGCCTCACACTCCT 

Il12a CCTACCCCAAACCTCCAAAT CCAGTGGGGTAACAGGCTAA 

Il12b CAGGGACAGGAATGGAGAAG GCACATCCAGTTCGCATACA 

Foxp3 AGAACTTGGGTTTGCATGG GCCAGATTTTTCTGCCATTG 
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14. Statistical analysis 

Data were analyzed with unpaired Student’s two-tailed t-tests, unless otherwise stated, 

using Prism software (GraphPad Software Inc., San Diego, CA, USA). All P-values < 0.05 

were considered statistically significant.  
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III. RESULTS 

1. Establishment of conditional CTCF-knock out mouse system 

The research using CTCF systemic knock-out mice (KO) couldn’t be performed because 

KO mice have shown embryonic lethality following of developmental defect. Therefore, 

we have established conditional knock-out mice (cKO) using CreER-loxP system. Using 

synthetic estrogen, tamoxifen, activation signal is transduced via estrogen receptor on cell 

surface, it leads to activate Cre recombinase. Loxp sites are inserted both forward and 

backward of the 8
th
 exon sequence for producing CTCF-floxed mice. We crossbred CreER 

mice and CTCF-floxed mice to make CreER;CTCF
f/f

 (Figure 1A). To induce acute  

deletion of CTCF in vivo, tamoxifen dissolved in corn oil at 20mg/ml was injected 

sequential 5 days intraperitoneally and CreER mice were used as control for following 

experiments. The level of CTCF in spleen of tamoxifen-induced CTCF-cKO mice was 

decreased both in genomic DNA and RNA on day 8 (Figure 1B and C). Tamoxifen-

injected CTCF-cKO mice were also shown lethality within 2 weeks with larger spleen. In 

spite of expanded spleen, there was severe reduction of cell number both in splenic pDCs 

and cDCs subsets of CTCF-cKO mice 8 days after tamoxifen injection intraperitoneally 

(Figure 1D). Thus, I confirmed that CTCF was deleted well by tamoxifen injection in our 

conditional knock-out mice and deletion of CTCF had a reduction effect on splenic DC 

populations in vivo.  
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Figure 1. Schematic of Ctcf 
fl/fl

 mice generation and CTCF deletion effects in spleen. 

(A) Mice carrying the targeted Ctcf 
tm1a(EUCOMM)Wtsi

 allele were bred to ACT-FLPe 

transgenic mice to remove the LacZ/NeoR cassette and generate mice carrying a 

conditional Ctcf 
fl
 allele in which exon 8 was flanked by loxP sites. Mice carrying a 
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conditional Ctcf 
fl 

allele were bred to CreER-expressing with ROSA cassette mice to 

generate tamoxifen induced conditional Ctcf-deleted (Ctcf 
Δ
) knockout mice 

(CreER;CTCF
f/f

). Exons are represented by black boxes. (B) For Genomic DNA PCR, 

isolated DNA from total splenocytes from WT and CTCF-cKO mice was used and 

separated by agarose gel electroporation (C-D) Mice were injected tamoxifen in order to 

generate acute deletion of CTCF. (C) The deletion efficiency of Ctcf in mRNA level was 

confirmed by qRT-PCR. The mRNA level was normalized by Gapdh. (D) Total 

splenocytes were isolated and analyzed by using flow cytometry to quantify pDCs 

(CD11c
+
Siglec-H

+
) and cDCs (Siglec-H

-
CD11c

+
MHCII

+
). Data represent one independent 

experiment with five mice per group. Error bars indicate SEMs. *, P<0.05; **, P<0.01; ***, 

P<0.001; ns, not significant. 
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2. The effect of CTCF on the development of DCs in vitro 

In vitro culture systems for development of various DCs from mouse HSCs have been 

constructed for many years. To investigate the impact of CTCF on the regulation of DC 

differentiation, mouse Bone marrow (BM) cells were cultured in medium containing Flt3L 

or GM-CSF. To eliminate CTCF during cultures, metabolic trapped synthesized estrogen, 

4-OH-tamoxifen was treated on the first day of culture. Culturing CTCF deleted BM in the 

presence of Flt3L showed elimination of pDC (CD11c
+
B220

+
) population and slightly 

lower expression of CD11c in cDCs (CD11c
+
B220

-
) population on day 9 (Figure 2A). 

Moreover, absolute cell number was significantly reduced in all subset of DCs generated 

by Flt3L including two cDC subsets (CD11c
+
B220

-
CD24

+
, CD11c

+
B220

+
CD11b

+
) (Figure 

2B). In our previous study, CTCF-ablated HSCs weren’t able to sustain the stem cell pool 

and differentiate to myeloid lineages as the following results. However, BMDCs 

(CD11c
+
CD11b

mid
) cultured with GM-CSF were observed with slightly higher frequency 

and CD11b
mid

 CD11c
-
 population was lower than WT BMDCs on day 6 (Figure 2C). 

However, cell numbers were reduced around 50% as similar as Flt3L-dependent DCs 

(Figure 2D). Interestingly, while expression of CD11c was decreased in BMDCs cultured 

with Flt3L, it was increased in BMDCs cultured with GM-CSF (Figure 2E). Together, 

CTCF is critical for maintaining cellularity and differentiation of steady-state myeloid DC 

but not for differentiation of inflammatory DC development.  

To determine whether these different results depending on two different cytokines were 

led by the deletion of CTCF intrinsically, CD45.1
+
 BM cells were co-cultured with WT, 
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CTCF-cKO BM cells at 1:1 ratio. In all DC populations induced by Flt3L, drastically 

decreased patterns were observed only in CTCF deficient CD45.2
+
 DCs (Figure 3A). 

Interestingly, the frequency of GM-CSF dependent BMDCs was reduced but not as much 

as Flt3L-induced DCs (Figure 3B, C). These data indicates that CTCF was involved in 

development to general DCs such as pDCs and cDCs but have no defect on differentiation 

to BMDCs except decreased cell numbers. 
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Figure 2. The effect of CTCF on the Flt3L- and GM-CSF-mediated dendritic cell 

differentiation. (A) FACS gating strategies for BMDCs in Flt3L-dependent culture. 

BMDCs were harvested and analyzed on day 9. (B) Absolute cell number of BMDC 

subsets cultured with Flt3L was calculated (bar graph). (C) BMDCs induced by GM-CSF 

were harvested and analyzed by FACS on day 6. (D) Cell number was calculated in GM-

CSF dependent BMDCs on day 6. (E) Surface CD11c expressions of both Flt3L-, GM-

CSF-induced BMDCs were assessed by flow cytometry. Data represent at least two 

independent experiments with three to five mice per group. Error bars indicate SEM.  
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Figure 3. CTCF intrinsically supports the Flt3L-mediated DC differentiation. (A) In 

Flt3L culture, the frequencies of CD45.2
+
 BM-derived cells from the mixed culture with 

CD45.1
+
 BM cells are shown. The proportion of CD45.2

+
 BMDCs from each population of 

pDCs (CD11c
+
B220

+
) and cDCs (CD11c

+
B220

-
) are shown downward. (B) The  

frequencies of CD45.2
+
 GM-CSF-dependent BMDCs from the mixed culture with 

CD45.1
+
 BM cells are shown. (C) Calculated CD45.2

+
 percentages of each subsets are 
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presented as bar graph. Data represent at least two independent experiments with three to 

five mice per group. Error bars indicate SEM.   
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3. The impact of CTCF-deficiency on the apoptosis and proliferation during in 

vitro DC differentiation 

As reduced cell numbers were observed in both Flt3L- and GM-CSF- dependent DCs, I 

determined if CTCF contributed to maintain cell population or programmed cell death 

during differentiation. Previously, the study that CTCF is involved in regulating cellular 

apoptosis depending on cell types have been reported. Not surprisingly, CTCF deficient 

BM cells showed notably increased PI
+
 populations on day 5 during Flt3L-mediated 

differentiation indicating cellular necrosis and apoptosis were occurred earlier in the 

absence of CTCF. In contrast to Flt3L culture, no difference between WT and CTCF-cKO 

BM cells was obtained in apoptosis during GM-CSF culture (Figure 4A, B). I further 

examined cell proliferation changes depending on culture days. Under Flt3L-dependent 

condition, proliferation in CTCF-ablated BM cells was drastically attenuated while the 

effect was marginal in GM-CSF-dependent condition (Figure 4C). These data suggests that 

CTCF doesn’t affect to development of BMDCs and cell death but participates slightly in 

maintaining their pool size.  
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Figure 4. The effect of CTCF on the apoptosis and proliferation during in vitro DC 

differentiation. (A) Apoptosis of BMDCs during the differentiation both in Flt3L and 

GM-CSF culture was analyzed on day 0, 3, 5 by flow cytometry. (B) Live cell percentages 

were calculated and shown as bar graph according to culture days. (C) From day 3 to 5, 

daily proliferation rate was analyzed by FACS using CFSE stained BM cells. Data 
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represent at least two independent experiments with three to seven mice per group. Error 

bars indicate SEM.   



 

 

32 

 

4. CTCF-deficient BMDCs exhibit normal antigen uptake function while 

express higher co-stimulatory molecules 

Despite cell number was decreased in the absence of CTCF in GM-CSF mediated DC 

differentiation, there was a population presumed BMDCs because of its CD11c expression. 

Therefore, I next examined if the function of BMDCs was modulated by CTCF depletion. 

Because DCs are known as a professional APC, BMDCs were exposed to OVA protein 

conjugated with Alexa 647 fluorchrome in the different temperature conditions. In 4℃ 

condition, BMDCs exist as OVA-Alexa647-bound form. However, BMDCs is activated 

and uptake antigens in 37℃ condition.  There were no difference in the capacities of 

BMDCs for antigen uptake regardless of CTCF (Figure 5).  

 After antigen uptake, DCs changes their state to the “maturation” state accepting as an 

inflammatory circumstance in vivo. In the steady state, CTCF-deficient BMDCs expressed 

higher CD80 and CD86 while there is no noticeable changes in MHCII compared to WT. 

However, regardless of antigen, external signals such as Pathogen Associated Molecular 

Pattern (PAMP) or Damage-Associated Molecular Pattern (DAMP) are essential for to 

stimulate DCs in vitro. Pattern recognition receptors (PRRs) are expressed on almost all 

cell surface that are responsible for innate immunity. TLR4, one of the PRRs, is expressed 

on DCs from the steady-state. LPS stimulates TLR4, TLR4 signaling in DCs promotes the 

expression of MHCII and co-stimulatory molecules on their surface sequentially. In mature 

CTCF-cKO CD11c
+
 cells, the expression of MHCII, CD80 and CD 86 were more 

increased notably on their surfaces  compared to WT DCs (Figure 6). 
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 Having antigen and undergone the process of maturation, processed-antigen must be 

delivered to T lymphocytes with MHC molecule and co-stimulatory molecules should be 

contacted CD28 molecule on T lymphocytes. These delivery process is defined as signal 1 

and 2, respectively. Through these signals, T cells undergo the clonal expansion. To 

examine the  DCs’ ability for priming antigen to T cells, BMDCs having OVA323-339
 
were 

co-cultured with CD4
+
 T cells from OTII mouse spleen. Although co-stimulatory 

molecules of CTCF-cKO BMDCs were expressed higher than WT both in steady-state and 

mature-state, there was no notable difference in priming antigen (Figure 7). Thus, CTCF 

affected to facilitate expression of surface molecule of DCs but it didn’t lead to increasing 

the ability to antigen presentation.  



 

 

34 

 

 

 

 

 

Figure 5. CTCF-deficient GM-CSF-BMDCs exhibit normal antigen uptake function.  

BMDCs carrying with or without Alexa647-conjugated OVA protein were analyzed by 

flow cytometry. Tilted graph represents GM-CSF-BMDCs incubated without OVA protein.  
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Figure 6. CTCF-deficient GM-CSF-BMDCs express higher co-stimulatory molecules 

than WT GM-CSF-BMDCs following LPS stimulation. GM-CSF-BMDCs stimulated 

with or without LPS (100ng/ml) were analyzed their surface molecules by using FACS. 

MFI of all surface molecules are shown as bar graph. Data represent at least three 

independent experiments. Error bars indicate SEM. *, P<0.05; **, P<0.01; ***, P<0.001; 

ns, not significant. 
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Figure 7. Normal T cell proliferation induced by CTCF-deficient BMDCs. (A) The 

proportion of proliferative CFSE stained CD4
+
 T cells are shown. CD4

+
 T cells were 

isolated from the spleen of OTII mice and cultured with OVA323-339-presenting GM-CSF-

BMDCs for 72 hours with or without LPS (100ng/ml). Data represent at least three 

independent experiments.  
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5. Diminished expression of cytokines CTCF-deficient BMDCs in response to 

LPS stimulation 

The main reason why DCs are known as the bridge between innate and adaptive 

immunity is that DCs produce cytokines to induce naïve CD4
+
 T cells to various subtypes 

of effector CD4
+
 T cells depending on types of pathogens. During the education to T cells, 

cytokines secreted DCs are known as signal 3. To investigate the cytokine production 

ability of BMDCs in response to LPS, I first purified total RNA from BMDCs that were 

stimulated by LPS (100ng/ml) for 3 hours. Production of pro-inflammatory cytokines in 

RNA level such as Il12a, Il12b, Il6 was less increased in LPS-treated CTCF-cKO BMDCs 

than WT BMDCs (Figure 8A). While relative mRNA levels of Tnf and Il10 were less 

induced about only a half amount, other cytokines like Il12a, Il12b and Il6 were less 

expressed about 4 fold. Moreover, the protein level of cytokines estimated by CBA was 

also induced less almost equal degree of RNA level in IL-12, IL-6, and TNFα in LPS-

treated CTCF-cKO BMDCs. Interestingly, IL-10 which is known to anti-inflammatory 

cytokine was also decreased about 8 fold in protein level in LPS- treated CTCF-deficient 

BMDCs (Figure 8B).   



 

 

38 

 

  



 

 

39 

 

Figure 8. Diminished expression of  cytokines from CTCF-deficient GM-CSF-

BMDCs in response to LPS. (A) GM-CSF-BMDCs purified only CD11c
+
 cells were 

treated with LPS (100ng/ml) for 3 hours, and Il12a, Il12b, Il6, Il10 and Tnf mRNA was 

quantified by RT-PCR. (B) Purified CD11c
+
 GM-CSF-BMDCs were cultured with or 

without LPS (100ng/ml) for 24 hours. Culture supernatants were analyzed by CBA for 

cytokine production. Data represent at least three independent experiments. Error bars 

indicate SEM. *, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant. 
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6. CTCF regulates dendritic cell-mediated CD4
+
 T cell differentiation 

Under the influence of pro-inflammatory cytokines reduction resulted from CTCF 

deletion, I further examined the function of BMDCs in T cell differentiation in vitro. 

BMDCs were cultured with GM-CSF for 6 days and only CD11c
+
 BMDCs were selected 

by MACS. Spontaneously, naïve CD4
+
 T cells were isolated from the spleen of C57BL6 

and purified by CD4 positive selection. Instead of signal 1 of DCs, soluble anti-CD3ε 

(0.15ug/ml) was added. Under the Th1 condition, the frequency of IFNγ-producing T cells 

was reduced about 3 fold in T cells co-cultured with CTCF-cKO BMDCs. However, 

CTCF-cKO BMDCs increased the frequency of IL-4-producing T cells about 2 fold under 

Th2-polarizing condition. Under the Th17 condition, the proportion of T cells producing 

IL-17A was decreased whereas Foxp3
+
 regulatory T cell population was increased as 

cultured with CTCF-cKO BMDCs. In addition, CTCF-cKO BMDCs increased 

significantly the frequency of Foxp3
+ 

regulatory T cells under the Treg-inducing condition 

(Figure 9).  

During the education for differentiation to Th1 and Th17 cell, LPS treatment was 

needed for inducing inflammatory effector T cells. Next, I investigated if reduced pro-

inflammatory cytokines from BMDCs affected to T cell differentiation. The inhibition of 

Th1 differentiation with CTCF-cKO BMDCs was fully reversed by the treatment with IL-

12 (20ng/ml). Th17 differentiation with CTCF-cKO BMDCs was recovered but not 

efficiently by the treatment with IL-6 (20ng/ml) (Figure 10). Therefore, these data suggest 
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that inhibited T cell differentiation to inflammatory T cell subsets was followed by reduced  

IL-12 and IL-6 production from CTCF-cKO BMDCs in response to LPS.  
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Figure 9. CTCF regulates dendritic cell mediated CD4
+
 T cell differentiation. Naïve 

CD4
+
 T cells were cultured with CD11c

+
 GM-CSF-BMDCs in Th1, 2, 17 and Treg-

polarizing condition for 4 days. Intracellular staining for IFNγ, IL-4, IL-17A, and Foxp3 

was examined in gated CD4
+
 T cells. Data represent at least three independent experiments.   
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Figure 10. IL-12 and IL-6 recover impaired Th1 and Th17 cell differentiation 

mediated by CTCF-deficient BMDCs, respectively. Intracellular staining of CD4
+
 T 

cells after cultured with GM-CSF-BMDCs in Th1 and Th17 condition. IL-12 (20ng/ml) 

and IL-6 (20ng/ml) were used respectively. In these experiments, T cells were used at 1 x 

10
5
 cells/well, and BMDCs were used at 1 x 10

4
 cells/well in a round-bottom 96-well plate. 

Data represent at least three independent experiments.  
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7. CTCF-deficient BMDCs ameliorate autoimmunity in the CNS 

The tolerogenic effects of CTCF-cKO BMDCs in inflammation environment in vitro 

support the proposal of its prophylactic potential in diseases mediated by the immune 

system. Th17 cells are powerful inducers of tissue inflammation and have been related to 

the pathogenesis of many experimental autoimmune diseases and human inflammatory 

conditions.
13

 

 To apply the effects of CTCF-cKO BMDCs in vivo, I investigated the prophylactic 

effects of vaccination with CTCF-cKO BMDCs on Th17 autoimmunity. I performed 

animal model approaches divided into 3 groups: Non-vaccinated group, WT BMDC-

injected group, CTCF-cKO BMDC-injected group. To prepare the cell-based vaccine, 

GM-CSF-dependent CD11c
+
 BMDCs were pulsed 50ug/ml MOG35-55 peptide for 4 hours 

and treated 100ng/ml LPS for following 1 hour. Repeatedly washed MOG35-55-pulsed 

BMDCs were transferred to mice intravenously at 5 x 10
5
 cells/mouse 7 days before 

disease induction. I used non-vaccinated mice as a  positive control. Next, I immunized 

mice with 1mg/ml MOG35-55 peptide and Mtb dissolved in CFA on their back 

subcutaneously and defined that day as Day 0. To boost inflammatory response, Pertussis 

toxin was injected intraperitoneally on Day 0 and 2. Clinical scoring and body weight were 

estimated daily from Day 0. Disease symptoms were onset around Day in all groups. 

However, development of disease was notably suppressed in the pre-immunized mice 

groups according to the fact that DCs have ability to distinguish between self- and nonself-

antigens. Moreover, symptom was further relived in CTCF-cKO DCs injected groups 
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(Figure 11A). In addition, the weight of mice was decreased as disease processed in all 

groups day by day. While non-vaccinated mice group and WT BMDCs-injected mice 

group didn’t recover their weight loss, the weight was reversed gradually in CTCF-cKO 

BMDCs-vaccinated mice group during EAE development (Figure 11B). 

Lymphocytes in CNS harvested on day 21 or 22 and analyzed by FACS showed 

decreased Th17 cells in BMDC-transferred groups and further reduced in CTCF-cKO 

BMDC injected group. (Figure 12A).  

Splenocytes were harvested from all EAE model group on day 21 and re-stimulated with 

20ug/ml MOG35-55 for 72 hours to examine recall response. Transcription factors 

depending on effector T cell types were investigated by qRT-PCR and the cytokine 

production was examined by CBA. Decreased RORγt
+
 Th17 population was confirmed in 

BMDC-injected groups, especially in CTCF-deleted BMDC injected group (Figure 12B). 

In addition, CTCF-cKO BMDC transferred groups showed the lowest production of IL-

17A (Figure 12C). Altogether, these data demonstrated that vaccination with CTCF-

deleted BMDC controlled the encephalitogenic response and established relapsing-

remitting EAE in a prophylactic paradigm.  



 

 

47 

 

 

Figure 11. Vaccination with CTCF-cKO BMDCs induces tolerance to EAE. (A) 

Course of EAE induced by no treatment or immunization of C57BL6 mice with MOG35-55 

pulsed BMDCs on day-7 presented as clinical scores for the entire observation period. (B) 

Changes in body weight of mice were measured daily from day 0. Data represent at least 

two independent experiments with two to four mice per group. Error bars indicate SEM. *, 

P<0.05; **, P<0.01; ***, P<0.001; ns, not significant. 
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Figure 12. Impaired Th17 cell differentiation by adoptive transfer of CTCF-deficient 

BMDCs. (A) Lymphocytes from the brain and spinal cord of mice were isolated and fully 

activated using PMA/Ionomycin for 4 hours, and intracellular staining for IFNγ, IL-17A, 

and Foxp3 was followed. FACS analysis was performed to examine the proportion of each 

CD4
+
 T cell subsets. Recall response in transcription factor expression (B) and in cytokine 

production (C) to MOG35-55 peptide were obtained from splenocytes of all EAE developed 

mice. Data represent at least two independent experiments with two to four mice per group. 

Error bars indicate SEM. *, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant.  
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8. The effect of CTCF on signaling pathways for production of IL-6 

To study the effects of CTCF deletion in BMDCs during the immune response, I 

performed RNA-sequencing which can detect the expression of genes in BMDCs 

incubated with or without LPS. First, I analyzed the expression profiles of BMDCs in 

steady-state acquired from transcriptome assay. Interestingly, many of genes related to 

Pattern-recognition receptor signaling were down-regulated in the absence of CTCF 

(Figure 14A). Accordingly, the result in LPS-stimulated BMDCs indicated that down-

regulated genes by CTCF eliminated were mostly involved in inflammatory response such 

as cytokine production (Figure 14B).  

GSEA analysis using the list of Differentially Expressed Genes (DEGs) obtained from 

steady-state BMDCs demonstrates drastic lower expression of genes associated MyD88-

dependent TLR4 signaling pathways as CTCF was ablate. To confirm the transcriptome 

data, I validated several genes including Tab1, CD14, Myd88, Traf6 and Irak2 that play 

important role in TLR4 signaling pathways. The same result was achieved from 

independent experiment by qRT-PCR (Figure 14C). Subsequent systematic gene ontology 

analysis using DAVID revealed that inducible genes by LPS signal including cytokines, 

chemokine and inflammatory genes like Nos2, Nlrp3, etc. were evaluated their down-

regulated expression in CTCF-cKO BMDC by means of qRT-PCR (Figure 14D).  

To produce IL-6 in DCs, two major signaling pathways are reported in TLR4 signaling 

pathway, NF-kB signaling and MAP kinase-mediated signaling. To assess whether 

signaling pathways also were affected by CTCF in protein level, I performed 
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immunoblotting (Figure 15). The main molecule associated with NF-kB signaling is IκBα 

and it inhibits NF-kB entering into nuclear by binging  in steady-state. However, as NF-κB 

signal is activated, IκBα undergoes phosphorylation and ubiquitination so that NF-κB 

translocate into nuclear.
41

 In my study, increase of phosphorylated IκBα in CTCF-cKO 

BMDCs is profoundly attenuated. However, phosphorylation of signaling molecules such 

as p-Erk, p-P38, and p-JNK belonging to MAP kinase signaling was not affected as much 

as IκBα phosphorylation. These results indicate that ablation of CTCF in BMDCs leads to 

impairment of NF-κB signaling followed by declined production of IL-6 in response to 

TLR4 stimulation. 

As NF-κB has been activated, it translocates into nuclear and binds to promoter site of 

target genes. NF-κB  is heterodimer protein complex that is composed of various subunits 

including RelA, RelB, and c-Rel, the p50 and p52. Especially, NF-κB p50 and p52 play a 

crucial role as a transcriptional activator. In order to examine whether NF-κB p50 binds to 

promoter site of Il6 and Il12b, Chromatin Immunoprecipitation assay was performed. I 

found a decreased level of LPS-induced binding of p50 to the Il6 and Il12b promoter in 

CTCF-deficient BMDC. Thus, these data explains that reduced p50 binding to the 

promoter results in attenuated production of IL-6 and IL-12 in CTCF-cKO BMDC. 
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Figure 13. CTCF-deficiency shows an impairment in PRR signaling leading to 

reduced cytokine production. (A-B) mRNA of BMDCs cultured with GM-CSF were 

purified and synthesized to cDNA. RNA-sequencing was performed followed by. (A) The 

heat map shows genes regulated by CTCF in steady-state BMDCs. (B) The heat map 

shows genes that belong to the response to LPS biological process. (C-D) Genes are 

confirmed by using real-time quantitative polymerase chain reactions. Data represent (C) 
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LPS-untreated and (D) LPS-treated respectively. Data were from at least three samples per 

group. Error bars indicate standard error of the mean (SEM). *, P<0.05; **, P<0.01; ***, 

P<0.001; ns, not significant. 
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Figure 14. CTCF-deficient BMDCs exhibit defective NF-kB activation. LPS (100ng/ml) 

was treated to GM-CSF-BMDCs 0, 5, 10, 15, 30 minutes and cells were harvested 

sequentially. Protein lysates were collected by using lysis buffer and sonication. The 

protein expression level of signaling molecules and their phosphorylated forms involved in 

TLR4 signaling pathway was measured by western blot. β-actin is used as quantifying 

control. Data were from at least three independent experiments.  
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Figure 15. Reduced p50 binding to promoter of Il6 and Il12a in CTCF-deficient 

BMDCs. ChIP assays of p50 recruitment to the promoter of the indicated genes using WT 

and CTCF-cKO BMDCs that were either un-stimulated (0h) or stimulated for 3 hours with 

LPS (100ng/ml). Data are presented as percentage of the total input DNA, as determined 

by qPCR assays. Data were from at least three independent experiments. Error bars 

indicate standard error of the mean (SEM). *, P<0.05; **, P<0.01; ***, P<0.001; ns, not 

significant. 
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IV. DISCUSSION 

In this study, to examine whether CTCF is involved in the differentiation and function 

of DCs, conditional CTCF knock-out mouse system was constructed rather than systemic 

knock-out mouse which showed embryonic lethality. As we induce acute CTCF deletion in 

vivo by injecting tamoxifen intraperitoneally, severe cell number reduction was occurred 

from HSCs to myeloid lineages in vivo resulting from the failure in maintaining stemness 

and homeostasis of HSCs in our previous study. I assumed that CTCF deletion may turn on 

cell cycle in HSCs which are constantly silenced. 

Through DC differentiation in vitro, I show that CTCF affected differently in 

cellularity and differentiation depending on two distinct types cytokines during the 

development from HSCs to various types of DCs. In steady state, most DCs are 

constantly replaced from HSCs and progenitor cells via cytokine-dependent manner in 

vivo. There are two major cytokines that are responsible for inducing DCs, Flt3L and GM-

CSF.
42

 Flt3L-dependent DCs are largely known as pDCs and cDCs that are most common 

DCs in body.
43

 Under the inflammatory circumstance, blood-borne-monocytes are exposed 

to GM-CSF and develop into iNOS-producing DCs. Accordingly, it could be resulted by 

the regulation of the gene expression which encodes receptors or transcription factors that 

are essential to the precursors of each steps during the differentiation. Flt3, a receptor 

tyrosine kinase, is highly expressed in hematopoietic progenitor cells, such as Common 

lymphoid progenitors and Common myeloid progenitors.
44,45

 For responding to GM-CSF, 



 

 

57 

 

CSF2Ra is only one specific receptor and essentially expressed on GMPs, MDPs, CDP, 

and some DC subsets. It has been well reported that CSF2Ra regulates cDC survival and 

maturation.
46

 Thus, the expression of both receptors in HSCs might be needed to evaluate 

in future study. Also, controlling expression of distinct transcription factor depending on 

types of DCs is crucial during DC development. To regulate expression of transcription 

factors, GM-CSF and Flt3L induce the transcriptional mediators Id2 and E2-2 and control 

DC lineage diversification by STAT-dependent pathways.
47

 STAT5 stimulates GM-CSF-

dependent expression of Id2, STAT3 regulates Flt3L-dependent expression of E2-2 which 

is known as pDC regulator. Further study must be needed to figure out whether CTCF 

affects to control those gene expressions.  

Also, I showed that the number of CTCF-cKO cells were decreased both cultured with 

Flt3L and GM-CSF. Flt3L-dependent cells showed higher apoptotic phenotype and 

reduced proliferation. CTCF-ablation might lead to up-regulation of pro-apoptotic gene 

expression such as Bax, Bim, and Bad etc. or promote apoptotic pathways which are also 

related to STAT family proteins.
48

 The fact that GM-CSF-dependent BMDCs also showed 

slightly attenuated proliferation suggests that genes which promote cell proliferation could 

be down-regulated in response to deletion of CTCF. Figure 16 is representative of my 

research result about DC development. 
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Figure 16. CTCF plays distinct roles in differentiation of DCs from HSCs in cytokine-

specific manner.  
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DCs is known its importance in playing a pivotal role in bridging between innate and 

adaptive immunity through presentation antigens to T cell with other signals. Signal 1 

represents antigens processed with MHC molecules of DCs to trigger T Cell Receptor 

(TCR) expressed on T cell. To initiate T cell clonal expansion, co-stimulatory molecules 

mainly CD80 and CD86 on DCs stimulate CD28 on T cells. These co-stimulatory signal 

are known to be signal 2.
49

 In my study, I showed that CTCF-deletion had no notable effect 

on signal 1 and 2 represented antigen priming ability of DCs. Although T cell proliferation 

rate wasn’t affected regardless of CTCF, CTCF-ablated GM-CSF-dependent BMDCs 

showed even higher expression of co-stimulatory molecules on their surface in response to 

LPS. These results suggest that CTCF might be related to control gene expression of 

surface molecules delivering signals to T cell proliferation. 

Next, I estimated lower pro-inflammatory cytokines including IL-12 and IL-6 in RNA 

and protein level from GM-CSF induced BMDCs in the absence of CTCF. Therefore, 

CTCF-dependent cytokine production of DCs is pivotal for T cell polarization. Among the 

various subsets of effector CD4
+
 T cells, reduced IL-12 and IL-6 mediated by CTCF 

ablation leads to a severe decrease in  Th1 and Th17 that are known as representative 

inflammatory helper T cell populations. Moreover, deletion of CTCF in BMDCs showed 

better capacity to induce Treg population. Focusing on Th17 polarization, IL-6 is a key 

regulator made by LPS- treated BMDCs.
49

 As transcriptome analysis has been done using 

the BMDCs, defective PRR signaling was acquired in CTCF-deleted BMDCs which 

includes NF-κB signaling and MAP kinase signaling. Moreover, I confirmed the impaired 
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NF-κB signaling rather than MAP kinase signaling via immunoblotting each 

phosphorylated form of signaling molecules in protein level. Also, as the level of  

phosphorylated IκBα was attenuated in CTCF-deficient BMDC, degradation of IκBα 

couldn’t occur. Sequentially, NF-κB heterodimer protein complex couldn’t allowed to 

translocate into nuclear. Therefore, p50 binding on Il6 and Il12b promoter was decreased 

in my result. As CTCF plays various role in controlling gene expression related to 

chromatin architecture,
24

 further studies are needed to explore whether CTCF affects IL-6 

expression epigenetically including forming DNA looping and modification of histone 

proteins. 

To date, there have been several trials to use antigen-pulsed moDCs as a vaccine in 

diverse disease including cancer
50

 and autoimmune disease. My combined genetic and 

EAE model  approaches reveal that CTCF deletion in BMDCs could be a potential vaccine 

candidate since symptom had been relieved in Th17 autoimmunity. Therefore, future work 

will be definitely needed to apply CTCF-modulated BMDCs to use in autoimmune disease. 

(Figure 17)  
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Figure 17. CTCF critically regulates pro-inflammatory properties of GM-CSF DCs 

via NF- κB signaling.  
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V. CONCLUSION 

In this study, I elucidate a role for CTCF in the DC lineage using inducible gene 

depletion system. CTCF supports quantitative maintenance of the general DC pool in 

cytokine-specific manner. Interestingly, I found that CTCF has an impact on differentiation 

of DCs but distinctively depending on cytokines in vitro. Focusing on differentially non-

affected DCs in vitro, I also demonstrate that CTCF participates in producing pro-

inflammatory cytokines which are important for educating CD4
+
 T cells in immune 

response. Especially production of IL-6 who plays critical role for inducing Th17 cells is 

one of the function that CTCF involves via regulating the expression of signaling 

molecules. The failure of producing IL-6 results in DCs being tolerogenic in vitro and also 

adjusted in inflammatory disorders. This study expands our knowledge of CTCF, which is 

actively involved in differentiation and function of DCs. Further study is required to fully 

understand the underlying mechanisms of CTCF epigenetically and a role of CTCF in 

control of DCs in vivo. Also, I anticipate this study would be translated to the clinical 

settings to improve the result of immune tolerance inducer through modulating CTCF 

activity in vivo. 
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ABSTRACT (in Korean) 

 

수지상 세포의 분화와 기능에서 CCCTC-binding factor 의 역할 

 

< 지도교수 김 형 표 > 

 

연세대학교 대학원 의과학과 

 

김 수 언 

 

CCCTC-binding factor (CTCF)는 진핵 생물에서 종간에 잘 보존되어 있는 DNA 결합 

zinc-finger 단백질로서 고차원 크로마틴 구조 결정에 핵심적으로 관여하여 다양한 

분자생물학적 기전을 통해 유전자 발현을 조절한다고 알려져 있다. CTCF 의 DNA 

결합은 전유전체에 걸쳐서 존재하지만 세포 특이적인 CTCF 결합 부위가 존재함이 

알려져 있으며 이는 CTCF 의 다양한 생물학적 기능을 이해하는데 도움이 된다. 

본인은 다양한 수지상세포로의 분화와 GM-CSF 로 분화한 수지상세포의 기능에 

있어서 CTCF 단백질의 생물학적 기능을 연구하였다. 

수지상세포는 선천면역과 후천면역을 이어주는 다리 역할을 하는 면역 세포의 한 

종류로, 대부분의 조직 및 기관에 존재하고 있다. 이전 연구에서, CTCF 가 피부에 

존재하는 수지상세포인 랑게르한스 세포의 항상성 유지와 이동에 있어서 중요한 
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역할을 함을 밝혔다. 뿐만 아니라 골수에 존재하는 조혈모세포들의 항상성 유지 및 

세포 풀 유지에 있어서도 중요한 역할을 함을 밝힌 바 있다. 그러나, CTCF 가 

전반적인 수지상세포의 분화와 그 기능에 있어서 어떠한 역할을 하는지는 아직 

밝혀진 바 없다. 조혈모세포로부터 분화 시, 신체에 상주하는 conventional DC (cDC) 

와 바이러스 감염 시 역할을 수행하는 plasmacytoid DC (pDCs)는 Flt3L 에 의하여 

분화가 유도되고, 또 다른 종류인 급성 염증상황에서 단핵구로부터 분화유도 된 

수지상세포의 경우, GM-CSF 가 주 분화유도 사이토카인이다.  

본인은 이번 연구에서 조혈모세포로부터의 분화에서 영향을 끼치는 사이토카인의 

종류에 따라 다양한 종류로 분화하는 수지상세포에서 CTCF 에 의해 다른 결과가 

나타날 수 있음을 밝혔다. Flt3L 에 의한 수지상세포의 분화에 있어서는 이전 

연구에서도 입증된 바와 같이 CTCF 가 세포 증식 결함 및 자가사멸에 관여하여 세포 

풀 유지에 영향을 끼치는 반면, GM-CSF 에 의한 수지상세포의 분화에서는 CTCF 의 

역할이 크지 않음을 밝혔다. 뿐만 아니라, GM-CSF 에 의해 분화한 수지상세포는 

대표적인 표면 표식인 CD11c 의 발현이 더 높아져 있음을 확인하였다. GM-CSF 에 

의해 분화된 수지상세포는 CTCF 가 사라진 상황에서도, 항원 섭취 기능을 

정상적으로 수행하였으며, LPS 와 같은 외부 자극 원에 의한 표면 표식의 발현을 

증가 시킴을 통하여 그에 따른 T 세포 증식 유도를 정상적으로 일으킴을 확인하였다. 

그러나, 자극 원에 의한 또 다른 반응인 염증성 사이토카인 분비에 있어서는 IL-12, 

IL-6, TNF 등을 적게 분비함에 따라 CD4
+ 

T 세포의 염증상황에 맞는 effector T 
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세포로의 분화를 저해하는 것을 밝혔다. 특히, 적은 IL-6 생산으로 Th17 분화가 

저해되는 것을 in vitro 로 확인하였고, 중추신경계의 Th17 에 의한 자가면역질환 

동물모델인 EAE 에 백신으로 사용하였을 때, 면역관용을 유도함을 in vivo 에서도 

검증하였다. 더 나아가, 적은 IL-6 생산은 CTCF 가 미성숙의 수지상세포에서 TLR4 

signaling에 관여 하는 유전자인 Tab1, Irak2, Irak3, Traf6, Nfkbiz 등의 유전자 발현에 

관여하기 때문임을 RNA-sequencing과 immunoblotting을 통하여 확인하였다. 또한, 

IκBα 의 phosphorylation이 저하됨에 따라 NF-κB subunit 중 하나인  p50 이 Il6 와 Il12b 

프로모터 부분에 적게 붙어, 유전자 발현이 저해 됨을 ChIP 기법을 통하여 

확인하였다. 

이번 연구를 통해 GM-CSF 에 의한 수지상세포의 분화는 CTCF 비의존적임을 

확인하였으며, CTCF 의존적인 수지상세포의 사이토카인 생산능력에 따른 

면역작용을 확립할 수 있었으며, 향후 CTCF 활성도 조절을 통해 수지상세포의 

기능을 제어하여 다양한 Th17 의존적인 자가면역질환에 예방 치료제로써 적용할 수 

있음을 제시하였다. 

 

 

 

핵심 되는 말: CCCTC-binding factor, CTCF 특이적 넉아웃 마우스, GM-CSF 의존적  

수지상세포, IL-6, EAE 동물모델, NF-κB 신호전달경로  
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