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 Θα ικελα καταρχιν να ευχαριςτιςω όλουσ όςουσ ςυνζβαλαν με οποιονδιποτε τρόπο ςτθν 
επιτυχι εκπόνθςθ αυτισ τθσ διπλωματικισ εργαςίασ.   
 Ευχαριςτϊ κερμά τον Επίκουρο κακθγθτι κ. Χαράλαμπο Σπθλιανάκθ για τθν επίβλεψθ αυτισ 
τθσ διπλωματικισ εργαςίασ και για τθν ευκαιρία που μου ζδωςε να τθν εκπονιςω ςτο εργαςτιριο 
γονιδιακισ ρφκμιςθσ ςτο ανοςοποιθτικό ςφςτθμα. Ήταν πάντα διακζςιμοσ να μου προςφζρει τισ 
γνϊςεισ και τθν εμπειρία του κακϊσ και να με κακοδθγιςει τόςο ςε επιςτθμονικό όςο και ςε 
προςωπικό επίπεδο. Θα του είμαι πάντα ευγνϊμων για τθν εμπιςτοςφνθ που ζδειξε ςτο πρόςωπό 
μου και τθν αμζριςτθ ςτιριξθ που μου παρείχε κακ' όλθ τθν παραμονι μου ςτο Ινςτιτοφτο. Ήταν τιμι 
μου που γνϊριςα ζναν τζτοιο άνκρωπο και επιςτιμονα. 
 Ευχαριςτϊ επίςθσ, τον υποψιφιο Διδάκτορα κ. Πζτρο Τηζρπο για τθν απεριόριςτθ βοικεια και 
τισ ςυμβουλζσ του κατά τθ διάρκεια των πειραματικϊν διαδικαςιϊν. Τον ευχαριςτϊ κερμά για τισ 
ιδζεσ που μου προςζφερε, για όλεσ τισ ερευνθτικζσ ςυηθτιςεισ που πραγματοποιικθκαν κακϋόλθ τθ 
διάρκεια εκπόνθςθσ αυτισ τθσ εργαςίασ και ιδιαίτερα για τθν υπομονι του. Ήταν εκείνοσ που με 
ζκανε να ςκζφτομαι ωσ ερευνθτισ και να επιηθτϊ πάντα το καλφτερο. Αποτζλεςε και κα είναι πάντα 
πρότυπο για εμζνα. 
 Θα ικελα να πω ζνα μεγάλο ευχαριςτϊ ςτθν υποψιφια Διδάκτορα Χρφςα Στακοποφλου για τισ 
αμζτρθτεσ ευχάριςτεσ ςτιγμζσ που μοιραςτικαμε ςτο εργαςτιριο, τθν κακθμερινι τθσ ςτιριξθ εντόσ 
και εκτόσ εργαςίασ. Ήταν ςαν μια δεφτερθ αδερφι μου ςτθν Κριτθ και νιϊκω ευτυχισ που τθ 
γνϊριςα.  
 Ευχαριςτϊ τα υπόλοιπα μζλθ του εργαςτθρίου Μανουζλα Καψετάκθ, Καλλίνα Στρατιγθ, Άντα 
Σαλατάι, Ευαγγελία Ταχματηίδθ, Μαρία Στρατθγοποφλου, Νεφζλθ Ντελεπιάνε και Διμθτρα Νικολζρθ 
για τθν ευχάριςτθ ςυνεργαςία και τισ πολφτιμεσ ςυμβουλζσ τουσ κατά τθ διάρκεια παραμονισ μου 
ςτο εργαςτιριο. 
 Επιπλζον, κα ικελα να ευχαριςτιςω τα υπόλοιπα μζλθ τθσ τριμελοφσ επιτροπισ, τον κακθγθτι 
κ. Ιωςιφ Παπαματκαιάκθ και τον Επίκουρο κακθγθτι κ. Χριςτόφορο Νικολάου για τισ ςυμβουλζσ και 
τθν κακοδιγθςι τουσ ωσ προσ τθν επιτυχι ζκβαςθ των πειραματικϊν διαδικαςιϊν. Ακόμα, 
ευχαριςτϊ τουσ Συνεργαηόμενουσ Ερευνθτζσ του Ι.Τ.Ε. κ. Μιχαιλ Αιβαλιϊτθ και κ. Παφλο Παυλίδθ 
για τθν τεχνικι υποςτιριξθ και τθν ανάλυςθ των πειραματικϊν αποτελεςμάτων.  
 Τζλοσ, ευχαριςτϊ τθν οικογζνεια και τουσ φίλουσ μου που είναι δίπλα μου ςε κάκε βιμα τθσ 
ηωισ μου. 
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Summary 
 

 Special AT-rich sequence-binding protein 1 (SATB1) is a nuclear matrix protein 
with a central role in higher order chromatin organization and gene regulation. 
Elevated expression and/or mutation of SATB1 are associated with progression and 
poor prognosis in a plethora of malignancies. Although highly expressed in T cells, 
the molecular mechanism of SATB1 function in the thymus has been elusive. We 
identified protein interaction partners of SATB1 using a co-immunoprecipitation 
approach coupled with mass spectrometry analysis, using primary murine thymocyte 
extracts and created a comprehensive protein network map of SATB1 interactions in 
T cells. Among others, SATB1 interacts with several known transcription factors and 
kinases involved in long range chromatin interactions (YY1), thymic development, 
differentiation of naive CD4+ precursorcells (Mi-2β) and in the establishment of T cell 
tolerance (AIRE). Moreover, several members of specific histone modification 
complexes involved in gene regulation (COMPASS and NSL complexes) were also 
found to co-precipitate with SATB1 protein, suggesting an active role in the 
establishment/maintenance of T cell chromatin structure and gene regulation. 
Moreover, we optimized the protocol for the chromatin immunoprecipitation of the 
SATB1 protein in naive CD4+ T cells. Both the precipitated and the input DNA samples 
were sequenced in an Ion Proton™ sequencer. We established a pipeline for 
downstream bioinformatics analysis and quality tests of next generation sequencing 
data for nuclear matrix proteins. A combination of the protein interactors of SATB1 
and its binding sites on chromatin, could shed more light on the mechanism 
underlying the function of SATB1 in T cell development, chromatin conformation and 
gene regulation via long-range chromatin interactions. 
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Introduction 
 
 In the past decade, research focused in the study of the three-dimensional (3D) 
organization of the eukaryotic genome as it determines cell fate and play important 
roles in the regulation of gene expression. Gene expression can be regulated "in cis" 
(intrachromosomally) by interactions between several regulatory elements 
(enhancers, promoters, locus control region etc.) on the same chromosome or "in 
trans" (interhromosomally) when the interacting regions localize on different 
chromosomes. During these genomic interactions, chromatin forms a pre-poised 
initial core conformation that gives the regulated genes the ability of rapid response 
to transcription activation signals1 2.  
 The interchromosomal TH2-Ifnγ loci interactions take place in naïve CD4+ cells 
and potentially keep the two loci poised for rapid expression upon T cell receptor 
(TCR) stimulation. During T helper type 1 (TH1) differentiation the Ifnγ gene is mainly 
regulated via intrachromosomal interactions with participating regulatory elements 
in the locus itself and in TH2 cells intrachromosomal interactions between the TH2-
LCR and the cytokine gene promoters upon the action of TH2 cell lineage specific 
factors (Fig.1)3. 

 
Figure 1. TH2 locus-Ifnγ long-range interactions during naive CD4

+
 T cell differentiation to TH1 and 

TH2 cell lineages. 
 

 Among other proteins, SATB1 (special AT-rich sequence-binding protein-1) 
participates in the maintenance of chromatin architecture by organizing higher-order 
chromatin loops in long-range interactions of the TH2, IFNγ and TNF loci4 5. It is a 
nuclear protein, identified as a global chromatin organizer tethering nuclear matrix 
attachment regions (MARS) that are 70% AT rich. In primary thymocytes SATB1 
forms a functional nuclear architecture that has a "cage-like" pattern surrounding 
heterochromatin 6 7 8 9. Apart from its architectural role, SATB1 acts as a regulatory 



[5] 
 

protein scaffold network. Its binding sites are hot spots for epigenetic modifications 
by various chromatin-modifying enzymes inducing the expression of several genes 
relevant to T cell maturation10. Satb1 null mice arrest thymocyte development on 
the double positive stage (DP, CD4+CD8+) and the expression of cytokine genes is 
decreased highlighting its importance in T cell development11. Additionally, SATB1 is 
directly connected with the induction of X-inactivation and promoting aberrant 
growth and metastasis in different types of epithelial tumors 12 13 14.  
 A highly conserved DNA element located in the TH2 locus control region (TH2-
LCR) showed DNAse I hypersensitivity both in naïve CD4+ cells but also in activated 
lymphocytes and was involved in chromatin associations between interleukin gene 
loci residing on different chromosomes15, 16, 17. During initial experiments in our lab, 
this genomic region was used in a DNA affinity purification assay, coupled to mass-
spectrometry analysis. This analysis resulted in the identification of two binding 
proteins, namely BACH1 and SATB1 (Fig. 2). 

 
Figure 2: A) A region of 151 bp, part of the RHS6 DNase I hypersensitive site of the TH2-LCR shows 
90% sequence conservation between mouse and human species. B) This conserved DNA region was 
biotinylated and utilized in a DNA affinity purification assay that upon mass spectrometry analysis 
resulted in the identification of SATB1 and BACH1 proteins (C). 
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Results 
 
Co-Immunoprecipitation against SATB1 protein  
  

 In order to reveal the role of SATB1 during CD4+ T cell differentiation we focused 
on determining its protein interactors in murine thymocytes. In line with this 
question we applied an anti-SATB1 co-Immunoprecipitation approach followed by 
Mass Spectrometry analysis (Fig. 3A) where 505 proteins were  identified to interact 
with SATB1 (Table S1). In comparison with a negative control (IgG), 135 were highly 
enriched in the immunoprecipitated fraction with the anti-SATB1 antibody, 107 had 
low enrichment and 263 were enriched in the negative control (Fig. 3B). Among 
others, SATB1 was found to interact with several transcription factors and kinases 
known to be involved in tmymus development and establishment of T cell tolerance. 
In addition, several members of specific histone modification complexes were also 
coprecipitated with SATB1 suggesting an active role in the 
establishment/maintenance of the chromatin structure in CD4+ T cells.  
 

 
Figure 3. A) Silver stained SDS page (Left). Pairs of bands analysed with mass spectrometry (Right). B) 
Distribution of 505 proteins identified on a-SATB1 co-Immunoprecipitation assay. 

 
SATB1 in the regulation of histone methylation  
  

 Trimethylation of Lysine 4 of Histone 3 (H3K4me3) is the hallmark of gene 
activation. Mono-, di-, and tri-methylation of H3K4 by a single histone 
methyltransferase (HMT) was firstly shown by Yeast SET-containing domain (Set1), 
component of the COMPASS complex (Complex Proteins Associated with Set1)18 19. 
In mammals, COMPASS is composed of SETD1A or SETD1B, WDR5, WDR82, RBBP5, 
ASH2L/ASH2, CXXC1/CFP1, HCFC1 and DPY30. In our experiments we found that 6 
(SET1A, WDR5, RBBP5, ASH2L/ASH2, CXXC1/CFP1 and HCFC1) of these 8 components 
co-precipitated with the SATB1 protein. Furthermore, we identified MENIN, 
KAT8(MOF) and KMT2A(MLL1) as SATB1 co-interactors. These three proteins in 
combination with WDR5, RBBP5, ASH2L/ASH2, HCFC1 and DPY30 are the 
components of the mammalian COMPASS-like complex MLL1-2. Initially, MLL was 
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identified in an 11q23 chromosomal translocation that lead to myeloid and 
lymphoblastic leukemia20.  
 MENIN, binds to the N-terminal domain of MLL and acts like a "molecular 
bridge" linking it to lens epithelium-derived growth factor (LEDGF)21. The N-terminal 
domain of MLL contains transcriptional co-activators, three AT hooks that bind 
AT-rich sequences, and a CXXC zinc-finger motif that binds non-methylated CG-rich 
sequences. In this way, MENIN/LEDGF, AT hook and the CXXC zinc-finger domains 
contribute to the localization of MLL–COMPASS-like complexes on chromatin 22, 23, 24. 
   
SATB1 interacts with YY1 /Ino80 gene activation complex 
 

 Both YY1 (Yin-Yang 1) transcription factor and Ino80 DNA helicase co-
precipitated with SATB1. YY1 binds to several regions of the TH2 locus, including 
RHS7, which is essential for intra-chromosomal interactions in this locus (Fig. 4A). For 
gene activation, YY1 needs to recruit Ino80 where it acts as a coactivator. Moreover, 
Ino80 is a component of some MLL1/MLL complexes, which, as previously 
mentioned, activates gene expression via H3K4me3. Knockdown of YY1 increases 
DNA methylation on the IL-4 gene and RHS7 while it reduces H3K4-methylation, H3-
acetylation in the TH2 locus and its regulatory elements, Th2 cytokine expression, 
intrachromosomal interactions and resistance to asthma allergy (Fig. 4B,C)25. These 
SATB1 interactors strengthen its role in recruitment of gene activating complexes.  

 
Figure 4. A) Schematic representation of the TH2 locus showing HindIII digestion fragments and their 
interactions with the Il4 gene promoter. B) Long-range chromosomal interactions between the Il4 
gene promoter and other chromatin fragments of the Th2 cytokine locus measured by chromatin 
conformation capture (3C). C) H3K4methylation reduction in YY1 knockdown Th2 cells

25
. 

 
SATB1 in regulation of histone acetylation 
 

 Non-specific lethal (NSL) HAT complex is composed of MOF/KAT8, KANSL1, 
KANSL2, KANSL3, MCRS1, PHF20, OGT1/OGT, WDR5 and HCFC1. All proteins, with 
the exception of the PHF20, co-immunoprecipitated with the SATB1 protein. NSL 
complex induces acetylation of lysine 16 of Histone 3 (H3K16ac), which promotes 
gene activation. This complex shares components with other chromatin regulation 
complexes. The MCRS1 (Microspherule Protein1) is also one of the subunits of Ino80 
chromatin remodeling complex, while WDR5 and HCFC1 are core components for 
the MLL/SET-containing histone methyltransferase complex. Interestingly, both 
Ino80 and MLL-SET complexes were also coimmunoprecipitated  with SATB1. Based 
on genomic experiments, there is a "crosstalk" between these complexes that leads 
to a coordination of gene regulation in certain genes26 27.  
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SATB1 mediates activation of CD4 expression 
 

 In our experiments, Mi-2β chromatin remodeler (CHD4) and the histone 
acetyltransferase p300 interacted with SATB1 as they co-immunoprecipitated in 
thymocyte protein extracts. Chromatin Immunoprecipitation experiments have 
revealed that Mi-2β is directly associated with the proximal CD4 enhancer in CD4-
expressing thymocytes. As it was proposed, Mi-2β and p300 recruits HEB to E-box 
sites on the CD4 enhancer where Mi-2β promotes ATP-dependent chromatin fluidity. 
P300 with the presence of HEB or Mi-2β in the complex induces histone acetylation 
that converts chromatin to an open configuration. The activated enhancer interacts 
with the CD4 gene promoter leading to the stabilization of the transcription factors 
and the expression of the CD4 gene (Fig. 5). SATB1, could mediate Mi-2β binding to 
the CD4 enhancer or in forming the enhancer-promoter loop for induction of the 
CD4 gene expression during T cell development28. 

 
Figure 5. The role of Mi-2 in T cell development and a proposed model for CD4 gene regulation

28
.  

 
SATB1 is involved in immune tolerance  
 

 The autoimmune regulator protein (AIRE) was co-precipitated with the SATB1 
protein in our experiments. AIRE is a transcription factor that controls the negative 
selection of self-reactive T cells, a procedure that is essential for the immune system 
to tolerate self-antigens and avoid autoimmunity. Mutations of human AIRE results 
in a rare multiorgan autoimmune disease, namely autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED)29 30 31. The Aire gene is expressed mainly 
in medullary epithelial cells (MECs) and cells of the monocyte-dendritic cell lineage, 
both cell types representing a population of antigen-presenting cells. It is also 
expressed in the spleen, fetal liver, and lymph nodes but at lower levels. AIRE's PHD1 
domain binds to unmethylated Lysine 4 of Histone 3, a mark of relatively inactive 
chromatin. It is proposed that, with hypomethylayion of H3 tails, AIRE recognizes 
silenced genes and induce them to "wake up" transcriptionally, acting like a scaffold 
for transcription factors recruitment32 33.  AIRE had previously shown to interact with 
the transcriptional activator CREB34 (it is also precipitated with SATB1 protein in our 
experiments).  
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Figure 6. A model for AIRE-
mediated regulation of gene 
expression upon entrance in 
the nucleus through the 
nucleopore complex, AIRE 
preferentially localizes to 
relatively transcriptionally 
inert chromatin regions, 
binding to hypo-methylated 
H3 tails

33
. 

 

  
 
 
 

 
Chromatin Immunoprecipitation against SATB1 protein  
 

 In order to reveal SATB1 binding sites on the mouse genome we performed 
chromatin immunoprecipitation assays against this protein followed by next 
generation sequencing analysis. Firstly, we applied this approach in thymocytes 
where chromatin is less compact and SATB1 is highly expressed. After 5 minutes of 
treatment on Covaris S2 sonicator, chromatin was fragmented in approximately 100-
800bps (Fig. 7). QubitTM fluorometer measurements gave 81.6ng of precipitated DNA 
fragments of the anti-SATB1 immunoprecipitation and 21.9ng of the negative control 
sample (IgG). Based on qPCR analysis, using primers for the RHS6 of the TH2 locus, 
the IP/IgG ratio was 21.56 indicating a considerable enrichment for the anti-SATB1 
immunoprecipitated fraction..  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. DNA fragmentation of the sonicated and pre-
immunoprecipitated DNA from thymocytes, verified by 
agarose gel electrophoresis. 

 

 Consequently, we repeated this assay in naive CD4+ cells. Since chromatin is 
more compact in this cell type, a 5-minute sonication sheared the chromatin in 100-
1000bp. We verified this fragmentation both by agarose gel electrophoresis (Fig. 8A) 
and bioanalyzer measurements (Fig. 8B). Using QubitTM fluorometer, we measured 
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151.2ng of precipitated DNA fragments for the anti-SATB1 immunoprecipitated 
fraction and 56.88ng of the negative control sample (IgG). Based on the subsequent 
qPCR analysis, using primers for the RHS6 region of the TH2 locus, the IP/IgG ration 
was 4.8.  

 
 

Figure 8. DNA fragmentation of the sonicated and pre-immunoprecipitated DNA from naive CD4
+
 cells 

verified by A)agarose gel electrophoresis  and B)bioanalyzer. 
 

Sequencing of the precipitated DNA and peak calling 
 

 After resuspension of the immunoprecipitated DNA, both the SATB1 IP sample 
and the Input sample were further sonicated for a second time (4 minutes) to shear 
the DNA in the appropriate size for constructing the library used in the sequencing 
analysis (100-300bps). These final DNA fragments were used for library preparation 
and sequenced by the Ion Proton™ sequencer.  
 The output of this sequencing was a "fastq" file containing 65,4 millions of 
reads, free of the adaptors' sequence (Fig. 9). These data were mapped on the 
mouse genome database (mm9) and visualized in the IGV viewer (Fig. 10). Using a 
MACS peak caller and changing each time the p-value option, we identified a range 
of SATB1 binding sites (Table S2A, S2B). To check for statistical significance, we asked 
how many loci could be identified as SATB1 binding sites using the inverse ratio 
(Input/IP) in the MACS software (Table 1). Furthermore, based on the forward 
(IP/Input) peak calling, we designed primers for three SATB1 binding sites. The qPCR 
analysis using IP and Input samples before library construction could prove that 
SATB1 enrichment in those regions was indeed due to Immunoprecipitation, and not 
a library construction artifact. Finally though, none of the three regions was enriched 
in the qPCR analysis(IP/Input~1). 
 

Matrix Attachment Regions and Chromosomal distribution 
 

 Furthermore, we wanted to check the distribution of SATB1 peaks in 
chromosomes and DNA elements (promoters, enhancers, genes, 5'UTRs, 3'UTRs etc.) 
in order to investigate if there is any preference for SATB1 binding using the "CEAS: 
Enrichment on chromosome and annotation" option of the Galaxy/Cistrome online 
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tool. Moreover, as SATB1 binds to Matrix attachment regions (MARS) we tried to 
identify MAR sites in SATB1 peaks and in the mouse genome in general. For MARS 
identification we used the emboss marscan online tool 
(http://emboss.bioinformatics.nl/cgi-bin/emboss/marscan). In addition, we used the 
CEAS online tool to find the chromosomal distribution of the MAR sites on SATB1 
peak and in the whole mouse genome. Finally, in order to check for SATB1 
preference for binding in specific MARs we compared the three distributions (SATB1 
peak, MARs on SATB1 peak, MARs on mouse genome-mm9). We did not detect any 
difference between the three distributions (Fig. S1A,B,C).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                    Table 1. Number of peaks in IP/Input comparison        Figure 9. 
Run summary of the ChIP-sequencing.          (2nd column) or Input/IP (3rd column) using the 
                                                                                               MACS peak caller with three different p-values 

 
Binding motif and gene annotation 
 

 In order to detect any binding motif in SATB1 peaks we used the "SeqPos motif 
tool" option from the Galaxy/Cistrome online tool (http://cistrome.org/ap/). The 
binding motif for Jun protein (TGAGTCA) was the only motif that was identified, but 
its presence also in the reverse peaks (Input/IP) indicated that there is no 
significance in this identification (Fig. 11). Moreover, to define the genes (and their 
proximal regions) that include SATB1 binding sites, we used the "peak2gene: Peak 
Center Annotation" option of the Galaxy/Cistrome online tool. Using this tool we had 
both a list of genes that localize in a defined proximity to SATB1 peaks (Table S3) and 
a list of the peaks in each gene of the genome (Table S4).  

 

 
 
 
 
 
 
 
 

p-value IP/Input peaks Input/IP peaks 

10-5 204.461 216.109 

10-9 34.932 54.735 

10-13 8.403 18.441 

http://emboss.bioinformatics.nl/cgi-bin/emboss/marscan
http://cistrome.org/ap/
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Figure 10. Visualization of the SATB1 IP and input DNA fragments (mapped in mm9) in IGV viewer.  

  
Figure 11. The JUN binding motif identified in SATB1 binding sites. 
 
 

Discussion 
 

 Although several groups have focused on the genomic regions that interact 
during the formation of long-range chromatin interactions, less attention has been 
paid to the proteins that mediate these phenomena and the mechanisms through 
which they regulate and define chromatin conformation and genome locus 
localization. COMPASS complex, NSL complex, YY1 and AIRE proteins were all co-
precipitated with the SATB1 protein and directly or indirectly associated with 
Histone 3 posttranslational modifications while, the third more enriched protein that 
precipitated with SATB1 is Histone 3. All these data leads to a clear association of 
SATB1 with histone modulator complexes and especially with H3K4 modifications.  
 Since SATB1 mediates long-range chromatin interactions, it would be of 
immense importance to investigate if during these phenomena SATB1 brings in close 
proximity distal genomic regions in order to activate genes in a faster and more 
accurate way via histone modification complexes. Moreover, the chromatin 
remodeler Mi-2β is the key protein in promoting CD4 expression in an enhancer-
promoter looping event. It shall be investigated how SATB1 mediates Mi-2β binding 
to the CD4 enhancer or in forming the enhancer-promoter loop for induction of CD4 
gene expression during T cell development.  
 Additionally, the Autoimmune Regulator (AIRE) is a transcription factor that 
controls the negative selection of self-reactive T cells, a procedure that is essential 
for the immune system to tolerate self-antigens and avoid autoimmunity. Creating 
an AIRE-dependent SATB1 conditional knockout mouse, in combination with 
molecular and imaging approaches will give us the chance to unravel mechanisms 
underlying AIRE regulation of T cell tolerance and the role of SATB1 in this process. 
 Furthermore, when the mapped reads were visualized in the IGV viewer, we 
observed that they were not represented by both strands and that the input sample 
did not have coverage of the whole genome. These reads seem to be PCR duplicates, 
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since most of them were stacked up in columns wherein all reads start from the 
same nucleotide.  
 Moreover, since SATB1 peaks were not validated by qPCR analysis using the IP 
and Input samples before the library construction, it is possible that these peaks 
were artifacts produced during the library preparation. When we applied the reverse 
peakcalling (Input/IP) we detected similar number of peaks to the forward one 
(IP/Input), which proves that there was not statistical significance in the number of 
peaks that we detected. Downstream analysis for gene annotation, MARs 
identification, chromosomal distribution and binding motif did not show any 
preference for SATB1 binding. All the above, indicate a problem during the adaptor 
ligation step of the library preparation. The small fraction of fragments that was 
amplified during the PCR and mainly in a single-strand way, resulted in a biased 
sequencing for both the IP and the Input sample. 
 In conclusion, we have to repeat the chromatin immunoprecipitation for the 
SATB1 protein and sequence the IP and Input samples. IP (anti-SATB1) in SATB1 CD4+  
conditional knockout mice or rabbit IgG immunoprecipitation in wild type mice shall 
also be sequenced in order to get rid of false positive peaks. When we repeat the 
SATB1 ChIP-seq approach, the combination of the SATB1 binding sites with its 
protein interactors could reveal the SATB1 role in T cell development, chromatin 
conformation and gene regulation through long-range chromatin interactions.  
 

Materials and Methods 
 
Co-Immunoprecipitation  
 

 Thymocyte protein extracts were extracted from 8 male 4-6 weeks old C57BL/6 
mice. Thymocytes incubated at room temperature for 30 min with rotation, in 1ml 
lysis buffer (150mM NaCl, 50mM Tris pH=7.5, 5% Glycerol, 1% Nonidet P-40, 1mM 
MgCl2, 200U benzonase, 1X Proteinase Inhibitors, 1mM PMSF). 24mg of protein 
extract were precleared using 100ul of Dynabeads® Protein G (#10004D 
LifeTechnologies) at 4oC for 1.5 h on an end-to-end rotator. 50ul of beads pre-
blocked with 15ug rabbit anti-SATB1 or rabbit IgG sera (#C2712 Santa Cruz 
Biotechnology) at 4oC for 4 h rotating and crosslinked at room temperature for 30 
min with tilting/rotation using cross-linker Bis(sulfosuccinimidyl) suberate BS3 
(#21580 Thermo Fisher Scientific Inc.). Precleared lysates were subjected to 
immunoprecipitation by incubation with Dynabeads crosslinked with anti-SATB1 or 
IgG at 4oC for 30min. Beads were washed 3 times with buffer I (150mM NaCl, 50mM 
Tris pH=7.5, 5% Glycerol, 0.05% Nonidet P-40, 1mM PMSF), 2 times with Nonidet P-
40 free Buffer II (150mM NaCl, 50mM Tris pH=7.5, 5% Glycerol, 1mM PMSF) and 
boiled at 95oC for 5min.  
 
SDS page and Silver Staining 
 

 Proteins co-Immunoprecipitated with SATB1 were resolved via SDS-PAGE in a 
10% polyacrylamide gels. The gel was stained with silver nitrate compatible with 
Mass Spectrometry Fixation: 50% MeOH, 12% HAc, 0.05% Formalin 2hrs, Washes: 
35% EtOH  20 min 3 times, Sensitization: 0.02% Na2S2O3  2 min, Washes: H2O 5min 3 
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times, Staining: 0.2% AgNO3, 0.076% formalin 20 min, Washes: H2O 1min 2 times, 
Developing: 6% Na2CO3, 0.05% formalin, 0.0004% Na2S2O3, Stop Staining: 50% 
MeOH, 12% HAc 5min. 
 
 
 
Mass Spectrometry 
 

 10 pairs of protein bands (anti-SATB1, IgG) were excised from silver stained 
polyacrylamide gels and cut into small pieces. Gel pieces were covered with destain 
solution (30mM potassium ferricyanide, 100mM sodium thiosulfate) and vortexed 
for 10 minutes in order to remove silver nitrate. For the reduction and alkylation of 
the cysteine residues, the gel pieces were covered with 100ul 10mM DTT and shaked 
45 min at 56oC followed by 45 min shaking at room temperature with 100ul 55mM 
IAA. Proteins were digested in 30ul of diluted Trypsin solution and incubated 
overnight at 37oC. The next day, the supernatant was collected. For the extraction 
from the gel matrix of generated peptides, gel pieces were shaked for 20 min first in 
50ul 50% acetonitril (ACN) and finally in 50ul 0.1% TFA/50% ACN. Peptide solutions 
were centrifuged by Speed Vac until dry power remained and then analyzed by 
means of liquid chromatography combined with mass spectrometry (LC/MS). 
 

Chromatin Immunoprecipitation   
 

 Spleens and lymph nodes were removed from 6 male 6 weeks old C57BL/6  mice 
and were used to make single cell suspension.  CD4 cells were isolated with CD4 
(L3T4) MicroBeads (130-049-201 Miltenyi Biotec.). Cells (60x106) were crosslinked in 
1% formaldehyde (0,1V fixation buffer: 11% formaldehyde, 100mM NaCl, 1mM 
EDTA, 0,5mM EGTA, 50mM Hepes pH=7,5) at room temperature for 1min, 
neutralized with 125mM glycine and lysed in a Nonidet P-40 buffer (5mM PIPES, 
85mM KCl, 0.5% Nonidet P-40, 1mM PMSF). Nuclei were resuspended in 2ml 
sonication buffer (0,3% SDS, 10mM Tris pH=8, 1mM EDTA) and were sonicated for 5 
min using Covaris S2 sonicator (Peak Power 140, Duty Factor 5.0, Cycles/Burst 200) 
for chromatin fragmentation in 200-800bp. Fragmentation was verified both by 
agarose gel electrophoresis and bioanalyzer processing. 10ul of fragmented DNA was 
used as Input DNA. For the immunoprecipitation, soluble chromatin solution (SCS) 
was diluted by adding 4ml of IP buffer (10mM Tris pH=8, 1mM EDTA, 100mM NaCl, 
1% Triton X-100, 1X complete inhibitors, 1mM PMSF), in order to lower SDS 
concentration, and incubated with 10ug rabbit anti-SATB1 or rabbit IgG and 100ul 
Dynabeads® Protein G LifeTechnologies at 4oC for 2 hours. The beads were washed 
with low salt buffer (20mM Tris pH=8, 150mM NaCl, 2mM EDTA, 0.1% SDS, 1% Triton 
X-100, 1mM PMSF), high salt buffer (20mM Tris pH=8, 500mM NaCl, 2mM EDTA, 
0.1% SDS, 1% Triton X-100, 1mM PMSF), Lithium containing buffer (10mM Tris pH=8, 
250mM LiCl, 2mM EDTA, 1% NP-40, 1mM PMSF), TE buffer (10mM Tris pH+8, 1mM 
EDTA, 50mM NaCl) to remove non-specifically bound chromatin. Crosslinks were 
reversed by overnight incubation in 250ul elution buffer (50mM Tris pH=8, 10mM 
EDTA, 1% SDS) at 65oC. RNA contaminants and proteins were removed by digestion 
30min at 37 oC adding 50ug RNAse and 1h at 55 oC with 20ug Proteinase K. DNA was 
purified using Phenol/Chloroform/Isoamyl alcohol extraction followed by ethanol 



[15] 
 

precipitation. DNA concentration was calculated using Qubit® 2.0 Fluorometer 
(Lifetechnologies).  
 
Real-Time PCR 
 

 Quantitive PCR reactions were performed on a DNA Engine Opticon® 2 System 
(BioRad) using KAPA SYBR® FAST qPCR mix (KAPABIOSYSTEMS). The enrichment of 
the IP over IgG fractions in a targeted (positive) genomic region versus a negative 
control region was calculated using the formula:  
CtInput was corrected by the dilution number Ct'Input= CtInput-log2100 
(2 CtIp-Ct'Input/ 2 CtIgG-Ct'Input )positive region/ (2 CtIp-Ct'Input/ 2 CtIgG-Ct'Input )negative region  
 As a positive region RHS6 was used (RHS6F 5'-CTCCAGGCTTACTGTTTCAGCA-3', 
RHS6R 5'-GCTGCCTCTGTACAATCATTCC-3') and as a negative control region we used 
HPRT1 (HPRTF 5'-CTGGGCCTAAATCTTGAGGAA-3', HPRTR 5'-
TCCCAGATAATCACTCCGCA-3') 
 Primers for SATB1 peak validation: 
CHR13F 5'- CCCAGCATGCAGTAGGGTAG-3', CHR13R 5'- AGGGACTTCGAGTGATTGGG-
3', RHS4F 5'- GGAAACAAACCCCACGCAA-3', RHS4R 5'-AGCTGGTGAACAAGGACCTC-3',  
RHS6F 5'-TACACCCTCAGCCTTAGCAC-3', RHS6R 5'-ACAATGGAGAGGGATTGGGG-3' 
 95οC  5sec, 60οC  20sec, 72οC  1sec, plate read, 40 cycles, 72οC  5min, Melting 
Curve from 60οC 95οC, read every 0.5οC, hold 1sec, 15οC  1'sec  
 
Library Preparation 
 

 Ion Plus Fragment Kit (Life Technologies) was used for library preparation. ChIP 
DNA was end-repaired and purified with two rounds of AMPure®XP bead capture to 
size-select fragments 100-250bp in length. The end-repaired DNA was ligated to Ion-
compatible adapters, followed by nick repair to complete the linkage between 
adapters and DNA inserts. The library was amplified by PCR with 10 cycles for 
generating sufficient material. The final library was 170-220 bp in length and 
sequenced on an Ion Proton™ System (LIfeTechnologies).   
 

Sequencing 
 

 After library preparation, IP and Input samples were single-end sequenced in an 
Ion Proton™ System. The output of this sequencing was a "fastq" file containing 65,4 
millions of reads, free of the adaptors' sequence.  
Adaptors' sequence: plus 3:2:15:2-CCATCTCATCCCTGCGTGTCTCCGACTCAG, minus 
3:2:15:2-CCTCTCTATGGGCAGTCGGTGAT. 
 
Mapping 
 

 ChIP-seq reads were aligned to the mouse genome database (mm9) using 
Bowtie2.  For mapping, the "--very-sensitive-local" option was used same as "-D 20 -
R 3 -N 0 -L 20 -i S,1,0.50" so that no mismatches were allowed. 
 Firstly, we connected to the local server using the program PuTTy configuration 
Host Name: 139.91.162.50  
Port: 33333  
username: giorgos  
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password: g10rg0s  
 

 
 

 
 
Consequently, we uploaded our data to the local server using the WinSCP program 
(Host Name: 139.91.162.50  
Port: 33333  
username: giorgos  
password: g10rg0s 
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 Sequencing of the output could be either in .sra or .fastq form. For mapping 
these data to a genome we need a .fastq output. In order to make a conversion from 
.sra to .fastq we used the script  
"fastq-dump filename.sra" 

  Since the data is in .fastq form we proceeded to mapping using the script:  
in case of single-end sequencing  
"bowtie2 --local --very-sensitive-local -p 8 --mm -x 

Mus_musculus/UCSC/mm9/Sequence/Bowtie2Index /genome -U 

filename.fastq  | samtools view -uhS -F4 - | samtools sort - 

filename" 

 

in case of pair-end sequencing 
"bowtie2 -p12 --mm -x Mus_musculus/UCSC/mm9/Sequence/ 

Bowtie2Index/genome -X 650 -1 pathway/filename1.fastq -2 

pathway/filename2.fastq | samtools view -uhS -F4 - | samtools 

sort - filename" 

 

Create and index .bam.bai file for every .bam file (mapped file) using the following 
script: 
"samtools index pathway/filename" 
 

 

IGV viewer visualization  
 

 We were able to view our mapped data in the "IGV viewer" program.  
Load genome mm9 
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Load the downloaded .bam file (its index bam.bai file have to be in the same folder) 
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To add color to each strand of reading we (right) click on the track (left column) and 
chose option "Color alignments by/read strand"  
 

 
 
Peak calling 
 

 Peak discovery was performed using MACS with the default parameters or 
changing the p-value option.  
  
"macs14 -t treatmentfilename.bam -c controlfilename.bam -f BAM 

-g mm -n outputfilename -w --bw 300 -p 1e-5 --call-subpeaks"  

 

Options: 
-g GSIZE, --gsize=GSIZE 
Effective genome size. It can be 1.0e+9 or 1000000000,or shortcuts: 'hs' for human 
(2.7e9), 'mm' for mouse (1.87e9), 'ce' for C. elegans (9e7) and 'dm' for drosophila 
melanogaster (1.2e8),  
DEFAULT:hs 
   
-s TSIZE, --tsize=TSIZE 
Tag size. This will overide the auto detected tag size.  
DEFAULT: 25 
 
--bw=BW                
Band width. This value is only used while building the shifting model.  
DEFAULT: 300 
 
-p PVALUE, --pvalue=PVALUE 
P-value cutoff for peak detection.  
DEFAULT: 1e-5 
   
-m MFOLD, --mfold=MFOLD 
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We selected the regions within MFOLD range of high-confidence enrichment ratio 
against background to build a model. The regions had to be lower than the upper 
limit, and higher than the lower limit.  
DEFAULT:10,30 
 
--nolambda             
If True, MACS will use fixed background lambda as local lambda for every peak 
region. Normally, MACS calculates a dynamic local lambda to reflect the local bias 
due to potential chromatin structure. 
 
--slocal=SMALLLOCAL    
The small nearby region in basepairs to calculate dynamic lambda. This is used to 
capture the bias near the peak summit region. Invalid if there is no control data.  
DEFAULT: 1000 
 
--llocal=LARGELOCAL    
The large nearby region in basepairs to calculate dynamic lambda. This is used to 
capture the surround bias.  
DEFAULT: 10000. 
 
--off-auto             
Whether turn off the auto pair model process. If not set, when MACS failed to build 
paired model, it will use the nomodel settings, the '--shiftsize' parameter to shift and 
extend each tags.  
DEFAULT: False 
   
--nomodel              
Whether or not to build the shifting model. If True, MACS will not build model. by 
default it means shifting size = 100, try to set shiftsize to change it.  
DEFAULT: False 
   
--shiftsize=SHIFTSIZE 
The arbitrary shift size in bp. When nomodel is true, MACS will use this value as 1/2 
of fragment size.  
DEFAULT: 100 
   
--keep-dup=KEEPDUPLICATES 
It controls the MACS behavior towards duplicate tags at the exact same location -- 
the same coordination the same strand. The default 'auto' option makes MACS 
calculate the maximum tags at the exact same location based on binomal 
distribution using 1e-5 as pvalue cutoff; and the 'all' option keeps every tags. If an 
integer is given, at most this number of tags will be kept at the same location.  
Default: auto 
   
--to-small             
When set, scale the larger dataset down to the smaller dataset, by default, the 
smaller dataset will be scaled towards the larger dataset.  
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DEFAULT: False 
  
-w, --wig              
Whether or not to save extended fragment pileup at every WIGEXTEND bps into a 
wiggle file. When --single- profile is on, only one file for the whole genome is saved. 
WARNING: this process is time/space consuming!! 
   
-B, --bdg              
Whether or not to save extended fragment pileup at every bp into a bedGraph file. 
When it's on, -w,--space and --call-subpeaks will be ignored. When --single-profile is 
on, only one file for the whole genome is saved. WARNING: this process is 
time/space consuming!! 
   
-S, --single-profile   
When set, a single wiggle file will be saved for treatment and input. Default: False 
   
--space=SPACE          
The resoluation for saving wiggle files, by default, MACS will save the raw tag count 
every 10 bps. Usable only with '--wig' option. 
   
--call-subpeaks        
If set, MACS will invoke Mali Salmon's PeakSplitter soft through system call. If 
PeakSplitter can't be found, an instruction will be shown for downloading and 
installing the PeakSplitter package. -w option needs to be on and -B should be off to 
let it work. 
DEFAULT: False 
   
--verbose=VERBOSE      
Set verbose level. 0: only show critical message, 1:show additional warning message, 
2: show process information, 3: show debug messages. DEFAULT:2 
   
--diag                 
Whether or not to produce a diagnosis report. It's up to 9X time consuming. Please 
check 00README file for detail.  
DEFAULT: False 
   
--fe-min=FEMIN         
For diagnostics, min fold enrichment to consider. 
DEFAULT: 0 
   
--fe-max=FEMAX         
For diagnostics, max fold enrichment to consider. 
DEFAULT: maximum fold enrichment 
   
--fe-step=FESTEP       
For diagnostics, fold enrichment step.   
DEFAULT: 20 
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Marscan 
 

 For MARS identification we used the emboss marscan online tool 
(http://emboss.bioinformatics.nl/cgi-bin/emboss/marscan). Since there was a limit 
in the maximum length of the sequence that could be used by this tool (30.000bp), 
we had to split the chromosome sequences in fractions of 30.000bps, analyzed each 
one for MARS regions and merged the output lists in an tab delimited file (bed 
format). Split script "split -a 2 -l 1300000 -d chr1.fa chr1.fa." 
 
MARS on SATB1 peaks 
 

 For the identification of MARS in SATB1 peaks we used the "Intersect the 
intervals of two datasets" option from the Galaxy/Cistrome online tool 
(http://cistrome.org/ap/) in bed files containing MARS sites and SATB1 peaks. This 
option sets the overlap between elements of two datasets.  
   

Binding Motif 
 

 In order to find a SATB1 binding motif we used the "SeqPos motif tool" option 
from the Galaxy/Cistrome online tool (http://cistrome.org/ap/) in the bed file 
containing the SATB1 peaks. 
 
Chromosomal distribution 
 

  For chromosomal distribution we used the "CEAS: Enrichment on chromosome 
and annotation" option of the Galaxy/Cistrome online tool (http://cistrome.org/ap/). 
Peaks that identified with p-value=10-5 were used for the SATB1 peak distribution. 
 
Representative sampling 
 

 In order to take a sample file from a tab delimited .bed file we used the script:  
"cat filename.bed |shuf | head -n numberoflines >filename.bed"  

 

Gene annotation 
 

 Loading SATB1's peaks to the "peak2gene:Peak Center Annotation" option of 
the Galaxy/Cistrome online tool (http://cistrome.org/ap/) we were able to detect 
the gene annotation of SATB1 binding sites (distance: 300bp, 1.000bp, 10.000bp/ 
genome: mm9). 
 

Supplementary Materials 
 

Table S1 Mass Spectrometry analysis 
Table S2A Table S2B Peak calling p-value=10

-9
 (excel file A/ bed file B) 

Table S3 Annotation for each peak (p-value=10
-9

, distance:10.000bp) 
Table S4A S4B S4C Annotation for each gene (p-value=10

-9
, distance:300bp A/ 1.000bp B/ 10.000bp C) 

Figure S1A S1B S1C Chromosomal distribution of SATB1 peaks (A), MARS mm9 (B) and MARS on 
SATB1 peaks (C).  
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