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Abstract

Satb1 as Traffic Cop:
Directing Chromatin Compaction, Transcription, and Molecular Flux

by

Brett Jeffrey Schofield

Doctor of Philosophy in Molecular and Cell Biology

University of California, Berkeley

Professor Jan Liphardt, Co-chair

Professor Carlos Bustamante, Co-chair

The ability to carefully regulate one's genome in response to environmental cues is a 
fundamental requirement for life.  Research into how cells accomplish this has been vigorously 
pursued ever since the one-gene one-protein hypothesis was introduced in 1941.  And although a 
wealth of information has been garnered from this work, the field continually finds new and 
unexpected mechanisms that cells utilize to regulate transcription.   The most recent discovery 
being that the location and organization of individual chromatin strands can have a significant 
impact on gene expression.  However, the consequences of specific chromatin configurations and
the mechanisms that generate them are only beginning to be understood.

In this dissertation, I explore the capabilities and function of one chromatin architectural 
protein – the Special AT-rich sequence Binding protein 1 (Satb1).  I was initially interested in 
characterizing several basic properties of Satb1 for which there are conflicting or incomplete 
data typically based on in vitro experiments.  Using a variety of in vivo techniques, I 
demonstrated that Satb1 forms stable and long-lived homodimers whose formation is dependent 
on the N-terminal PDZ domain, but independent of DNA binding.  I have also shown that the 
cooperation between the PDZ domain and either the Cut1 or Cut2 DNA binding domains is 
essential for high-affinity DNA binding in vivo.  The removal of the Homeo domain, however, 
has little impact on the binding kinetics of Satb1.  Interestingly, the diffusion of Satb1 is slowest 
in a 4-500nm wide region at the interface of high and low density DNA, indicating the presence 
of a large number of high-affinity Satb1 binding sites in this zone.

The competition between Satb1 and its close homologue Satb2 has been shown to be 
important in determining Embryonic Stem (ES) cell fate, and may play an important role in 
transitioning from embryonic (ϵ) to fetal (Gγ, Aγ) globin production during erythrocyte 
development.  However, the mechanism behind this competition is unknown.  My experiments 
indicate that these proteins are able to effectively compete at the level of DNA binding, although 
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some high-affinity sites maintain a preference for one protein over the other.  Furthermore, they 
can form heterodimers, raising the possibility that the unique protein-interacting interface offered
by the heterodimer recruits a different pool of partners than either homodimer.

Finally, I examined what changes Satb1 makes to local and global chromatin architecture,
and how they differ from those caused by Satb2, or the insulator element protein CTCF.  When 
synthetically targeted to a trans-gene array by fusion with the lac repressor (LacR), the MAR-
binding proteins Satb1 and Satb2 have a bidirectional effect on local chromatin compaction.  
They have the ability to open heterochromatic arrays, and condense euchromatic arrays.  The 
final array configuration is independent of its initial state.  The difference between the proteins is
the final size of the array – targeting of Satb1 results in a more compact array than does Satb2.  
CTCF, in contrast, as a uni-directional effect.  It significantly decompacts heterochromatic 
arrays, but has no effect on euchromatic ones.  Single molecule RNA Fluorescence In Situ 
Hybridization (FISH) shows that these dramatic alterations to chromatin architecture are 
mirrored in the expression of the underlying genes.  Satb1-bound arrays produce an intermediate 
number of transcripts whose number is independent of the initial transcript number.  Likewise, 
CTCF significantly increases the number of transcripts produced from a heterochromatic array, 
but has little effect on the number produced by a euchromatic array.

Satb1 has a unique role in determining the diffusive route of inert molecules like EGFP in
the nucleus.  Such molecules preferentially diffuse into areas of similar DNA density.  Transits 
between areas of vastly different chromatin density are infrequent and occur in bidirectional 
bursts.  Expression of Satb1, but not CTCF, increases the frequency of these molecular transits, 
allowing proteins like EGFP greater access to high DNA density regions.  Satb1 is the only 
protein identified so far to alter the strength of this diffusive barrier. 
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Chromatin Structure and the ~30nm Fiber

The basic unit of chromatin is the nucleosome core particle (NCP) which consists of a 
histone octamer built from two copies of each core histone (H2A, H2B, H3, and H4) around 
which is wrapped ~147bp of DNA (Luger et al., 1997).  Although the vast majority of the 
genome is bundled into these repeating structures, there are locations – particularly in gene 
promoter elements – where nucleosomes are specifically located or excluded.  Careful 
nucleosome positioning at these sites is often crucial in transcriptional regulation (reviewed in 
Jiang and Pugh, 2009).

Understanding how chromatin fibers organize inside the cell is complicated by the high 
degree of heterogeneity within any given strand.  The length of the DNA linker between 
nucleosomes, the precise histone composition, and the presence of histone modifications and the 
H1 linker histone all vary dramatically.  The difficulties inherent in working with such a 
heterogeneous structure mean that much of our understanding of chromatin organization comes 
from in vitro experiments.  These are typically conducted on carefully defined polynucleosomes 
reconstituted on DNA containing regularly spaced nucleosome positioning sequences (Simpson 
et al., 1985).  The final organization of these polynucleosomes is highly dependent on ionic 
strength.  In low ion concentration, they form a ~10nm “beads on a string” fiber, while more 
physiological conditions produce a tightly wound ~30nm fiber.

Unlike cytoskeletal elements like actin fibers, individual chromatin strands can not be 
easily distinguished inside the nucleus, making it very difficult to confirm the presence of ~30nm
fibers in vivo.  Several exceptions exist: when the chromatin of echinoderm sperm or inert 
chicken erythrocytes is allowed to swell by a controlled reduction of the ionic strength, a mass of
irregularly structured ~30nm fibers becomes visible (Horowitz et al., 1994).  The chromatin in 
these cells is characterized by usually long DNA linker lengths, uniform histone modifications, 
and an abundance of H1 variants that contain additional positive charges.  It is believed that this 
combination of factors promote intrafiber over interfiber interactions.  However, the detection of 
~30nm fibers in these cells is the exception, rather than the rule (reviewed in Woodcock and 
Horowitz, 1995).

Although the ~30nm fiber is now considered to be a genuine chromatin structure, there is 
no consensus for the precise organization of nucleosomes within it.  Recent crystallization of a 
tetranucleosome demonstrates that they are arranged in a zigzag pattern with contact between 
nucleosomes 1 and 3 and between 2 and 4 (Schlach et al., 2005).  Histone crosslinking assays 
and computer modeling suggest that while this may be the major structural component of the 
fiber, other nucleosomes orientations exist, leading to the idea of heteromorphic fiber 
architecture (Grigoryev et al., 2009).

Although some of the specific consequences remain unclear, it is well established that the
presence of histone variants and post-translational modifications made to the tails of both core 
histones and H1 play critical roles in establishing the local properties of the chromatin in which 
they are embedded (reviewed in Santenard and Torres-Padilla, 2009; Bannister and Kouzarides, 
2011).  One particularly well studied histone variant is H2A.Z, whose crystal structure shows an 
enlargement of the “acidic patch” at the surface that makes contact with neighboring 
nucleosomes (Suto et al., 2000).  The result of which is to strengthen those nucleosome-
nucleosome interactions, leading to the compaction of chromatin near centromere sequences 
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(Greaves et al., 2007).  Some histone modifications alter the charge of the histone tail, modifying
the affinity of those tails for DNA.  For example, acetylation of lysines removes positive charges,
weakening the DNA-histone contacts and facilitating local transcription (Shogren-Knaak et al., 
2006).  These, and many other observations have led to the idea that histone modifications 
collectively constitute a “histone code” that defines local chromatin structure and activity 
(reviewed in Jenuwein and Allis, 2001).

Histone modifications also serve to create and destroy binding sites for specific chromatin
architectural proteins.  These proteins are characterized by their ability to affect chromatin 
structure, usually by compaction (reviewed in Luger and Hansen, 2005).  It is a diverse group of 
proteins that recognize a variety of different chromatin substrates including specific DNA 
sequences (Polycomb), methylated DNA (MeCP2), and certain histone modifications (HP1).  A 
precise account of their molecular interaction with chromatin is known for only a few of these 
like the SIR family of regulatory proteins (Buchberger et al., 2008).  Some have multiple 
chromatin interactions sites, potentially allowing them to act as inter- or intrafiber bridges.  
Finally, a specific class of these proteins called chromatin remodeling complexes possess the 
unique capability to restructure, eject, or move nucleosomes in an ATP-dependent manner 
(reviewed in Clapier and Cains, 2009).

Chromatin Organization and Dynamics

Upon cursory inspection, the contents of the interphase nucleus appear relatively static, 
especially when compared to the dynamic activity displayed by the cytoskeleton.  Even phase 
contrast microscopy shows a featureless compartment, whose homogeneity is marred only by the
presence of the nucleolus.  Staining with basic dyes reveals two distinct sections within the 
nucleus – a densely staining region called heterochromatin that localizes close to the nuclear 
envelope and clusters around the nucleolus, and a more lightly staining region called 
euchromatin which occupies the rest of the nucleus (Heitz, 1928).  Although this staining pattern 
is present in nearly every cell type examined to date, recent observations by Solovei et al (2009) 
have shown that this pattern is reversed in the rod photoreceptor cells of nocturnal, but not 
diurnal, mammals.  In these cells, heterochromatin is clumped together near the center of the 
nucleus, while euchromatin is present at the periphery.  This demonstrates the plasticity of the 
genome, and the fact that cells can tolerate many potential chromatin configurations.

Over time, the terms heterochromatin and euchromatin have become somewhat more 
broad in their application.  Heterochromatin is typically used to describe transcriptionally silent 
stretches of DNA regardless of their staining pattern.  This relaxation of the term has necessitated
an additional division: Constitutive heterochromatin exists in a tightly compact state, and is 
enriched in repetitive DNA sequences as well as gene-poor and late-replicating regions.  
Although facultative heterochromatin is often kept in a similarly compact configuration, it has 
the capacity to reversibly transition to a more open and transcriptionally active state.  This 
transition is thought to be the result of specific temporal, spatial, or heritable cues.  It is 
accompanied by profound changes to histone modifications and composition, as well as the 
recruitment of chromatin architectural proteins (reviewed in Trojer and Reinberg, 2007).  A 
common feature of heterochromatin is its propensity to “spread” to adjacent regions of DNA, a 
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process that is halted by boundary or insulator elements (Liaw and Lustig, 2006; Hines et al., 
2009).

The organization of chromatin strands into heterochromatin and euchromatin is only 
poorly understood, but evidence to date suggests that similar sequences preferentially cluster 
together through a process of self-organization (reviewed in Mistelli, 2001).  An example of this 
is a ~4 Mb region of mouse chromosome 14 that includes four gene clusters separated by gene-
poor regions (Figure 1-1).  Shopland et al (2006) labeled these segments with different 
fluorescent probes and observed four patterns of genome folding in roughly equal proportions – a
“stripped” arrangement of alternating segments and three that featured clustering of the gene-
poor segments.  This locus was usually located near the nuclear periphery, with the cluster of 
gene-poor segments oriented towards the nuclear envelope, in keeping with typical 
heterochromatin localization.

There is a growing consensus that specific loci are able to physically associate with each 
other, causing the intervening sequence to “loop” out.  These chromatin loops vary dramatically 
in their size and stability.  It is not at all clear whether these various “looping” events share a 
common mechanism, cause, or function.  Perhaps the only well understood example of 
chromatin looping is the interaction between distant enhancer and promoter elements (reviewed 
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Figure 1-1. Higher order chromosome structures revealed by probing the alternating pattern of gene clusters and deserts. 
(A) FISH labeling scheme to detect Mmu14 gene clusters in one color (rhodamine, red) and deserts in another (fluorescein, 
green). (B) Gene clusters (red) frequently group together and segregate from gene deserts (green) in NIH-3T3 nuclei (DAPI, 
blue). A separate singlet signal from the agrin locus on Mmu4 (green, bottom left) identifies prereplication (G1) cells. (C) 3D 
imaging revealed Mmu14 gene clusters and deserts in three predominant conformations, with indicated frequencies, as well as 
combinations of patterns. Bars, 1 μm.  Figure and legend adapted from Shopland et al., 2006.



in Visel et al., 2009).  These loops are usually on the order of kilobases in size, and tend to be 
transitory, dynamic events.  The mechanism required for looping remains mysterious, but some 
evidence suggests that sequence-specific factors bind to both elements and then associate with 
each other, effectively trapping the chromatin (albeit momentarily) in a looped state (Nolis et al., 
2009).

The relatively recent development of the Chromosome Configuration Capture (3C) assay 
and derivative techniques have provided a robust means to detect physical interactions between 
loci.  Mounting evidence from these experiments and Fluorescence In Situ Hybridization (FISH) 
shows that large and relatively stable megabase-scale loops reproducibly form under specific 
conditions (reviewed in Göndör and Ohlssen, 2009).  One such example is the TMPRESS and 
ERG genes which lie ~3 Mb apart on human chromosome 21.  These genes becomes fused in 
~50% of prostrate cancers, apparently in response to hormone levels.  By using FISH to track 
these loci, Mani et al (2009) demonstrated that they are brought into close proximity in prostate 
cancer cell lines upon hormone treatment.

The formation of these large chromatin loops has been hypothesized to be a mechanism 
for gene relocation related to transcriptional regulation.  These events typically involve a gene 
migrating away from peripheral (Kosak et al., 2002) or centromeric (Schübeler et al., 2000) 
heterochromatin when activated.  They usually move to the periphery of their own chromosome 
territory, or to a specific nuclear region occupied by euchromatin.  Conversely, transcriptional 
repression has been shown in some cases to cause the gene to become associated with clusters of 
heterochromatin (Brown et al., 1997).  Little is known about what causes or allows these sites to 
relocate except that the movements are ATP-dependent and require nuclear myosin I as well as 
polymerizable actin (Chuang et al., 2006).  Although actin is a component of many chromatin 
remodeling complexes, the requirement for polymerizable actin is surprising because nuclear 
actin is thought to exist primarily as a monomer.  Finally, in some cases, changes to transcription 
precede loci migration, calling into question whether it is a cause or a result of transcriptional 
regulation.

The MAR-binding proteins Satb1 and Satb2

Special AT-rich sequence Binding proteins 1 and 2 (Satb1 and Satb2) are members of a 
small category of proteins that selectively bind to Matrix Attachment Region (MAR) sequences.  
As there is no consensus MAR sequence, they are typically identified by their physical properties
and their propensity to be bound and cleaved by topoisomerase II.  In general, the 70+% AT-rich 
sequence of MARs provides them with unique bending properties, a narrow minor groove, and 
the potential for extensive base unpairing under superhelical strain (Kohwi-Shigematsu and 
Kohwi, 1990; Bode et al., 1992).  These physical attributes are essential for Satb1 binding 
(Dickenson et al., 1992).  MARs are thought to be involved in the formation of some chromatin 
loops, and they have been shown to be important in the physical association of enhancer and 
promoter elements in the immunoglobin μ (Dobreva et al. 2003), β-globin (Wen et al., 2005), and
γ-globin (Zhou et al., 2012) gene clusters.

Satb1 and Satb2 are close homologues that share an identical domain structure consisting 
of an N-terminal PDZ-like domain followed by two tandem CUT DNA binding domains, and 
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finally a C-terminal Homeo domain.  Although both proteins are expected to have a Nuclear 
Localization Sequence (NLS), it has only been defined for Satb1, which has a non-canonical 
NLS which precedes the PDZ domain in a region poorly conserved between these two proteins 
(Nakayama et al., 2005).  The PDZ domain of Satb1 has been implicated in the recruitment of a 
variety of binding partners (Yasui et al., 2002) and is believed to be involved in 
homodimerization (Purbey et al., 2008).  Although dimerization is required for high affinity 
DNA binding in vitro, it has thus far unsubstantiated by in vivo studies.

Expression of either protein dramatically alters the cell's transcription profile.  In addition
to their proposed ability to create new chromatin loops by physically associating distant MARs 
(de Belle et al., 1998; Cai et al., 2003), Satb1 is able to recruit both cis-acting transcription 
factors like Gata3 (Cai et al., 2006), and a number of histone modifiers and reorganization 
complexes.  These including p300/CBP-associated factor (PCAF), HDAC1 and 2, and the 
CHRAC and ACF complexes, among others (Yasui et al., 2002; Fujii et al., 2003; Wen et al., 
2005; Kumar et al., 2006; Han et al., 2008).  The recruitment of these protein partners allows 
Satb1 to regulate the transcription of genes at least 50kb away from Satb1 binding sites (Yasui et 
al., 2002). 

Very little is known about which factors influence either protein to activate or repress a 
given gene.  To date, all reporter constructs preceded by Satb1 binding sites have been repressed 
by the presence of Satb1 (Seo et al., 2005; Purbey et al., 2008; Notani et al., 2011).  However, the
binding of Satb1 to the promoter region of certain genes like HER2 has been shown to increase 
local levels of activitory histone modifications like H3K9/K14 acetylation (Han et al., 2008).  A 
model has been suggested where phosphorylation of S185 by Protein Kinase C (PKC) biases 
Satb1 towards silencing via recruitment of HDAC1.  When not phosphorylated, Satb1 is 
susceptible to acetylation of K136 by PCAF which causes dissociation of Satb1 from DNA 
leading to de-repression (Kumar et al., 2006).

Even in tissues where both proteins are present (like the central nervous system), the 
expression of Satb1 and Satb2 is usually mutually exclusive (Dickinson et al., 1992; Huang et 
al., 2011).  One exception to this is Embryonic Stem (ES) cells, where the relative abundance of 
Satb1 and Satb2 has been implicated in the choice of self-renewal versus differentiation.  It is 
thought that this accomplished by alternatively regulating the expression of the Nanog 
pluripotency marker (Savarese et al. 2009).

The expression of Satb1 is highest in the thymus, where it is essential for thymocyte 
maturation, proliferation, and activation.  Inside thymocytes, Satb1 organizes into a characteristic
“cage-like” distribution consisting of tendrils that stretch throughout the nucleus and hug regions
of constitutive heterochromatin (Figure 1-2) (Cai et al., 2003).  Triple Negative (TN) lymphoid 
progenitor cells begin expressing Satb1 before they arrive at the thymus, where its expression is 
essential for the multiple rounds of cellular division the precede further maturation (Alvarez et 
al., 2000).  These cells initiate TCRβ rearrangement, a process that is curiously uninhibited by 
deletion of Satb1.  Double Positive (DP) thymocytes then begin a lengthy positive and negative 
selection process during which >98% of them will die.  Those that survive this rigorous 
procedure mature into either CD4+ helper or CD8+ cytotoxic naïve T cells in a process facilitated 
by Satb1.  A tiny number of naïve helper T cells are found in Satb1 knockout (KO) mice, but 
these fail to proliferate upon stimulation with PMA and ionomycin (Alvarez et al., 2000).  Satb1 
has been shown to be essential for a process known as coreceptor reversal which is required for 
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the maturation of cytotoxic T cells (Nie et al., 2005; 2008).  Ultimately, these naïve SP cells 
leave the thymus and cease expressing Satb1 (reviewed in Naito et al., 2011).  Interesting, Satb1 
is briefly re-expressed in T-helper 2 (TH2) cells upon activation, where it aids in the production of
IL-4, IL-5, and IL-13 by reorganizing the TH2 cytokine locus (Cai et al., 2006).   

Satb1 is also present in the testes (Dickinson et al., 1992), and erythrocyte progenitor 
cells (Wen et al., 2005).  Although Satb1 protein is virtually undetectable in other tissues, its 
mRNA is produced in a number of cell types including dendritic and epithelial cells, where its 
translation is inhibited by Foxp3-regulated microRNAs (McInnes et al., 2011).  Disruption of 
Foxp3 can lead to expression of Satb1 in these tissues, which has been correlated with a highly 
aggressive metastatic phenotype in some breast cancers (Han et al., 2008).  RNAi knockdown of 
Satb1 in metastatic breast cancer cell lines is sufficient to restore cell polarity in vitro, prevent 
anchorage-independent growth, and severely limit the ability of these cells to spread in vivo (Han
et al., 2008).  Since this initial connection was made, a flood of subsequent studies have been 
published, linking Satb1 to tumor progression and metastasis in prostate (Mao et al., 2013), 
colorectal (Fang et al., 2013), liver (Tu et al., 2012), ovarian (Nodin et al., 2012), small cell lung 
(Haung et al., 2013), glioma (Chu et al., 2012), and other cancers.  Ultimately, however, the role 
of Satb1 in cancer remains a highly controversial one.

The importance of Satb2 is significantly less well characterized.  It is thought to play a 
role in osteoblast development, where it directly influences the production of Runx2 at the 
chromatin level (Dobreva et al. 2006; Hassan et al., 2010).  Studies in mice have demonstrated 
that Satb2 is essential for proper facial patterning of the embryo and for normal bone 
development (Dobreva et al. 2006).  It is thought that these defects arise because of increased 
expression of certain Hox genes and decreased expression of osteoblast-specific genes.

7

Figure 1-2. Cage-like network structure of Satb1 in thymocytes. Thymocytes 
isolated from a 2-wk-old mouse were immunohistochemically labeled with antibody 
against SATB1 and DAPI. Figure and legend adapted from Cai et al., 2003.



Chapter 2

In Vivo Biophysical Characterization of 
Satb1 and its Competition with Satb2

This chapter contains previously unpublished research performed in collaboration with Rajarshi 
Ghosh, Quanming Shi, and Jan Liphardt.
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2.1 Introduction

Although Satb1 has been the subject of intense biochemical scrutiny over the last 20 
years, many fundamental aspects of its activity remain mysterious.  Previous experiments have, 
for example, provided no comprehensive understanding of how its three DNA binding domains 
function with each other to achieve high-affinity binding to DNA.  Indeed, previous studies have 
disagreed on the importance of different domains – some claim that the TAATA sequence 
recognized by the homeo represents a core element of Satb1 binding sites (Purbey et al., 2008).  
Others suggest that the in vitro binding kinetics of Satb1 is unaffected by removal of the Homeo 
domain, and that DNA binding to the probes used is entirely mediated by the tandem Cut 
domains (Dickenson et al., 1997).

Additionally, Satb1 is widely believed to homodimerize (Purbey et al., 2008), but there 
has been no evidence that dimers are able to form in vivo.  Indeed, a recent attempt to pull GFP 
tagged Satb1 out of a cell extract using FLAG tagged Satb1 from cells expressing both fusion 
proteins failed (Tan et al., 2010).  My research not only seeks to clarify these disputes but to 
comprehensively chart the nuclear dynamics of Satb1 and to explore potential mechanisms by 
which it competes with Satb2 to determine stem cell fate. 

2.2 Results and Discussion

2.2.1 Satb1 cage-like architecture is highly mobile and consists of multiple populations
In order to understand the nuclear dynamics of Satb1, I utilized a quantitative variant of 

Fluorescence Recovery After Photobleaching, called line-FRAP, that is optimized for short-
timescale fluctuations.  The technique achieves data acquisition rates in excess of 500Hz by 
using a laser-scanning confocal microscope set to monitor only a single line running through the 
center of a circular bleach region, as shown in Figure 2-1a (Braeckmans et al., 2007; Stasevich 
et al., 2010).  The resulting two-dimensional spatiotemporal images (intensity carpets) of the 
FRAP recovery are fit with a reaction-diffusion model (Mueller et al., 2008).  From these fits, the
bound fraction can be calculated and decomposed into fast and slow components (Carrero et al., 
2004; Sprague et al., 2004; Xouri et al., 2007).

I performed this line-FRAP experiment in the VL3-3M2 murine thymic lymphoma cell 
line.  These cells are representative of immature thymocytes frozen in their development at the 
CD4+ CD8+, or double positive (DP), stage (Groves et al., 1995).  I transiently transfected these 
cells with EGFP fused to the homo sapiens Satb1 coding sequence (EGFP-Satb1).  The FRAP 
profile for Satb1 reveals that there are multiple distinct sub-populations of the protein – a quickly
diffusing (koff = 1.7±0.27) population, a reaction-dominant (koff = 0.12±0.01) population, and an 
immobile population that does not recover over the course of the experiment (Figure 2-1b). 
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Figure 2-1. Spatiotemporal FRAP analysis reveals the dynamic nature of the Satb1 network. (a) High-resolution 
spatiotemporal image (intensity carpet) of the FRAP recovery of EGFP-Satb1 generated by repeated line scans (yellow line) 
that bisect a circular bleach region (yellow circle) in VL3-3M2 murine thymocytes transiently expressing EGFP-Satb1.  (b) 
An example of fitting a mean FRAP profile to a two state binding model for EGFP-Satb1.  (c) An example of fitting a mean 
FRAP profile to pure diffusion model for EGFP-NLS.  Error bars show SE.



2.2.2 Satb1 exists primarily as a dimer whose homodimerization requires the PDZ 
domain, but is independent of DNA binding. 

Although Satb1 is widely believed to form homodimers (Purbey et al., 2008), many 
important aspects of dimerization remain unresolved.  For instance, it is unclear if it is a result 
DNA binding, and how much Satb1 exists as a dimer at any given time.  Indeed, the failure of a 
recent attempt to immuno-precipitate a GFP-tagged Satb1 using a FLAG-tagged Satb1 (Tan et 
al., 2010) calls into question whether the previously observed dimerization is an artifact of the in
vitro conditions used in those experiments.  To begin addressing these questions, I sought to 
verify dimerization in vivo using a Bimolecular Fluorescence Complementation (BiFC) assay.

BiFC takes advantage of the recent discovery that specific non-fluorescent fragments of 
fluorescent proteins like YFP can non-covalently associate to form a fluorescent complex if they 
are held in close proximity (Kerppola, 2006).  I designed a total of four fusion proteins where 
Satb1 was linked to one of two fragments of YFP (amino acids 1-154 or 155-238) by either an N-
or C-terminal linkage (Figure 2-2a).  I then transiently transfected BALB/c-3T3 murine 
fibroblasts with a pair of fusion proteins, of which one contained YFP1-154, and the other YFP155-

238.  Cells transfected with one N-terminal fusion and one C-terminal fusion (YFP1-154-Satb1 + 
Satb1-YFP155-238 or Satb1-YFP1-154 + YFP155-238-Satb1) produced no detectible fluorescence 
(Figure 2-2b).  Cells transfected with either both N-terminal or both C-terminal fusions (YFP1-

154-Satb1 + YFP155-238-Satb1 or Satb1-YFP1-154 + Satb1-YFP155-238) showed bright nuclear 
fluorescence (Figure 2-2a), indicating that Satb1 can homodimerize inside the nucleus, and 
suggesting that the individual proteins within the dimer are oriented in parallel.

Since formation of the fluorescent complex is essentially irreversible (Kerppola, 2006), it 
provides a unique opportunity to study a purely dimeric population of Satb1.  Specifically, to 
determine if the dynamics of a dimer-only population differ from those of a mixed population.  
To do so, I transiently transfected BALB/c-3T3 cells with either YFP-Satb1 or co-transfected 
YFP1-154-Satb1 and YFP155-238-Satb1, and assayed their diffusion by Fluorescence Loss in 
Photobleaching (FLIP) analysis.  The similarity between the bleach profile of the dimer-only 
BiFC and the mixed YFP-Satb1 populations (Figure 2-3) suggests that Satb1 dimerization is not 
dependent on DNA-binding. 

To further test if dimerization is dependent on DNA binding, I made two mutations 
(K29A and R32A) to the Nuclear Localization Signal (referred to as NLSMUT) of YFP1-154-Satb1 
and YFP155-238-Satb1.  I then transiently co-transfected both nuclear import-incompetent fusion 
proteins into BALB/c-3T3 cells.  These cells showed bright cytoplasmic fluorescence (Figure 2-
2c), demonstrating that Satb1 dimerization does not require the presence of DNA or any other 
factor in the nuclear environment.

I also tested for DNA independent dimerization by transiently transfecting BALB/c-3T3 
cells either with mCherry-Satb1 (NLSMUT) alone, or in combination with EGFP-Satb1.  Alone, 
the NLSMUT protein was confined to the cytoplasm, but when co-transfected with EGFP-Satb1, it 
was present in both the cytoplasm and nucleus (Figure 2-4a), indicating that it had successfully 
dimerized with EGFP-Satb1 in the cytoplasm and had “hitch-hiked” its way into the nucleus.  
Finally, I cotransfected the NLSMUT protein with one of two truncated versions of Satb1.  One of 
which included the NLS and DNA binding domains but excluded the N-terminal PDZ domain 
(EGFP-Cut1-Cut2-Homeo).  The other included only the NLS and PDZ domains (EGFP-PDZ) 
(see Figure 2-5).  Of the two Satb1 truncations, only EGFP-PDZ was able to facilitate the 
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Figure 2-2. Bimolecular 
Fluorescence Complementation 
demonstrates in vivo Satb1 
homodimerization that is 
independent of DNA binding.  (a) 
Balb/c-3T3 murine fibroblasts 
transiently expressing two different 
Satb1 proteins fused to one of two 
fragments of YFP (either aa 1-154 or
155-238) in the same orientation 
(both N- or C-terminal fusions) 
display detectable nuclear 
fluorescence.  (b) Cells that 
transiently express the same proteins
but in opposite orientations (one N-
terminal and one C-terminal fusion) 
produce no detectable fluorescence. 
(c) Fibroblasts transiently 
expressing Satb1 proteins whose 
NLS has been mutated to a loss of 
function (K29A and R32A), and to 
which one fragment of YFP has 
been fused to their N-termini, show 
bright cytoplasmic fluorescence.  
This indicates that Satb1 
dimierization readily occurs in the 
cytoplasm, and is thus independent 
of DNA binding.

Figure 2-3. Satb1 exists in a 
monomer-dimer equilibrium that 
is independent of its DNA binding 
state.  BALB/c-3T3 cells transiently
expressing either YFP-Satb1 or a 
pair of Satb1 proteins to which had 
been fused one fragment of YFP 
(either aa 1-154 or 155-238) were 
bleached continuously in a 1μm 
diameter circular region in the 
nucleus.  YFP fluorescence was 
monitored at a separate 1μm 
diameter circular region in the 
nucleus.  The similarity of the 
fluorescence decay profiles of the 
dimer-only (BiFC-Satb1, half life = 
27.89 ± 1.25 sec) and mixed (YFP-
Satb1, half life = 24.57 ± 1.36 sec) 
populations suggest that the DNA 
binding potential of each population 

is identical. 
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nuclear  import of the NLSMUT protein (Figure 2-4b,c), demonstrating that the PDZ domain is 
both necessary and sufficient for Satb1 homodimerization.

2.2.3  Alternative cooperativity between domains gives Satb1 two distinct modes of DNA 
binding

A key step to understanding how Satb1 binds DNA in vivo is knowing how the three 
DNA binding domains function in relation to each other.  Does any single domain dominate the 
binding?  Do they work cooperatively?  Do they provide increased specificity, or do they allow 
Satb1 to bind to a greater diversity of sites?  To address these questions, I created a series of N- 
and C-truncations of Satb1 (Figure 2-5) that contained either a single domain (PDZ, Cut1, Cut2, 
or Homeo) or a pair of adjacent domains (PDZ-Cut1, Cut1-Cut2, or Cut2-Homeo).  N-terminal 
truncations were fused to the Satb1 NLS, and all truncations were fused to EGFP (see Figure 2-
5).  I transiently transfected each fusion protein into VL3-3M2 cells, and assayed its rate of 
diffusion by line-FRAP analysis (as described in Chapter 2.2.1).  All Satb1 truncations localize 
into the characteristic “cage-like” distribution of the full-length protein (see Supplementary 
Figure 1).

Analysis of the individual domains shows that a hierarchy exists in their diffusion rates, 
indicative of the relative DNA binding affinity of each domain.  The results are summarized in 
Tables 1 and 2.  The Cut1 domain binds most tightly (with a mass-corrected effective diffusion 
coefficient [D] ± SE of 0.82±0.05µm2s-1), followed by the Cut2 domain (D = 1.54±0.075µm2s-1), 
and finally the Homeo domain, whose binding is so weak that its diffusion is indistinguishable 
from the EGFP-NLS control (DHomeo = 10.8±1.4µm2s-1, DNLS = 10.17±0.95µm2s-1).  Interestingly, 
the PDZ domain diffuses at a similar rate to the Cut1 domain (D = 0.82±0.03µm2s-1 ), indicating 
either that it has hither-to unknown DNA binding potential, or more likely that the protein 
partners it interacts with, including endogenous Satb1, are able to slow its diffusion.

Cooperativity between adjacent domains can be tested for by comparing the diffusion rate
of the domain pairs to those of the individual domains.  Pairs of cooperative domains will diffuse
significantly slower than either domain alone, but the diffusion of pairs of non-cooperative 
domains will be determined by the slowest domain.  The only adjacent domains to show 
cooperativity are PDZ and Cut1 (DPDZ-Cut1 = 0.18±0.005µm2s-1, DCut1 = 0.82±0.05µm2s-1).  In 
contrast, the diffusion of the Cut1-Cut2 fusion protein is determined by the higher affinity Cut1 
domain (DCut1-Cut2 = 0.81±0.03µm2s-1, DCut1 = 0.82±0.05µm2s-1), and the diffusion of the Cut2-
Homeo fusion is determined by the higher affinity Cut2 domain (DCut2-Homeo = 1.58±0.077µm2s-1, 
DCut2 = 1.54±0.075µm2s-1).

Testing for cooperativity between non-adjacent domains can only be properly 
accomplished by ablating the DNA binding activity of the intervening domains.  The crystal 
structure of the Cut1 domain shows that six amino acids make contact with the phosphate 
backbone, and another six bind to individual bases (Yamasaki et al., 2007) (Figure 2-6a).  The 
mutation of all twelve amino acids to alanine (Cut1NEG) in the single domain causes a dramatic 
increase in its rate of diffusion (D = 6.9±0.5µm2s-1).  Furthermore, the diffusion of the Cut1NEG-
Cut2 domain pair is identical to the now higher affinity Cut2 domain (DCut1NEG-Cut2 = 
1.5±0.066µm2s-1, DCut2 = 1.54±0.075µm2s-1).  This suggests that the mutation of these twelve 
individual amino acids is sufficient to largely abolish the DNA-binding activity of the Cut1 
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Figure 2-4. The PDZ domain is 
necessary and sufficient for Satb1 
homodimerization.  (a) A nuclear 
import-incompetent (NLS mutant) 
mCherry-Satb1 protein can be imported 
into the nucleus of Balb/c-3T3 
fibroblasts when coexpressed with wild 
type EGFP-Satb1.  (b) However, nuclear
import of the mCherry NLS mutant 
protein does not occur when it is 
coexpressed with a truncated Satb1 that 
excludes the PDZ domain, but contains 
the DNA binding domains (EGFP-Cut1-
Cut2-Homeo).  (c) Nuclear import can 
be restored by coexpression with a 
truncated Satb1 that contains only the 
PDZ domain (EGFP-PDZ).  This 
demonstrates that the PDZ domain is 
both necessary and sufficient for the 
transient dimerization required for 
nuclear import of the NLS mutant 
protein.

domain.
Unlike the other domain fusions, PDZ-Cut1NEG-Cut2 localizes to a small number of 

discrete immobile punctae within the nucleus (Figure 2-6b).  This localization pattern is not 
shared by the Cut1NEG or Cut1NEG-Cut2 truncation proteins (see Supplementary Figure 1).   
Furthermore, the formation of these punctae is dependent on the nuclear environment since they 
do not form when the triple domain fusion is restricted to the cytoplasm (discussed in Chapter 
2.2.4), suggesting that the protein is nucleating as a result of DNA binding and not aggregating 
as a result of a protein folding defect.  Traditional spot FRAP of these punctae demonstrates that 
they are primarily composed of immobile proteins (Figure 2-6d).  This indicates that the PDZ 
domain strongly cooperates with Cut2 in DNA binding, but that this cooperation can be inhibited
by a functional Cut1 domain.  

Since there is no structural information currently available for the Cut2 domain, I am 
unable to test for cooperativity between the Homeo domain and the PDZ or Cut1 domains.  
However, deletion of the Homeo domain has almost no effect on the FRAP profile of Satb1, 
suggesting that it is dispensable for high-affinity DNA binding.

These data suggest that the modular organization of Satb1 endows it with the capability to
bind DNA in at least two distinct ways (schematic in Figure 2-7).  Both of which require 
cooperation with the PDZ domain, indicating that homodimerization is crucial to both modes of 
binding.  Engagement of DNA through the cooperation of the PDZ and Cut1 domains leads to a 
stable, but relatively short lived interaction, whereas binding mediated by a coupling of the PDZ 
and Cut2 domains leads to extremely long lived interactions and may nucleate the formation of 
higher-order Satb1 structures.
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Figure 2-5. Schematic of Satb1 domain fusions.  The EGFP domain fusions of single and contiguous sets of Satb1 domains 
used to dissect the in vivo function of each domain, and inter domain cooperativity.

Figure 2-6. Abolition of Cut1 mediated DNA binding reveals strong coupling between the Cut2 and PDZ domains. (a) 
Crystal structure of the Cut1 domain binding to DNA (PDB 2O49 [Yamasaki, et al., 2007]).  Amino acids in red contact the 
phosphate-sugar backbone, and blue amino acids make contact with the bases.  All twelve amino acids are mutated to alanine in 
the Cut1NEG mutant domain which largely abolishes the DNA binding potential of that domain.  The FRAP profile of Cut1NEG-
Cut2 becomes identical to that of the Cut2 domain alone (see Table 2-2).  (b) Unlike Satb1 (see Fig 2-1), or any of the Satb1 
domain fusions (see Supplemental Fig 1), EGFP-PDZ-Cut1NEG-Cut2 localizes into discrete punctae in the nucleus when 
transiently expressed in VL3-3M2 thymocytes.  (c) Compared to EGFP-PDZ-Cut1-Cut2, (d) the EGFP-PDZ-Cut1NEG-Cut2 
fusion has largely lost its post photo-bleaching recovery potential as measured by traditional spot FRAP.  Error bars show SE.



2.2.4 PDZ-Cut1NEG-Cut2 punctae are not formed by the aggregation of misfolded 
proteins, and may instead represent the immobile Satb1 fraction

One possible explanation for the unique localization of the PDZ-Cut1NEG-Cut2 mutant 
protein is that the punctae are organized structures in which DNA-bound molecules recruit new 
proteins through a combination of oligomerization and/or facilitating DNA binding at adjacent 
sites.  To test this, and to rule out the possibility that the punctae are aggregates of misfolded 
protein, I examined three predictions of the above model.  First, punctae formation should 
require DNA binding.  Second, once the available sites of nucleation have been taken, additional 
PDZ-Cut1NEG-Cut2 proteins should be recruited to existing punctae, and should not form new 
structures.  And finally, the process of nucleation should be reversible.

To test the dependence of nucleation on DNA binding, I fused EGFP-PDZ-Cut1NEG-Cut2 
to the Glucocorticoid Receptor Ligand Binding Domain (GRLBD).  GRLBD forms a complex 
with a number of proteins including Hsp90 which serves to confine it to the cytoplasm.  The 
presence of the synthetic corticosteroid triamcinolone acetonide (TA) causes the the dissolution 
of this complex, and the fusion protein is able to transit to the nucleus (reviewed in Bledsoe et 
al., 2004).  When the GRLBD fusion protein is transfected into VL3-3M2 cells, it localizes 
diffusely in the cytoplasm with no detectable aggregates (Figure 2-8a), suggesting that punctae 
formation is dependent on the nuclear environment, and may require DNA binding.  This same 
pattern of diffuse cytoplasmic fluorescence is observed when an NLSMUT version of EGFP-PDZ-
Cut1NEG-Cut2 is expressed in VL3-3M2 cells (data not shown).

I then co-transfected VL3-3M2 cells with GRLBD-EGFP-PDZ-Cut1NEG-Cut2 and 
mCherry-PDZ-Cut1NEG-Cut2.  In the absence of TA, the cells displayed diffuse cytoplasmic 
EGFP fluorescence, and nuclear mCherry fluorescence mostly confined to a small number of 
punctae.  By 10 minutes after the addition of TA, EGPF fluorescence was present in both the 
nucleus and cytoplasm.  After 30 minutes, the vast majority of EGFP had entered the nucleus, 
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Figure 2-7. Model of Alternative Domain Cooperation.  The modular structure of Satb1 endows it with the ability to interact 
with DNA via at least two distinct mechanisms.  The first is through a cooperation of the PDZ and Cut1 domains.  This coupling 
allows for high-affinity DNA binding that results in a slow moving reaction-dominant population.  The second is through a 
cooperation between the PDZ and Cut2 domains – a process largely inhibited by the presence of a functional Cut1 domain.  DNA 
binding that utilizes the coupling of these domains is extremely stable and the proteins largely immobile.  In both cases, the 
necessity of the PDZ domain indicates that Satb1 homodimerization is essential for DNA binding. 
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Figure 2-9. Competition by Satb2 forces Satb1 into a purely diffusive regime. (a) mCherry-Satb2 (left) and EGPF-Satb1 
(middle) colocalize in the nucleus of VL3-3M2 thymocytes (right shows a composite image).  (b) Over-expression Satb2 leads to 
accelerated fluorescence recovery of EGFP-Satb1 upon photo-bleaching, shifting Satb1 recovery into the regime of effective 
diffusion, completely abolishing the reaction dominant fraction (see table 2-1 and 2-2).  However, the effect on the Satb1 
immobile fraction is less drastic, suggesting a less effective competition for sites tightly bound by Satb1.  Error bars show SE.

Figure 2-8. Cut1NEG punctae are not the product of non-specific protein aggregation.  (a) VL3-3M2 thymocytes were 
transiently transfected with GRLBD-EGFP-PDZ-Cut1NEG-Cut2 and  mCherry-PDZ-Cut1NEG-Cut2.  These cells were embedded in
Cygel for imaging before the addition of triamcinolone acetonide (TA) to a final concentration of 1mM, 10 minutes after TA 
addition, and 30 minutes after.  (b) BALB/c-3T3 fibroblasts were transiently transfected either with EGFP-PDZ-Cut1NEG-Cut2 
and H2B-mCherry (above, composite images shown), or with EGFP-PDZ-Cut1NEG-Cut2 and mCherry-Satb1 (below).



where it colocalized with mCherry fluorescence (Figure 2-8a).  In no case was the formation of 
new EGFP punctae observed, suggesting that the newly imported proteins were being actively 
recruited to functional complexes.

Finally, because a functional Cut1 domain is able to largely inhibit DNA binding 
mediated by the coupling of the PDZ and Cut2 domains, I hypothesized that a dimer composed 
of a Cut1NEG protein and a WT partner would function similarly to a dimer composed of two WT 
proteins.  To test this, I transiently transfected BALB/c-3T3 cells with either EGFP-PDZ-
Cut1NEG-Cut2 alone or with mCherry-Satb1.  Alone, the Cut1NEG protein localizes to discrete 
nuclear punctae, but co-expression with mCherry-Satb1 prevents formation of the punctae 
(Figure 2-8b).  This suggests that transient dimerization between PDZ-Cut1NEG-Cut2 and Satb1 
can reverse the propensity of the Cut1NEG protein to nucleate.

2.2.5 Satb2 can efficiently compete with Satb1 for a large percentage of binding sites
Very little is known about the competition between Satb1 and Satb2 in Embryonic Stem 

(ES) cells except that they are not involved in a reciprocal gene regulatory loop (Savarese et al., 
2009).  Given their high degree of homology, one potential mechanism is that they directly 
compete for a common set of DNA binding sites.  To test this, I first examined the nuclear 
dynamics of Satb2 by transiently transfecting VL3-3M2 cells with the Satb2 homo sapiens 
coding sequence fused to EGFP and performing a line-FRAP experiment on them (as described 
in Chapter 2.2.1).  The FRAP profile for Satb2 is remarkably similar to that of Satb1 (see table 1)
– it features two mobile populations with binding kinetics nearly identical to those of Satb1, and 
a similar immobile fraction.

I then looked to see what effect overexpression of Satb2 would have on the recovery 
profile of Satb1.  To accomplish this, I co-transfected cells with mCherry-Satb2 and EGFP-Satb1
in a 2:1 ratio.  This produces cells with intense mCherry fluorescence, and weak EGFP 
fluorescence (Figure 2-9a), indicating that the cells were expressing Satb2 at a much higher 
level than Satb1.  This condition led to an accelerated recovery of EGFP-Satb1 fluorescence after
photobleaching (Figure 2-9b).  It shifts the Satb1 recovery into a regime of effective diffusion, 
completely abolishing the reaction dominant population.  However, the effect on the Satb1 
immobile fraction is less drastic suggesting that there are high affinity Satb1 binding sites that 
Satb2 has difficulty in effectively competing for.

2.2.6 Satb2 readily homodimerizes, and can form heterodimers with Satb1
Although Satb1 and Satb2 are able to effectively compete for most binding sites, it is also

possible that these two closely related proteins can heterodimerize, and that the unique protein-
interacting interface presented by the heterodimer plays some role in the competition between 
these proteins.  To test this possibility, I utilized a Bimolecular Fluorescence Complementation 
(BiFC) assay similar to that described in Chapter 2.2.2.  First, I individually fused the two 
fragments of YFP to the N-terminus of Satb2 (YFP1-154-Satb2 and YFP155-238-Satb2), and 
transiently co-transfected them into BALB/c-3T3 fibroblasts.  These cells displayed bright 
nuclear fluorescence, indicating that Satb2, like Satb1, readily forms homodimers (Figure 2-
10a).  Cells co-transfected with YFP1-154-Satb1 and YFP155-238-Satb2 also exhibited detectable
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Figure 2-10. Bimolecular fluorescence 
complementation reveals Satb2 
homodimerization, and 
heterodimerization with Satb1.  (a) 
Balb/c-3T3 fibroblasts transiently 
expressing two different Satb2 proteins 
with one fragment of YFP (either aa 1-154 
or 155-238) fused to their N-termini, show 
detectable nuclear fluorescence.  (b) A 
bimolecular fluorescent complex is formed
in the nucleus of cells transiently 
expressing YFP1-154-Satb1 and YFP155-238-
Satb2 demonstrating that Satb2 readily 
forms homodimers and heterodimers with 
Satb1.
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Figure 2-11. Efficient Satb1-Satb2 heterodimerization is revealed by acceptor photo-bleaching FRET.  To test the 
efficiency of heterodimerization, an acceptor photobleaching FRET assay was carried out using VL3-3M2 cells transiently co-
expressing EGFP-Satb1 (left) and mCherry-Satb2 (middle, right shows a composite image). (a) The donor channel (EGFP-
Satb1) is shown in red, and the acceptor channel (mCherry-Satb2) is shown in cyan.  (b) Prebleach and postbleach intensities in 
selected ROIs in the donor and acceptor channels.  Bleaching was done with a 555nm diode laser and image acquisition was 
carried out using 488nm and 555nm diode lasers.  The increase in donor fluorescence following bleach was quantified and 
normalized to bleach efficiency to calculate a FRET efficiency of 27.98 ± 4.82%.



nuclear fluorescence, indicating the presence of Satb1/Satb2 heterodimers (Figure 2-10b).
To test the efficiency of heterodimerization, I co-transfected VL3-3M2 cells with EGFP-

Satb1 and mCherry-Satb2 and carried out an acceptor photobleaching Förster Resonance Energy 
Transfer (FRET) experiment.  The mCherry acceptor was photobleached, and the corresponding 
increase in EGFP donor intensity was quantified.  After normalization for acceptor bleach 
efficiency, the Satb1/b2 heterodimer had a FRET efficiency of 27.98 ± 4.82% (Figure 2-11).

In order to understand the relative frequency of homo- and hetero-dimerization, I 
transiently transfected BALB/c-3T3 cells with a nuclear import-incompetent EGFP-Satb1 
NLSMUT).  Alone, this protein is confined to the cytoplasm, but when co-transfected with either 
mCherry-Satb1 or mCherry-Satb2, it is able to “hitch-hike” into the nucleus by dimerizing with a
nuclear import competent binding partner.  When Satb1 is being used as the carrier, the nuclear 
to cytoplasmic ratio of the NLSMUT fluorescence is ~3 fold higher than when Satb2 is used as the 
carrier (Figure 2-12), indicating that the affinity of Satb1 homodimers is ~3 fold greater than 
Satb1/Satb2 heterodimers.
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Figure 2-12. Satb1-Satb1 homodimerization is ~3 fold more efficient than Satb1/Satb2 heterodimerization.  BALB/c-3T3 
fibroblasts were transiently transfected either with an NLS mutant EGFP-Satb1 alone, or with one of two carrier proteins (either 
mCherry-Satb1 or mCherry-Satb2).  The NLS mutant EGFP-Satb1 protein can only be imported into the nucleus by forming a 
stable dimer with an import-competent carrier protein. The mean intensity of the EGFP fluorescence in an ROI inside the 
nucleus and a separate ROI in the cytoplasm was calculated.  The cumulative distribution function of the nucleus/cytoplasm ratio
of EGFP fluorescence in all three conditions is plotted above.   The difference in the fluorescence ratio between the use of 
mCherry-Satb1 and mCherry-Satb2 as carrier proteins is indicative of the relative affinity of the NLS mutant EGFP-Satb1 for 
those carrier proteins.



2.3 Conclusions

The data presented in this chapter have helped elucidate fundamental biochemical and 
biophysical properties of Satb1 and Satb2, and have substantiated some models of Satb1 activity 
based on disputed or incomplete in vitro evidence.  Importantly, these features have been 
demonstrated entirely in vivo, and where possible in thymocytes – a biologically relevant system 
in which Satb1 is known to regulate the expression of genes essential for development.

Using a variety of different techniques, I have demonstrated that Satb1 readily forms 
homodimers.  This process is uninhibited by restriction to the cytoplasm, indicating that Satb1 
exists in a monomer-dimer equilibrium that is independent of its DNA binding state.  Indeed, 
Satb1 homodimers persist long enough to allow a nuclear-import competent protein to drag a 
nuclear-import incompetent (NLSMUT) partner through the nuclear pore complex and into the 
nucleus.  I have also shown that the N-terminal PDZ domain is both necessary and sufficient for 
homodimerization – a fact long suspected, but never verified by in vitro experiments.  However, 
the data presented here are unable to distinguish between dimers and higher order structures.  It 
is therefore possible that Satb1 can homo-multimerize, and there is some in vitro evidence to 
support this idea (Wang et al., 2010).  However, the nature of these structures remain unclear.

Through the use of line-FRAP, a quantitative FRAP technique that provides high 
temporal resolution, I have established that Satb1 has at least three distinct sub-populations with 
very different dynamic properties.  FRAP profiles of the Satb1 domain fusions demonstrate that 
Satb1 achieves high-affinity DNA binding through a cooperation between one of two different 
DNA binding domains and the PDZ domain.  This suggests that homodimerization is a 
prerequisite to stable DNA binding.  The fact that there is no detectable cooperativity between 
the three DNA binding domains indicates that they do not provide increased specificity for a 
Satb1 consensus binding sequence, but rather allow Satb1 to bind to a greater diversity of sites.

One interesting possibility is that the slowly diffusing reaction-dominant Satb1 
population is comprised largely of dimers utilizing the cooperation between the Cut1 and PDZ 
domains to associate with DNA.  The immobile Satb1 population, on the other hand, could be 
primarily composed of dimers binding DNA through the cooperation of the Cut2 and PDZ 
domains.  This hypothesis is supported by the similarity of diffusion coefficients of the reaction-
dominant Satb1 population (0.12±0.01µm2s-1), and the PDZ-Cut1 domain fusion 
(0.18±0.005µm2s-1), along with the fact that PDZ-Cut1NEG-Cut2 is largely immobile.

It is currently unclear what, if any, role the Homeo domain plays in DNA binding.  It 
freely diffuses when alone and does not substantially alter the diffusive properties of any domain 
or group of domains that it is paired with.  Indeed, the FRAP profile of a truncation of Satb1 that 
excludes the Homeo domain (PDZ-Cut1-Cut2) is not significantly different than that of the full-
length protein, indicating that the Homeo domain is not required for high-affinity binding.

I have also explored two potential mechanisms by which Satb1 and Satb2 compete.  
FRAP demonstrates that competition can occur at the level of DNA binding sites – 
overexpression of Satb2 completely dislodges the reaction-dominant slow moving Satb1 
population.  It has a lesser effect on the immobile Satb1 population, suggesting that some high-
affinity DNA binding sites retain specificity for Satb1.  Furthermore, it is clear that Satb1 and 
Satb2 can form heterodimers, and it is likely that the heterodimer represents a significant 
population within the nucleus.  However, it remains to be seen if the Satb1/Satb2 heterodimer 
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plays a functional role in transcriptional regulation, or if it is simply a way to decrease the 
effective concentration of the less abundant partner.

2.4 Materials and Methods

Molecular Biology
DNA constructs were created either using standard restriction digest cloning (for repeated

sequences), or Sequence and Ligase Independent Cloning (SLIC) (Li and Elledge, 2007).  SLIC 
is an incredibly powerful technique that is easily able to join multiple PCR products together in a
single set.  Reactions of up to 10 different PCR fragments has been reported in the literature (Li 
and Elledge, 2007).  SLIC relies on the use of chimeric primers that contain sequences that are 
complimentary to two different PCR targets (the first half homologous to fragment A, and the 
second half – used to drive PCR amplification – to fragment B).  This produces PCR fragments 
that contain ~30 overlapping bases.  Sticky ends are generated through the 3’ exonuclease 
activity of the T4 polymerase in the absence of dNTPs.  This reaction is halted by the addition of 
any single dNTP.  These fragments are allowed to anneal and are directly transformed into E. 
coli.  Here, the gaps and/or nicks in the DNA are repaired the using bacteria's native repair 
machinery.

All fusion proteins featuring GFP were made using a modified version of EGFP (Zhang et
al., 1996) which featured an A206K mutation which effectively monomerizes GFP.  The protein 
harboring all of these modifications is referred to as EGFP in the text.

Cell Culture
VL3-3M2 murine thymocytes were cultured using standard suspension culturing 

techniques.  They were grown in RPMI-1640 media supplemented with 10% FBS, 2 mM L-
glutamine, and 1% penicillin/streptomycin.  They were passaged at a 1:10 dilution every few 
days.  BALB/c-3T3 murine fibroblasts were cultured according to ATCC recommendations.  
They were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% 
FBS, 2 mM L-glutamine, and 1% penicillin/streptomycin.  They were passaged before growing 
to confluence at a 1:4 dilution.  Both cells were grown at 37°C, and in 5% CO2.

Both cell types were transiently transfected by electroporation with the Neon® 
Transfection System using the manufacturer’s instructions with the following conditions:  VL3-
3M2 cells were transfected with 15-30μg of plasmid DNA, and were electroporated using these 
conditions: 1 pulse, 20ms, 1700V.  BALB/c-3T3 cells were transfected with 2-5μg of plasmid 
DNA, and were electroporated using these conditions: 2 pulses, 20ms, 1350V.  In both cases, 
electroporated cells were immediately placed into fresh media inside a flask or on a MatTek 
glass-bottom dish for imaging.  Experiments were conducted ~24 hours after transfection.

Microscopy and Sample Preparation
VL3-3M2 cells were prepared for imaging by being immobilized in CyGEL™ as per the 

manufacturer’s instructions.  Importantly, cells were only imaged for <1 hour after being mixed 
with CyGEL™.  Adherent cells (including BALB/c-3T3, CHO, A03, and RREB1) were grown 
on MatTek glass-bottomed dishes prior to imaging.
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All microscopy was performed on a Zeiss LSM700 laser-scanning confocal microscope 
(unless otherwise noted), using a 63×, 1.4 NA Plan Apochromat objective (Carl Zeiss).  DAPI 
was excited with a 405nm diode laser.  EGFP and YFP were excited with a 488nm diode laser.  
TAMRA and mCherry were excited with a 555nm diode laser.  Alexa Fluor®-647 was excited 
with a 639nm diode laser.  For each channel, the pinhole was set to 1 Airy Unit.  Live cell 
experiments were all conducted at 37°C, and in 5% CO2.

Fluorescence Recovery After Photobleaching (FRAP)
I determined the spatial FRAP profile at each time point in one of two ways.  The first 

was done as per Stasevich et al (2010): a 1μm diameter spot was selected in a homogeneously 
fluorescent region and bleached using a 488nm laser.  Subsequent to the bleach, a 1D line 
bisecting the bleached region was continuously monitored.  This technique was used for all 
FRAP experiments except for EGFP-Cut1NEG-Cut2 fusion construct, as this fusion protein did not
produce a homogenously fluorescent region large enough to conduct the experiment in this 
manner.  The second technique was used for this final construct.  A circular region was drawn 
just around a single fluorescent punctae and bleached with a 488nm laser.  Fluorescence recovery
in the entire bleached region was monitored thereafter.

I analyzed each experiment as per Stasevich et al (2010).  Images were background 
subtracted, corrected for unintentional photobleaching, and normalized as described earlier 
(Mueller et al., 2008).  Each profile was fit to a diffusion model with one parameter (the 
diffusion constant D) or if this failed then to a reaction-diffusion model with three parameters 
(Mueller et al., 2008) (a diffusion coefficient D, an association rate kon and a dissociation rate koff.
The profile of all tested constructs except for Satb1, Satb2, and PDZ-Cut1-Cut2 were well fit by 
the diffusion model.  This includes the profile for Satb1 in the presence of excess mCherry-Satb2
(as discussed in Chapter 2.2.5)  Since the resulting D values were too slow to be explained by 
simple diffusion, they are referred to as effective diffusion, whereby transient interactions 
(presumably with DNA, but possibly other nuclear components) combine with free diffusion to 
mimic a slowed diffusion.  These Deff values are listed in Table 2.  These final three constructs 
(Satb1, Satb2, and PDZ-Cut1-Cut2) required fitting with a reaction-diffusion model.  The three 
parameters are listed in Table 1.

Fluorescence Loss in Photobleaching (FLIP)
BALB/c-3T3 cells were transiently transfected with either YFP-Satb1 or a pair of BiFC 

Satb1 fusion proteins.  A 1μm diameter circular bleach region was drawn inside the nucleus, and 
was continuously bleached with a 488nm laser.  YFP fluorescence was monitored at a separate 
and distant 1μm diameter circular acquisition region in the nucleus.  Analysis was conducted as 
per Wüstner et al (2012).

Acceptor Photobleaching Förster Resonance Energy Transfer (FRET)
A circular region homogeneously fluorescent for both EGFP-Satb1 and mCherry-Satb2 

was bleached using a 555nm diode laser.  Image acquisition in this region immediately before 
and after bleaching was done with a 488nm laser.  The increase in EGFP donor fluorescence was 
quantified and normalized for bleach efficiency.
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Chapter 3

Global Chromatin Reorganization 
Induced by Satb1

This chapter contains previously unpublished research performed in collaboration with Rajarshi 
Ghosh, Quanming Shi, Andrew Belmont and Jan Liphardt.
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3.1 Introduction

The present understanding of how Satb1 functions as a chromatin architectural protein 
comes primarily from 3C data on two different enhancer-promoter systems.  The first is the 
human β-globin gene cluster on chromosome 11 which contains 5 globin genes whose expression
is carefully coordinated through different developmental stages – embryonic (ϵ), fetal (Gγ, Aγ), 
and adult (δ, β).  Far upstream of these genes is the locus control region (LCR) which contains 
several MAR sequences.  Association of the LCR with individual globin gene promoters 
selectively enhances the transcription of that gene (Schübeler et al., 2001).  Satb1 is expressed 
very early during development and promotes an interaction between the LCR and the ϵ-globin 
promoter (Wen et al., 2005).  Erythroid differentiation leads to downregulation of Satb1, and a 
switch from ϵ-globin to γ-globin transcription (Wen et al., 2005).  This switch may be aided by 
the expression of Satb2, which causes the LCR to associate with the γ-globin promoters (Zhou et
al., 2012).  It is unclear if competition between these proteins plays a role in the transition to γ-
globin production.

The second system is the TH2 cytokine locus on human chromosome 5 which serves to 
simultaneously activate transcription of the IL-4, IL-5, and IL-13 genes upon TH2 cell activation. 
A ~25kb LCR has been recently identified between IL-5 and IL-13 (Lee et al., 2003).  Current 
evidence suggests that the promoters of these three genes cluster together in a “pre-poised” 
confirmation in a number of cell types.  In CD4+ T cells and natural killer (NK) cells, these 
promoters are brought into close proximity to the LCR by GATA3 and STAT6, holding it in a 
“poised” rosette-like confirmation (Spilianakis and Flavell, 2004).  Finally, stimulation of TH2 
cells leads to expression of Satb1 which causes a tight association of the LCR to each cytokine 
promoter causing them to be activated (Cai et al., 2006).

However, in both situations, the relative contribution of Satb1 and other present 
chromatin architectural proteins like CTCF remains unclear.  My research seeks to isolate the 
function of Satb1 by directing it to a heterologous system in vivo that is relatively unaffected by 
the activity of other architectural proteins due to a lack of binding sites for mammalian proteins.  
Additionally, Satb1 is typically expressed in a transient manner during various developmental 
processes, and while it is thought to have significant impact on global chromatin organization, no
study to date has addressed its importance on a genome-wide level.  My research examines how 
Satb1 alters fundamental aspects of nuclear biology including the path of diffusion taken by inert
molecules.

3.2 Results and Discussion

3.2.1 Satb1 diffuses ~4 fold slower at the interface between condensed and decondensed 
chromatin.

Although line-FRAP reveals the presence of at least three sub-populations of Satb1 in the 
nucleus (see Chapter 2.2.1), this technique does not provide position-specific information.  To 
detect potential heterogeneity in the diffusion of Satb1, I utilized a variation of fluorescence 
correlation spectroscopy (FCS).  Instead of monitoring fluorescence at a single point, this variant
uses a laser scanning confocal microscope to continuously scan a single line at maximum speed.  

25



The autocorrelation function (ACF) for each pixel is then independently calculated as if each 
were a separate FCS measurement.  Maximum correlation occurs at time 0 for each pixel and is 
lost at a rate proportional to the rate of diffusion of the fluorescent molecules (Digman et al., 
2005; Hinde et al., 2010).

I conducted this experiment on VL3-3M2 murine thymocytes transiently transfected with 
H2B-mCherry, a core histone used for demarcating regions of high and low chromatin density, 
and EGFP-Satb1.  Acquisition lines were drawn at the magnification required to obtain 100nm 
pixel dimensions.  These lines extended from low-density to high-density H2B regions.  Since 
the local H2B concentration is inversely correlated to Satb1 levels, these lines also extended 
from Satb1-enriched to Satb1-poor regions.  In effect, these lines bisect the Satb1 “cage-like” 
structure.  An example cell is shown in Figure 3-1a.

Within Satb1-high, H2B-low areas, Satb1 diffuses in a manner predicted by line-FRAP 
and its diffusion coefficient matches that calculated for the slow moving reaction-dominant 
population (Figure 3-1d).  There is no significant difference in Satb1 diffusion between this 
region and the Satb1-low, H2B-high region.  This is in agreement with previous data suggesting 
that the diffusion of EGFP is not substantially constrained by the local DNA density (see 
Supplementary Figure 2; Dross et al., 2009; Hinde et al., 2010).  However, in a 4-500nm 
window at the interface of these zones, the diffusion of Satb1 is ~4 fold slower than at any other 
position (Figure 3-1d).

This result would not be unexpected if we assume that Satb1 is flowing like water 
through a pipe made of chromatin, where friction and turbulence would serve to retard the flow 
at the edges.  However, this simple analogy is disproved by the fact that neither EGFP (see 
Supplementary Figure 2), nor the insulator element protein CTCF (data not shown) diffuse 
slower at this interface region, despite the that they – like Satb1 – primarily localize to regions of
low H2B density.  Instead, it is likely that the 4-500nm wide interface region between condensed 
and decondensed chromatin is enriched for high affinity Satb1 binding sites.

3.2.2 Satb1 controls the frequency of molecular transit between regions of condensed and 
decondensed chromatin.

Contrary to previous models of diffusion in the nucleus, it has been recently established 
that the diffusive route of inert molecules, but not their rate of diffusion, is dependent on the 
local DNA density (Hinde et al., 2010).  These molecules preferentially stay within regions of 
similar DNA density, and only rarely transit to zones of drastically different density.  This 
diffusive barrier at the interface between condensed and decondensed chromatin coincides with 
the region where Satb1 diffusion is most retarded (see Chapter 3.2.1).  It is possible, then, that 
the presence of tightly-bound Satb1 in this region may impact the permeability of this diffusive 
barrier.

To test this hypothesis, I conducted an experiment very similar to that described in 
Chapter 3.2.1 – a single line extending from a region of high EGFP concentration to a region of 
low EGFP concentration was continuously scanned using a laser scanning confocal microscope.  
An example of the resulting intensity carpet is shown in Figure 3-2a.  These data were then 
analyzed using a spatial pair cross-correlation function (pCF) which correlates the intensity 
fluctuations at one pixel with those occurring at a distant pixel (Digman and Gratton, 2009).  In 
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Figure 3-1. Satb1 diffuses ~4 slower in a 4-500nm interface region between condensed and decondensed chromatin.  (a) 
VL3-3M2 thymocytes were transiently transfected with EGFP-Satb1 and H2B-mCherry.  Acquisition lines 32 pixel (3.2µm) 
long were drawn between regions of high and low Satb1 concentration.  (b) Intensity profile of an acquisition line demonstrates 
that the levels of Satb1 and H2B are negatively correlated.  (c) Intensity carpet from 200,000 EGFP-Satb1 acquisition events (~2
min).  (d) Average autocorrelation (ACF) curves corresponding to pixels distant from the interface region (pixels 1-15), and at 
the interface (pixels 16-20).  Diffusion coefficient ± SE from 12 replicate experiments for the 4-500nm wide interface region is 
0.0272±0.0103µm2s-1; the average for pixels outside this zone (including regions of high and low Satb1 concentration) is 
0.1142±0.0125 µm2s-1.



this analysis, the intensity fluctuations at these pixels will have no cross-correlation or will be 
negatively correlated at short time scales, but may eventually become positively correlated 
(Figure 3-2b).  This indicates that EGFP molecules departing from the first pixel have arrived at 
the second.  The time required to achieve positive correlation is indicative of the average transit 
time between these points.

This experiment was performed on VL3-3M2 cells transiently transfected with EGFP 
alone or co-transfected with either mCherry-Satb1 or mCherry-CTCF.  To understand the 
frequency of EGFP transit, the pCF was calculated between a pixel column in a low EGFP 
region, and another in a high EGFP region.  These composite pair correlation data were then 
decomposed by calculating the pCF for successive segments of 5000 lines (~3.05 sec).  The peak
correlation amplitude was then plotted against the time of the segment.  Since negative 
correlation indicates that there is no exchange of molecules between the selected pixels, such 
values were plotted as zero.  Concatenated data from >15 different experiments is shown in 
Figure 3-3a,b,c.  A histogram of the peak amplitudes for each condition is shown in Figure 3-
3d.

This analysis can also be performed in reverse, and it results in nearly identical pattern of 
correlation peaks (Hinde et al., 2010), indicating that each peak represents a bidirectional flow of
molecules.  It is unclear how many molecules actually transit during each correlation peak – 
many of which can be resolved into multiple individual peaks by examining a smaller number of 
line segments (Hinde et al., 2010).  This suggests that molecular transits between chromatin 
regions occurs in infrequent bidirectional bursts.

Expression of mCherry-CTCF has no significant effect on the frequency of EGFP transit 
between condensed and decondensed chromatin (Figure 3-3d).  However, overexpression of 
mCherry-Satb1 causes a significant increase in the number of 5000 line segments that show a 
positive correlation (Figure 3-3d).  This indicates that the diffusive barrier between chromatin 
regions is much more permeable in these cells.  This observation also helps explain why VL3-
3M2 cells, with their endogenous expression of Satb1, display more frequent EGFP transits than 
has been previously reported in CHO-K1 cells (Hinde et al., 2010) which do not natively express
Satb1.  Attempts to create a VL3-3M2 Satb1 knockout (KO) cell line have so far been 
unsuccessful, likely because removal of Satb1 is either lethal to these cells or greatly retards their
growth rate.  This is not entirely unexpected, since Double Positive (DP) thymocytes are mostly 
quiescent in Satb1 KO mice (Alvarez et al., 2000).  However, an effort to construct a VL3-3M2 
line with a conditional knockdown of Satb1 is currently underway.

3.2.3 Satb1 and Satb2 alter the degree of chromatin condensation to an intermediate state
that is independent of initial conditions.

One possible explanation for the increased frequency of molecular transit caused by 
overexpression of Satb1 is that its high-affinity DNA binding in this region results in changes to 
local chromatin structure.  Decondensation of the chromatin at this diffusive barrier would 
increase the distance between chromatin strands, thereby lowering the local chromatin density 
and facilitating molecular transit at locations proximal to Satb1 binding sites.  A similar effect 
could also arise from chromatin compaction.  Since the total size of the interface region is 
unlikely to be significantly altered by the presence of Satb1, chromatin compaction at specific 
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Figure 3-2. Pair correlation analysis of EGFP movement across regions of different DNA density in the thymocyte nucleus.
(a) An example intensity carpet of EGFP intensity in VL3-3M2 cells transiently transfected with EGFP.  (b) Correlation plot 
generated from 60,000 lines with curves representing the three typical correlation patterns: ACF, pCF(22_6), which corresponds 
to the cross-correlation of two pixel columns in different density DNA environments, and pCF(26_8) which corresponds to cross-
correlation of two pixel columns either in two low DNA regions separated by a high DNA region, or in two high DNA regions 
separated by a low DNA region.

Figure 3-3. Satb1 facilitates the transit of molecules between condensed and decondensed chromatin. (a, b, c) Pair cross-
correlation was calculated between two pixel columns in different density DNA environments lying on opposite sides of the 
diffusive barrier for 5000 line (~3.05 seconds) segments.  The peak correlation amplitude was then plotted against respective 
time segment.   In the instance a time segment gave rise to a negative pCF profile (which corresponds to no communication), the 
amplitude is shown as zero.  The profiles shown are concatenations of 60,000 line blocks from >15 different experiments.  (d) 
Histogram of the peak correlation amplitude for each of the three conditions.



loci would decrease the density of chromatin in adjoining areas, allowing molecules to more 
readily transit through locations distal to Satb1 binding sites.

To test whether Satb1 is able to alter the degree of chromatin compaction, I utilized two 
cell lines designed by Andrew Belmont.  These were derived from DG44 CHO cells, which 
contain a double deletion of the dihydrofolate reductase (DHFR) gene.  They harbor a genomic 
integration of DHFR cDNA whose expression is driven by a SV40 promoter followed by 256 
direct repeats of the 32bp lac operator.  This sequence was replicated by methotrexate-based gene
amplification, and individual cell lines were established from clonal populations (Robinett et al., 
1996; Verschure et al., 2005).  Expression of an EGFP-Lac Repressor (LacR)-NLS fusion protein
(referred to as EGFP-LacR) allows the lac operator repeats to be visually characterized (Fieck et 
al., 1992).  In A03 cells, this ~80Mb gene array is extremely compact, appearing as a single 
~1μm diameter spot which behaves like constitutive heterochromatin (Robinett et al., 1996) 
(Figure 3-4a, upper left panel).  Conversely, the gene array in RREB1 cells exists in an open, 
fibrous structure that extends over a significant portion of the nucleus, and behaves like 
euchromatin (Verschure et al., 2005) (Figure 3-4a, lower left panel).

I individually fused three proteins of interest – Satb1, Satb2, and CTCF – to EGFP-LacR,
and transiently transfected each into A03 and RREB1 cells.   Expression of the EGFP-LacR-
CTCF fusion protein has previously been shown to have the same effect on a CTCF-sensitive 
luciferase reporter gene as unmodified CTCF (Kitchen et al., 2010).  Both EGFP-LacR-Satb1 
and EGFP-LacR-Satb2 are able to facilitate the nuclear import of an import-incompetent 
mCherry-Satb1 (NLSMUT) protein in BALB/c-3T3 fibroblasts (data not shown), suggesting at 
least that the addition of EGFP-LacR does not disrupt Satb1 homodimerization.

Z-stacks of A03 and RREB1 cells expressing either EGFP-LacR or one of the three 
fusion proteins were taken using confocal microscopy.  The degree of chromatin condensation 
was measured by calculating the volume of an envelope encapsulating the entire gene array from
3D reconstructions.  When expressed in A03 cells, each fusion protein decondensed the trans-
gene array (Figure 3-4b).  The results are summarized in Table 3.  CTCF and Satb2 had dramatic
and identical effects on the array, resulting in a ~3 fold increase in envelope volume.  This is 
similar to the degree of decompaction observed when a LacR-VP16 Activation Domain (AD) is 
expressed in these cells (Kitchen et al., 2010).  Satb1 expression had a more moderate effect, 
causing a ~2 fold increase in envelope volume (Figure 3-4e).

Expression of the CTCF fusion protein in RREB1 cells had no effect on the envelope 
volume of the trans-gene array.  Satb1 and Satb2 were both able to compact the array, although 
the effect of Satb1 is more severe (Figure 3-4c).  In both cases, the final envelope volume 
closely resembles that of the arrays in A03 cells expressing those proteins (Figure 3-4e,f).  This 
suggests that the final level of chromatin compaction induced by the MAR binding proteins is 
independent of initial chromatin composition and organization.

3.2.4 DHFR reporter gene transcription correlates to the degree of chromatin 
compaction.

An expected consequence of these changes in chromatin compaction induced by 
recruitment of chromatin architectural proteins is that transcription of the DHFR reporter gene 
would be similarly affected.  To test this if this is true, I performed single molecule RNA 
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Figure 3-4.  Chromatin architectural proteins CTCF, Satb1, and Satb2 modify the degree of chromatin compaction when 
directed to a trans-gene array by fusion with LacR.  (a) Representative images of trans-gene arrays from A03 (top row), and 
RREB1 (bottom row) cells.  Each is a 2D projection of a 3D reconstruction generated from a Z-stack of confocal microscopy 
images.  Scale bar is 2µm.  (b,c)  Plots of the cumulative distribution function of array envelope volumes for each condition in 
A03 (b) and RREB1 (c) cells.  The number of arrays analyzed is indicated for each condition.  (d,e,f) Plots of the cumulative 
distribution function of array envelope volumes for both A03 and RREB1 cells which show a comparison between LacR (dotted 
lines) and a single LacR fusion protein – CTCF (d), Satb1 (e), or Satb2 (f). 



Fluorescence In Situ Hybridization (FISH) on A03 and RREB1 cells.  This technique is able to 
detect individual RNA molecules through hybridization of multiple singly-labeled probes to an 
single transcript (Raj et al., 2008).  This provides a precise count of the number of DHFR 
transcripts that exist within a particular cell.  An example of single RNA detection from a 3D 
reconstruction is shown in Figure 3-5a.

I elected to examine cells expressing either EGFP-LacR or one of the fusion proteins that 
had the greatest effect on the compaction of the gene array, namely CTCF and Satb1.  The results
are summarized in Table 3.  A03 cells expressing EGFP-LacR have the smallest, most compacted
gene array, and they harbor the fewest DHFR transcripts – only a few per cell.  Expression of the
CTCF fusion protein in these cells dramatically decompacts the array, and increases the number 
of DHFR transcripts ~25 fold (Figure 3-5b).  Satb1 has a lesser effect on array compaction, and 
a correspondingly lesser effect on DHFR transcription levels – it causes a ~10 fold increase in 
the number of transcripts (Figure 3-5b).

The euchromatic arrays in RREB1 cells expressing EGFP-LacR produce the most 
transcripts – averaging several hundred per cell.  The CTCF fusion protein causes no significant 
change to the average number of DHFR transcripts per cell (Figure 3-5c).  This is consistent 
with the observation that targeting CTCF to the array causes no significant alterations to the 
degree of chromatin compaction.  It does, however, appear to decrease the cell-to-cell variability 
in transcript numbers, possibly indicating that targeting of CTCF to the array helps to reinforce 
the native chromatin configuration.  Finally, expression of Satb1 in RREB1 cells causes a ~10 
fold reduction in the number of transcripts (Figure 3-5c).  The fact that there is no significant 
difference between the number of transcripts in A03 and RREB1 cells expressing the LacR-Satb1
fusion protein (Figure 3-5d) supports a model in which Satb1 binding establishes a unique 
chromatin environment whose configuration is independent of the initial conditions.

3.2.5 Satb1 recruits HDAC2 to heterochromatic arrays.
Satb1 is thought to recruit a host of different histone modification and reorganization 

complexes including HDAC1 and 2 (Yasui et al., 2002; Fujii et al., 2003; Wen et al., 2005; Pavan
Kumar et al., 2006; Han et al., 2008).  These binding partners undoubtedly play a significant role
in Satb1-mediated chromatin reorganization.  To begin to understand if different binding partners
are utilized for DNA compaction versus decompaction, I immunostained A03 cells transiently 
transfected with either EGFP-LacR or EGFP-LacR-Satb1 for HDAC2.  The region occupied by 
the heterochromatic gene array in cells expressing LacR had very low levels of HDAC2 as 
compared to the surrounding regions (Figure 3-6a).  Targeting Satb1 to the array caused a 
significant accumulation of HDAC2 (Figure 3-6c), which is surprising given that the presence of
Satb1 also decompacts the array, and increases the transcription of the genes within.  A likely 
explanation is that Satb1 simultaneously recruits a variety of activators and repressors whose 
competition finally results in an increased transcription.  This may suggest that the same set of 
binding partners ultimate mediate both chromatin condensation and decondensation.
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Figure 3-5. Single-molecule RNA FISH of DHFR transcripts in cells containing an integrated DHFR trans-gene array.  (a)
Representative 3D reconstruction of a RREB1 cell transiently transfected with EGFP-LacR (green), fixed and hybridized with a 
TAMRA labeled probe library against DHFR mRNA (red), and stained with DAPI (blue). Single transcripts appear as diffraction-
limited spots which are detected and counted using Imaris (Bitplane).  Spot detection is shown as white dots.  (b,c)  Plot of the 
cumulative distribution function plot of DHFR mRNA transcripts counted using single molecule RNA FISH in A03 (b), and 
RREB1 (c) cells.  (d,e) Plots of the cumulative distribution function of DHFR mRNA transcripts for both A03 and RREB1 cells 
which show a comparison between LacR (dotted lines) and either LacR-CTCF (d) or LacR-Satb1 (e).   



3.2.6 Satb1 has a negligible effect on the kinetics of transcription at a single locus.
In order to examine how Satb1 influences the kinetics of transcription at a single locus, I 

designed a reporter construct in which the transcription of mOrange fused to a Nuclear Export 
Signal (NES) is driven by a CMV promoter.  A 24x repeat of the MS2 protein-binding sequence 
was inserted into the 3' untranslated region (UTR) to produce a CMVpr-mOrange-NES-MS2 
construct (Figure 3-7a).  The addition of these binding sites allows for real-time visualization of 
transcription: as nascent transcripts are synthesized, they are bound by MS2-EGFP fusion 
proteins (Boireau et al., 2007; Darzacq et al., 2007).  Ahead of this reporter construct, I inserted a
24x concatemerized 25bp sequence containing the core unwinding motif of the Matrix 
Attachment Region (MAR) sequence located 3' of the mouse IgH gene enhancer.  This synthetic 
MAR behaves as a typical MAR (Kohwi-Shigematsu and Kohwi, 1990; Bode et al., 1992), and 
Satb1 binds tightly (Kd ~0.1 nM) to its minor groove (Dickenson et al., 1992; Dickenson et al., 
1997).  

This reporter construct was then stably integrated into CHO cells harboring a single Flp 
recombinase target (FRT) locus using Flp-in homologous recombination.  Accurate single-allele 
integration and expression was verified by loss of lacZ expression, gain of hygromycin resistance
and expression of the mOrange-NES fluorescent protein (data not shown).  These cells were 
either transiently transfected with MS2-EGFP alone, or co-transfected with mCherry-Satb1.  I 
assayed the transcription kinetics of the reporter construct in both cell types by bleaching the site 
of nascent transcription, and measuring the rate of fluorescence recovery.  The affinity of MS2 
for its binding site is such that the fluorescence recovery is largely due to the generation of new 
nascent transcripts, and not the replacement of bleached MS2 proteins on existing transcripts 
(Yunger et al., 2010).  Since the elongation time is identical in both cases, the rate of 
fluorescence recovery is proportional to the frequency of transcription initiation.  However, the 
addition of Satb1 has no significant effect on the rate of fluorescence recovery (Figure 3-7b).  
The cell-to-cell variation within a condition is significantly greater than the variation between 
conditions. 

To assess the possibility that Satb1 is able to otherwise alter the total amount of protein 
being produced from the mOrange reporter construct, I transiently transfected cells with either 
EGFP or EGFP-Satb1.  Flow cytometry analysis of the EGFP-positive populations shows no 
significant difference in the levels of mOrange fluorescence (Figure 3-7c,d), indicating that the 
amount of protein produced by the reporter is independent of Satb1.

3.3 Conclusions

The data in this chapter present a novel understanding of the role of Satb1 in regulating 
global chromatin architecture.  They also serve to highlight the difference between MAR binding
proteins like Satb1 and Satb2, and insulator proteins like CTCF.  Finally, they suggest a new role 
for Satb1 as a regulator of molecular flux in the nucleus.

I have demonstrated that Satb1 diffuses slowest in a 4-500nm wide region at the 
boundary between heterochromatin and euchromatin using ACF analysis.  This is a feature not 
shared by inert proteins like EGFP, or by other chromatin architectural proteins like CTCF.  This 
indicates either that high affinity Satb1 binding sites already reside in this zone, or that they are 
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Figure 3-6. Satb1 recruits HDAC2 arrays that it decompacts. (a,c) Representative A03 cells transiently transfected with either
LacR (a) or LacR-Satb1 (c) (green), fixed and immunostained with a HDAC2 antibody (blue).  Percent intensity profiles (b,d) of 
a line (yellow) passing through the array of each cell are shown.  Each channel has been independently normalized to its 
maximum intensity value.

Figure 3-7. Satb1 has a negligible effect on the transcription kinetics and protein levels of a reporter construct.  (a) 
Scheme of reporter construct.  A repeated sequence of 24 synthetic MAR sequence precede a CMV promoter which drives the 
expression of an mOrange-NES fusion protein.  The 3' UTR contains 24 repeats of the MS2 binding site.  (b) Fluorescence 
recovery after photobleaching (FRAP) profiles of the site of nascent transcription in cells transiently transfected either with 
MS2-EGFP alone or co-transfected with mCherry-Satb1.  (c) Expression of the mOrange-NES reporter protein in cells 
transiently transfected with either with EGFP or with EGFP-Satb1 as assayed by flow cytometry.  Only the results from the 
EGFP positive populations are shown.



relocated here upon Satb1 binding.  And by using pCF analysis, I have shown that Satb1 
increases the permeability of the diffusive barrier presented by the interface of condensed and 
decondensed chromatin, resulting in increased transit of molecules across this barrier.  However, 
this is not a property common to chromatin architectural proteins, as CTCF has no effect on the 
strength of the diffusive barrier.

When directed to a trans-gene array through a fusion with LacR, Satb1 and Satb2 are able
to condense open arrays and decondense compact arrays.  In both cases, the final chromatin 
configuration is independent of its initial state.  The only difference is the final degree of 
compaction – Satb1 results in a tighter structure than Satb2.  In contrast, the LacR-CTCF fusion 
protein has a uni-directional effect on chromatin structure: it decompacts condensed chromatin in
a manner identical to Satb2, but it has no effect on open chromatin.  This ability to dramatically 
alter local chromatin structure may provide an explanation for how Satb1 is able to modulate the 
strength of diffusive barriers in the nucleus.

These changes to chromatin structure alter the expression of the genes within.  Single 
molecule RNA FISH reveals that the amount of transcription is closely correlated to the degree 
of compaction: open arrays are high expressing, and compact arrays, low.  The intermediate state
created by Satb1 produces an intermediate number of transcripts that does not depend on the 
initial configuration of the array.  In keeping with the modifications it makes to chromatin 
compaction, CTCF greatly enhances transcription in cells that previously had low expression, 
and has very little effect on high expressing cells.

Currently, I am unable to reconcile the dramatic effects that Satb1 has when targeted to 
trans-gene arrays with its inability to alter the transcription kinetics or protein levels of a reporter
gene preceded by 24 MAR repeats.  Several possibilities exist.  First, the effect of Satb1 may be 
slight relative to the strength of the highly expressing constitutive promoters used, and so its 
influence may only be noticed when it is present in large numbers.  The trans-gene array contains
multiple stretches of 256 binding sites.  And since each site is able to simultaneously bind 
histones and LacR (Chao et al., 1980), it is likely that many of them are occupied at any given 
time.  Conversely, the transcription kinetics reporter gene is preceded by only 24 MARs, whose 
ability to base-unpair is essential for Satb1 binding (Bode et al., 1992).  This requirement 
precludes Satb1 from binding MARs that are occupied by a nucleosome.

Second, DHFR expression from the trans-gene array utilizes the SV40 promoter, while 
the transcription kinetics reporter gene is produced from a CMV promoter.  Although these 
promoters usually produce produce comparable amounts of protein (Qin et al., 2010), it is 
possible that they respond differently to Satb1.  This possibility is supported by evidence that the 
activity of the SV40 promoter is increased ~6 fold when preceded by a 7x MAR repeat (Bode et 
al., 1992).  Conversely, I see no significant difference in protein levels or transcription kinetics 
between CMV reporter constructs that are preceded by MARs and those that are not (data not 
shown).
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3.4 Materials and Methods

Cell Culture
A03 and RREB1 cells were were cultured using standard culturing techniques.  They 

were grown in custom Ham's F-12 Nutrient Mixture (F-12) media which lacked thymidine and 
hypoxanthine.  It was supplemented with 10% FBS, 2 mM L-glutamine, and 1% 
penicillin/streptomycin.  These cells were passaged before growing to confluence at a 1:4 
dilution.  CHO-FLP cells were grown in Ham's F-12 media supplemented with 10% FBS, 2 mM 
L-glutamine, and 1%  penicillin/streptomycin.  All cells were grown at 37°C, and in 5% CO2.

Unless otherwise noted, cells were transiently transfected by electroporation with the 
Neon® Transfection System using the manufacturer’s instructions with the following conditions:
CHO cells were transfected with 2-5μg of plasmid DNA, and were electroporated using these 
conditions: 3 pulses, 10ms, 1620V.

EGFP Nuclear Diffusion: Auto- and Pair-correlation
I measured the diffusion of free monomeric EGFP as per Hinde et al (2010).  An 

acquisition line was drawn so that it stretched from regions of low EGFP to high EGFP 
concentration.  Each line was 32 pixels long, corresponding to a line length of 3.2μm  100nm 
pixel dimensions were selected so that the fluorescence intensity is oversampled with respect to 
the waist of the laser beam.  Data was acquired along this line by scanning a diffraction limited 
laser beam (488nm) along its length at maximum scan speed and minimum intensity.  In each 
experiment 200,000 consecutive lines (with no intervals between lines) were acquired, 
corresponding to ~120 sec.  Cell movement and photobleaching were screened out as previously 
described (Hinde et al., 2010).  Stable regions of 60,000 lines were chosen for analysis.

Calculation of the auto- and pair-correlation functions were done by using the SimFCS 
software developed at the Laboratory for Fluorescence Dynamics (www.lfd.uci.edu).  The 
distance between pixel columns chosen for pCF analysis varied depending on the variations in 
DNA density present along each line measured.

Chromatin Condensation
A03 and RREB1 cells were grown on MatTek glass-bottomed dishes and transiently 

transfected with 2μg plasmid DNA using lipofectamine® 2000 as per the manufacturer’s 
instructions.  24 hours after transfection, they were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 10 minutes.  3D confocal microscopy images were taken using a 
spinning-disk confocal digital microscopy workstation (Marianas; Intelligent Imaging 
Innovations) equipped with a spinning disk (CSU-X1; Yokogawa), EM CCD camera (Evolve; 
Photometrics), 63×, 1.4 NA Plan Apochromat objective (Carl Zeiss).  Images were acquired 
using SlideBook software (Intelligent Imaging Innovations), with 0.25μm spacing between Z 
slices.  The envelope volume was calculated from 3D reconstructions using the surface detecting 
algorithm in Imaris (Bitplane).

Single Molecule RNA FISH
I purchased a cocktail of 25 different probes individually labeled with TAMRA from 

Stellaris® (probe sequences are listed in Table 4).  Each corresponded to a different part of the 
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DHFR coding sequence, and was present in roughly equal proportions.  A03 and RREB1 cells 
were grown on MatTek glass-bottomed dishes and transiently transfected with 2μg plasmid DNA
using lipofectamine® 2000 as per the manufacturer’s instructions.  24 hours after transfection, 
they were fixed, permeabilized, the probe cocktail was hybridized to the sample, and the cells 
were stained with DAPI.  These were all done according to the Stellaris® protocol (available 
online).  These conditions favor the detection of nuclear transcripts.  Z-stacked images with 
0.5μm spacing of the entire cell were taken using confocal microscopy.  Cells with more than 
one visible trans-gene array (which represent G2 cells) were excluded from the analysis.  
Individual transcripts were detected and counted from 3D reconstructions using the spot-picking 
algorithm in Imaris (Bitplane).

Immunofluorescence
A03 cells were grown on MatTek glass-bottomed dishes and transiently transfected with 

2μg plasmid DNA using lipofectamine® 2000 as per the manufacturer’s instructions.  24 hours 
after transfection, they were prepared as in Ghosh et al (2010):  Cells were fixed with 4% 
paraformaldehyde in phosphate-buffered saline (PBS) for 10 min and permeabilized with 0.2% 
Triton X-100 in PBS for 10 min, blocked with 2% (wt/vol) bovine serum albumin (BSA), 15% 
milk, 0.05% Triton X-100 in PBS for 30 min.  For immunodetection of HDAC2, cells were then 
incubated with 2 μg/ml primary antibody (anti-HDAC2 rabbit polyclonal antibody; Abcam 
[ab16032]) in blocking buffer for 1.5 h and then in 10 μg/ml secondary antibody (Alexa Fluor®-
647 goat anti-rabbit IgG; Invitrogen) in blocking buffer for 1 h.

Single Allele Transcription Kinetics
24 hours after transfection, CHO-FLP cells harboring the MAR-CMVpr-mOrange-NES-

MS2 single allele integration were imaged using confocal microscopy.  Cells with a single 
nascent transcript region were identified (as per Yunger et al., 2010), and this region was 
bleached using a 488nm diode laser.  Z-stacked images separated by 0.5μm of the entire cell 
were taken every 5 minutes.

38



Chapter 4

A New Model for Satb1 Activity, and 
Future Directions
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Conclusions and Outlook

The evidence presented in the preceding chapters provides a framework for a new model 
of Satb1's role as a DNA binding protein, a regulator of transcription, and a remodeler of global 
chromatin organization.   It uncovers novel Satb1-mediated phenomena, suggests potential 
molecular mechanisms for them, and serves to clarify several disputes within the field.  What 
follows is an updated understanding of Satb1 that highlights the advancements made by the 
research presented in this dissertation:

Shortly after being translated, while still in the cytoplasm, Satb1 enters into a monomer-
dimer equilibrium.  Although it is unclear what the exchange rate of monomers within a dimer is,
the dimers are long-lived enough to allow one protein to drag a nuclear import incompetent 
partner through the Nuclear Pore Complex (NPC), and into the nucleus.  This dimerization is 
entirely dependent on the N-terminal PDZ domain, which is both necessary and sufficient for 
dimerization.  The possibility also exists that Satb1 can homo-multerimerize.  Indeed, recent in 
vitro evidence suggests that Satb1's basic unit of DNA binding is a tetramer (Wang et al., 2010).  
However, it remains unclear how significant these higher order structures are, and if their 
formation – unlike that of the dimer – is dependent on DNA binding.

Inside the nucleus, Satb1 localizes preferentially to regions of low DNA density in what 
has been described as a “cage-like” organization that has been speculated to have some sort of 
structural significance (Cai et al., 2003).  Although this effect is most prominent in thymocytes, it
remains true in a variety of other cell types as well (data not shown).  However, this feature is not
unique to Satb1 – indeed, a number of proteins including EGFP localize in an identical fashion 
inside thymocyte nuclei.  This suggests that the hypothesized Satb1 “structure” is simply the 
product of the diffusive barrier at the interface between heterochromatin and euchromatin which 
limits the ability of these proteins to transit between these regions.  This realization casts serious 
doubt on the idea that the pattern of Satb1 localization is structurally important.

Satb1 has at least three distinct sub-populations that likely represent three distinct modes 
of DNA binding.  The fast diffusing population binds DNA in a transient and non-specific 
manner, which may represent the binding of Satb1 monomers.  While the slow diffusing and 
immobile populations constitute high-affinity DNA binding that is accomplished through a 
cooperation between the PDZ domain and one of two DNA binding domains.  PDZ and Cut1 
cooperativity recapitulates the behavior of the slow diffusing population, and cooperation 
between the PDZ and Cut2 domains produces largely immobile foci in the nucleus.  The PDZ-
Cut1 cooperation appears to be preferred, however, as the presence of a functional Cut1 domain 
causes a significant reduction in the immobile population.  The fact that the PDZ domain is 
required in both circumstances demonstrates that dimerization is essential for high-affinity DNA 
binding.

What remains unclear is how Satb1 decides which mode of DNA binding to utilize.  It is 
possible that this decision is entirely dependent on the DNA sequence at the binding site, or that 
specific post-translational modifications lock Satb1 into one binding modality.  It is also 
conceivable that a combination of both mechanisms is required: that some Satb1 proteins are 
“primed” by post-translational modifications to interact with DNA through one mechanism over 
the other, and that these molecules are then directed to specific sequences.  Future research will 
be required to distinguish between these possibilities.
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The role of the Homeo domain also remains enigmatic.  In contrast to a previous study 
that suggested that it is essential for high affinity DNA binding (Purbey et al., 2008), my 
experiments show that its deletion causes no significant difference to the diffusive properties of 
Satb1.  Furthermore, it fails to enhance the binding of any single domain or group of domains it 
was tested with.  It could be that the Homeo domain is not necessary for Satb1 functionality, or 
that its importance is limited to a small subset of DNA binding sites.

A possible fourth Satb1 population is present in a 4-500nm wide region at the interface 
between heterochromatin and euchromatin which diffuses ~4 fold slower than the slow diffusing 
population.  This observation is in agreement with biochemical data that suggests that Satb1 
binding sites form the base of new chromatin loops (Cai et al., 2003; Cai et al., 2006), and 
models of chromatin architecture in which loop bases lie near the surface of condensed 
chromatin, allowing the loops themselves to extend into the inter-chromosomal space (reviewed 
in van Bortle and Corces, 2012).  It is currently unclear how, or if, this population fits into the 
model of alternative domain cooperation discussed above.  However, its presence here serves to 
facilitate the transfer of molecules between regions of heterochromatin and euchromatin.  This 
makes Satb1 the only protein known to affect the permeability of this diffusive barrier.  The 
consequences of this genome-wide increase in molecular transit are not well understood.  
However, it has been reported that some cell lines cannot tolerate ectopic expression of Satb1 
(Wang et al., 2011; personal correspondence, Kohwi-Shigematsu, T.), and this fundamental 
change to diffusion in the nucleus may provide an explanation as to why that is.

Satb1 may be able to alter the permeability of this diffusive barrier by modifying the local
chromatin compaction at the interface.  Synthetic targeting of Satb1 to a trans-gene array causes 
it to adopt an intermediate level of compaction.  Highly decondensed euchromatic arrays are 
compacted, and condensed heterochromatic arrays are opened up.  The final state is nearly 
identical for both starting conditions, indicating that Satb1 can effectively erase any pre-existing 
chromatin markers and impose set its own specific configuration on the surrounding chromatin.  
Satb2 has a very similar effect, although it results in a less compacted array than Satb1.  CTCF is
unique among the tested proteins in in that it has a uni-directional effect on chromatin 
compaction – it only decompacts heterochromatic arrays, and has no effect on euchromatic 
arrays.

These changes to local chromatin structure are felt by nearby genes, whose level of 
expression closely mirrors the degree of chromatin compaction.  Open arrays are high 
expressing, and compact arrays, low expressing.  The intermediate chromatin configuration 
created by Satb1 produces an intermediate number of transcripts that does not depend on the 
initial conditions of the cell.  In keeping with the modifications it makes to chromatin 
compaction, CTCF greatly enhances transcription in cells that previously had low expression, 
and has very little effect on the average number of transcripts produced in high expressing cells.  
Interestingly, expression of CTCF does have a homogenizing effect on cells – it greatly decreases
the cell-to-cell variations in transcript number.

Since DNA binding to the trans-gene array is mediated by LacR and not the DNA binding
domains of Satb1, Satb2 or CTCF, it is likely that the observed changes to chromatin structure 
and gene transcription arise because of the recruitment of a unique set of histone modifiers and 
reorganizers.  Satb1 unexpectedly recruits the HDAC2 transcriptional inhibitor to gene-arrays 
where transcription is activated.  This potentially suggests that the pool of protein partners 
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recruited by Satb1 is not a function of the initial chromatin landscape.  However, the 
immunofluorescence technique used is poorly suited to detecting protein recruitment in loosely 
condensed arrays, and measuring fine changes to local protein concentration.  A better, unguided 
approach called Proteomics of Isolated Chromatin segments (PICh) was developed by Robert 
Kingston to catalog teleomere-associated proteins.  PICh utilizes a locked nucleic acid (LNA) 
probe attached to an immobilization tag by a long spacer to isolate specific fragments of fixed 
chromatin (Déjardin and Kingston, 2009).  The proteins bound to these sequences are then 
dissociated from the DNA and identified by mass spectroscopy.  PICh would be particularly 
useful in detecting the incorporation of histone variants into the trans-gene array.  This 
experiment is currently underway, and should provide a more comprehensive picture of how 
proteins like Satb1 and Satb2 function to mold the global chromatin landscape.
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Tables

Table 1: Summary of FRAP profiles fit by a reaction-diffusion model

Protein

FRAP parameters Calculated parameters

Fast state Slow state
Fast Slow Immobile

Koff T50 (s) Koff T50 (s)

Satb1 1.7±0.27 0.42±0.07 0.12±0.01 5.8±0.5 26% 39% 35%

PDZ-Cut1-Cut2 1.9±0.27 0.37±0.05 0.13±0.01 5.0±0.8 32.5% 35% 32.5%

Satb2 1.5±0.18 0.47±0.06 0.10±0.01 6.9±0.7 30% 38% 32%

Table 2: Summary of FRAP profiles fit by an effective diffusion model

Domain Fusion
Mass-corrected Diffusion
Coefficient ± SE (µm2s-1)

Effective
Diffusion

Immobile
Fraction

GFP 14.5±1.5 100% 0%

NLS 10.17±0.95 92% 8%

PDZ 0.82±0.03 92% 8%

Cut1 0.82±0.05 86% 14%

Cut2 1.54±0.075 92% 8%

Homeo 10.8±1.4 91% 9%

PDZ-Cut1 0.18±0.005 80% 20%

Cut1-Cut2 0.81±0.03 87% 13%

Cut2-Homeo 1.58±0.077 90% 10%

Cut1NEG 6.9±0.50 93% 7%

Cut1NEG-Cut2 1.5±0.066 91% 9%

PDZ-Cut1NEG-Cut2 1.01±0.054 7.5% 92.5%

Satb1
(In the presence of excess 
Satb2)

0.45±0.019 76% 24%
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Table 3: Summary of chromatin compaction and single molecule RNA FISH 
experiments
Cell Line Construct Envelope Volume ± SE Transcripts per cell ± SE

A03

EGFP-LacR 3.59 ± 0.15μm3 2.58 ± 0.14

EGFP-LacR-CTCF 9.33 ± 0.35μm3 64.28 ± 3.17

EGFP-LacR-Satb1 7.29 ± 0.37μm3 28.11 ± 1.24

EGFP-LacR-Satb2 9.17 ± 0.32μm3 ND*

EGFP-LacR-PDZ-Cut1NEG-Cut2 6.41 ± 0.24μm3 ND*

RREB1

EGFP-LacR 12.60 ± 0.50μm3 170.58 ± 5.02

EGFP-LacR-CTCF 12.34 ± 0.66μm3 158.98 ± 4.01

EGFP-LacR-Satb1 6.46 ± 0.50μm3 21.03 ± 1.12

EGFP-LacR-Satb2 9.63 ± 0.53μm3 ND*

*ND = not done.

Table 4: Probes used for detection of single DHFR transcripts
cagttcaatggtcgaaccat atattttgggacacggcgac

tcgttcctgagcggaggcca cattctttggaagtacttga

ccataatcaccagattctgt atggagaaccaggttttcct

gaactatattaattctgtcc ggttctttgagttctctact

aggcatcatccaaacttttg tccggttgttcaataagtct

aactgcctccgactatccaa ttcatggcttcctggtaaac

ttcctgcatgatccttgtca ggaaaaacgtgtcactttc

tgggtattctgggagaagtt tcctggacctcagagaggac

aggtctccgttcttgccaat catgtctactttacttgcca

cttccactgaagaggttgtg gagtctgaggtggcctggtt

taaaggtcgattcttctcag atatttccccaaatcaatttc

aagaaaatgagctcctcgtg cttatacttgatgccttttt

ctttcttctcgtagacttca
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Supplementary Figure 1a. Each EGFP-Satb1 truncation protein localizes into the characteristic “cage-like” distribution. 
(a,b) VL3-3M2 thymocytes were transiently transfected with H2B-mCherry, and an EGFP containing domain fusion of Satb1.  
The specific EGFP fusion is indicated to the left of the image.  They were imaged by confocal microscopy and a single 
representative focal plane of the nucleus is shown – EGFP (left), H2B-mCherry (middle), and merged (right).  Figure continued 
on the next page.
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Supplementary Figure 1b. Each EGFP-Satb1 truncation protein localizes into the characteristic “cage-like” distribution.
Continued from the previous page.
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Supplementary Figure 2. Analysis of EGFP diffusion by ACF.  (a) Fluorescence intensity carpet of a line drawn across freely 
diffusing EGFP (200,000 lines). (b) ACF carpet of a line drawn across freely diffusing EGFP (60,000 lines analyzed).  The 
diffusion coefficients listed are ± SE, and represent the average of 15 separate cells.
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