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Abstract

When cells change functions or activities (such as during differentiation, response to extracellular

stimuli, or migration), gene expression undergoes large-scale reprogramming, in cell type- and

function-specific manners. Large changes in gene regulation require changes in chromatin

architecture, which involve recruitment of chromatin remodeling enzymes and epigenomic

modification enzymes to specific genomic loci. Transcription factors must also be accurately

assembled at these loci. SATB1 is a genome organizer protein that facilitates these processes,

providing a nuclear architectural platform that anchors hundreds of genes, through its interaction

with specific genomic sequences; this activity allows expression of all these genes to be regulated

in parallel, and enables cells to thereby alter their function. We review and describe future

perspectives on SATB1 function in higher-order chromatin structure and gene regulation, and its

role in metastasis of breast cancer and other tumor types.

1. Introduction

When normal breast epithelial cells become malignant, disease progresses through a series

of successive modifications that involve changes in the cells’ genetic and epigenetic status

and interactions with the microenrivonment [1–3]. Metastasis is a late step in solid tumor

progression and the primary cause of death for cancer patients[4, 5]. The ability to identify

tumor cells that are likely to metastasize in patients with early-stage cancers could prolong

their survival.

Gene expression profiling studies using DNA microarray technology for human breast

carcinomas revealed that breast cancer, which is a highly heterogeneous disease, can be

classified into at least four major molecular subtypes and a normal breast-like group[6–8].

These tumor subtypes might reflect different cell types within the breast or different stages

of epithelial cell development[9]. Patients with these molecular subtypes of tumors have
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distinct outcomes, offering a basis for predicting response to treatment. It has been a

challenge to translate differences in gene expression patterns into clinical practice, due to the

heterogeneity of breast cancers[8]. Nevertheless, transcription profiling studies identified

groups of genes whose specific expression patterns are associated with metastatic tumor

cells (a poor prognosis signature); this expression profile could also be detected in some

primary carcinomas[10–12]. Therefore, in contrast to a model in which metastatic tumor

cells evolve from rare cell clones at only late stages of tumor development, primary

carcinomas appear to already contain a large number of tumor cells with metastatic

potential. Primary breast carcinomas can be further classified, based on the ‘poor prognosis

signature’, which provides information about the likelihood of tumor metastasis[11]. Distant

metastases not only have a poor prognosis signature, but also retain the expression profile of

the primary tumor’s subtype from which they arose. Most subtypes of breast tumors

therefore have the capacity to metastasize.

Although the host microenvironment influences tumor progression, tumor cells themselves

must change their gene expression profile to become metastatic. An important question is,

what are the molecular mechanisms by which tumor cells make the large changes in gene

expression required to acquire metastatic features? Cells can alter gene expression patterns

by accumulating genetic mutations, deletions, and amplifications. So does tumor progression

proceed gradually, via randomly accumulation of genomic changes, until cells with the right

combinations of changes can acquire an invasive, aggressive phenotype? Or is there a single

turning point in which tumor cells to undergo a major change in gene expression that alters

their phenotype?

Studies of the genome organizer protein special AT-rich binding protein, SATB1[13], have

shown that breast cancer cells can make rapid, major changes in their gene expression

pattern that alter their phenotype[14]. Breast cancer cells with sufficient levels of SATB1

undergo large changes in their gene expression profile and acquire a metastatic phenotype.

We review how SATB1 was identified and found to be a factor that promotes aggressive

phenotypes of breast tumors. SATB1 regulates gene expression at the level of higher-order

chromatin structure, so to understand SATB1 functions, it is necessary to briefly review

chromatin folding in the mammalian genome and the specialized genomic sequences that are

recognized by SATB1.

2. Higher-Order Chromatin Structures

The mammalian genome is organized into complex higher-order structures formed by

hierarchical folding of DNA. In mammalian chromosomes, DNA is compacted ~10,000-

fold[15]. These structures form when naked DNA is wrapped around octamers of core

histone proteins to form nucleosomes. Nucleosomes are connected with linker DNA,

forming ‘beads-on-a string’ chromatin fibers, which are 10 nm in thickness. The 10 nm

chromatin fibers are further folded into fibers of increasing thickness (30 nm, and then into

fibers of increased thickness). Even with the fiber of 30-nm diameter, its detailed structure is

still under debate [16–19]. Beyond this point, it is not well understood how fibers are folded

into higher-order chromatin structures.
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However, it is known that chromosomes are organized into chromosome territories, largely

separated from each other in the cell nucleus[20]. It has been proposed that chromatin, in

chromosome territories, is folded into small-scale chromatin loops of ~50–200 kb[21]. In

addition, giant loops of paired DNA, of several megabases, have been detected. These giant

loops protrude from their original territory and intermingle with other chromosome

territories[21]. Chromatin looping brings distal genomic loci into close spatial proximity.

Long-range interactions between genomic sites within the same chromosome, and also from

different chromosomes, have been detected by chromosomal conformation capture and

related assays[22–33]. Chromatin fibers can fold into loops of varying sizes. Chromatin

looping is not only important for chromatin compaction, but it is thought to be involved in

gene regulation—a distal regulatory sequence could be brought to close proximity with a

locus and thereby regulate it, or multiple co-inducible genes could be brought together to be

co-regulated. This type of 3-dimensional chromatin architecture has been correlated with

gene expression patterns [34, 35]. Therefore, eukaryotic gene expression is regulated at

multiple hierarchical levels, from primary sequence to the 3-dimensional spatial

organization of the genome[36]. In addition to gene regulation, the frequent and preferential

juxtaposition of gene loci (e.g. Myc and Igh) in nuclei of B lymphocyte have been detected,

which would predispose chromosomal translocation to take place [33, 37].

Although examples are limited, architectural chromatin proteins that make chromatin fibers

fold into loops have been identified. In mammalian nuclei, the homeobox protein SATB1

has been shown to fold chromatin into loops and regulate expression of large numbers of

genes, in cell type- and cell function-specific manners[26, 38–42]. Methyl-CpG binding

protein 2 (MeCP2), whose mutations cause RETT syndrome (RTT), an X-linked mental

disorder[43]; MeCP2 actively forms transcriptionally-silent chromatin loop configurations at

its target loci in brains of mice that are a model of RTT [24]. There is also much evidence to

indicate that the zinc-finger protein CTCF (CCCTC-binding factor) acts as an insulator

protein that blocks the effects of transcriptional enhancers, by promoting chromatin looping

at specific loci [44, 45]. Further studies of proteins that function in chromatin looping will

increase our knowledge about regulation of genes at the level of higher-order chromatin

structure, and the role of these processes in disease pathogenesis[46].

3. SATB1 and Higher-Order Chromatin Structure

Some decades ago, a specialized ATC sequence context, comprising approximately 100–300

base pairs (bp), was identified in the mammalian genome; it conferred a strong unpairing

propensity when placed under negative superhelical strain. The sequence is characterized by

a cluster of specialized sequences (20–40 bp) with a complete bias in C and G distribution (1

strand consists of exclusively As, Ts, and Cs, referred to as ATC sequences)[13, 47, 48].

The extensive unpairing of genomic regions with ATC sequence clusters was originally

identified by chemical probes (either chloro- or bromoacetaldehyde) that react specifically

with unpaired adenine and cytosine bases[49]. Disruption of ATC sequence context by

minimal mutagenesis eliminates the propensity toward unpairing.

Genomic regions characterized by the ATC sequence context are called base-unpairing

regions (BURs); 1 is found, on average, in every 40,000 bp (unpublished data). Most genes

Kohwi-Shigematsu et al. Page 3

Semin Cancer Biol. Author manuscript; available in PMC 2014 June 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



have several major BURs within 100 kb 5′, in introns, and 100 kb 3′. BURs are well

characterized because of their unique physical properties, which are distinct from those of

the rest of the genome. Not all AT-rich sequences have properties of BURs. Many, but not

all, sequences previously referred to as matrix attachment region (MAR) or scaffold

attachment regions (SAR) contain a BUR. BURs are well-defined sequences with a

specialized ATC sequence context that has unusual physical properties.

SATB1 was identified as a protein that binds exclusively to BURs when they are in the

double-stranded DNA conformation (rather than an unpaired DNA structure); SATB1

recognizes the altered phosphate backbone structure[13]. Because SATB1 was cloned by

virtue of its specificity for BURs[13], and BURs are distributed throughout mammalian

genomes, researchers began to investigate whether SATB1 might be able to fold chromatin

into loops. SATB1 was initially detected at a high level in thymocytes, in progenitor cells

such as amyloblasts and osteoblasts, and at the basal layer of epidermis. Hundreds of BURs

that bound to SATB1 in thymocytes were individually cloned and many were found to

remain in the residual nuclei after extraction with high salt. However, in Satb1-null

thymocytes, the BURs were found in DNA halos that surround the salt-extracted nuclei[38].

These data indicated that BURs anchor to SATB1 to form bases of chromatin loops. In

nuclei of thymocytes, SATB1 is found exclusively in euchromatin, in a ‘chicken-wire’ or

cage structure that surrounds heterochromatin. The SATB1-bound BURs are tethered to this

nuclear architecture[40].

More information on the functions of SATB1 has come from chromatin conformation

capture (3C) assays, combined with chromatin immunorecipitation (ChIP-3C or ChIP-loop),

in studies of T-cell activation[26]. SATB1 was found to be induced upon activation of T-

helper (Th)2 cells and bind to multiple BURs in a 200 kb cytokine gene cluster, bringing

distal Il4, Il5, and Il13 loci together by chromatin looping. The SATB1-induced structure

that is formed by the 200 kb region and contains the loops is loaded with genes that encode

Th2-specific factors, such as GATA3, STAT6, and c-Maf, as well as the chromatin-

remodeling enzyme Brg1 and RNA polyerase II. This transcriptionally-active chromatin

structure enables activation of these cytokine genes in parallel[26]. Without SATB1, these

looping events did not take place, and the cytokine genes were not activated. Therefore, the

chromatin loops formed by SATB1 through its interaction with BURs were correlated with

gene regulation, and SATB1 is required for Th2 cell activation and the cytokine

production[26].

4. SATB1 and Epigenetic Regulation

SATB1 not only folds chromatin into loops via binding to BURs, but also provides a nuclear

platform to recruit chromatin remodeling and modifying enzymes to loci around the BURs.

Because chromatin folds to form complex higher-order structures, SATB1 tethering of

BURs might provide core sites that facilitate assembly of chromatin remodeling or

modifying factors. Evidence for this model came from the finding that SATB1 binds to

chromatin-remodeling complexes, such as NURD and ACF/ISWI complexes[50]. At the

gene level, SATB1 was shown to recruit the ACF/ISWI complex and histone deacetylase to

the Il2Ra locus and repress it in thymocytes. SATB1 also promoted region-specific histone
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modification at specific loci, resulting in histone marks on chromatin that either activated or

repressed transcription[50]. Induction of SATB1 upon activation of Th2 cells is required for

the large increase in active histone marks that are observed at discrete loci over the 200 kb

cytokine gene cluster region[26]. Therefore, SATB1 not only forms loops, but regulates

epigenomic modifications and proper nucleosome positioning, by targeting chromatin

remodeling and modifying enzymes to specific loci.

5. SATB1 Regulation of Cell Phenotypes

When cells undergo phenotypic transitions, it is expected that global, but specific changes in

gene expression take place. The ability of SATB1 to make many gene loci accessible to

chromatin remodeling/modification and transcription factors allows it to control

differentiation of specific cell lineages and cell functions. For example, SATB1 is required

for development of thymocytes[39] and activation of Th2 cells[26]. Without SATB1,

thymocyte development is blocked at CD4+CD8+ (double-positive) stage. Similarly, without

SATB1, Th2 cells cannot become activated and produce cytokines. SATB1 is also

functionally linked to Wnt–b-catenin signaling[51, 52], which is required for thymoctye

development and lineage commitment of naïve T cells[53]. SATB1 implements the effects

of Wnt by binding to b-catenin and recruiting it to SATB1 target loci, where b-catenin

activates transcription. By this mechanism, SATB1 upregulates expression of GATA3[52],

which induces Th2 lineage commitment of naïve T cells[54]. Of note, during Th2 activation,

expression of another factor required for cytokine expression, c-Maf[55], also depends on

SATB1[26]. Repression of SATB1 by Foxp3 in T regulatory (Treg) cells, which mediate

self-tolerance and immune homeostasis, is required for maintenance of their suppressive

function and inability to produce effector cytokines after activation[56]. Once SATB1 is

released from Foxp3 repression in Treg cells, they differentiate into T effector (Teff) cells

and induce production of effector cytokines[56]. SATB1 has been linked to acute myeloid

leukemia (AML). Disruption of the distal enhancer of PU.1 reduces its expression, leading

to AML in mice[57, 58]. A SNP which is frequently associated with human acute myeloid

leukemia (AML) was identified within the distal enhancer of the PU.1 gene, and this

mutation specifically inhibits SATB1 binding, causing reduced PU.1 expression in myeloid

progenitor cells[59]. SATB1 also has an important role in X-chromosome inactivation,

which is mediated by non-coding Xist RNA in specific developmental contexts[60]. Using a

thymic lymphoma model, SATB1 was found to be necessary and sufficient for gene

silencing by Xist, indicating that SATB1 is an important determinant for X inactivation[60].

SATB1’s role in cell differentiation is not limited to the T-cell lineage. It was recently

shown that p63 directly regulates SATB1 during development of the epidermis and that

SATB1 regulates many epidermis-specific genes to control epidermal differentiation[61].

Furthermore, differentiation of mouse embryonic stem cells is impaired in the absence of

Satb1[62]. These data indicated that SATB1 and SATB2, which have 98% homology at the

amino acid level, might have antagonistic activities and that the relative levels of these

proteins may regulate the balance of self-renewal and differentiation[62].

Satb1 also has a role in brain function. Satb1 is expressed in post-natal neurons and

regulates temporal expression of immediate early genes during cortical development.
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Disruption of Satb1 reduces dendritic spine density in the cerebral cortex[63]. SATB1 is

therefore an important regulator of many different cell types and functions.

6. SATB1 in Breast Cancer Metastasis

A role for SATB1 in breast cancer metastasis was first proposed because SATB1 is

expressed in aggressive cancer cell lines, though it is absent or undetectable in normal and

immortalized human mammary epithelial cells[14]. Immunohistochemical analysis of breast

carcinoma specimens from patients showed that some specimens contained tumor cells with

SATB1 in their nuclei, whereas other specimens had no tumor cells with detectable levels of

SATB1. Most breast carcinomas expressing SATB1 were poorly differentiated, whereas

adjacent normal tissues had no detectable expression of SATB1. This led to a model in

which expression of SATB1 by breast cancer cells alters their expression profile to promote

acquisition of an aggressive phenotype.

Studies of human breast cancer cells in culture and in mice (as xenograft tumors) revealed

that SATB1 can function as a determinant for breast cancer metastasis[14]. SATB1

promoted tumor metastasis by regulating expression of ~1000 genes, predominantly those

that control cell adhesion, signaling, extracellular matrix (ECM) formation, and the cell

cycle[14]. In cells with increased levels of SATB1, genes that promote cancer progression

and metastasis were upregulated, whereas those that suppressed metastasis were repressed.

The genes regulated by SATB1 were identified by comparing the gene expression profiles of

an aggressive breast cancer cell line (MDA-MB-231 cells) and MDA-MB-231 cells that

were depleted of SATB1. SATB1 was found to upregulate the epidermal growth factor

receptor (EGFR) genes ERBB1, ERBB2, ERBB3, and ERBB4, as well as the EGFR ligands

NRG and AREG. ERBB2 (HER-2 or NEU) is the most oncogenic member of the ERBB2

family. Other genes upregulated by SATB1 and known to promote metastasis included those

encoding metastasin (S100A4), vascular endothelial growth factor B (VEGFB), matrix

metalloproteases (MMP2, 3, and 9), transforming growth factor-B1 (TGFB1), and

connective tissue growth factor (CTGF). Genes found to be downregulated by SATB1

included suppressors of metastasis, such as BRMS1, KAI1, KISS1, NME1 (NM23), and E-

cadherin (CDH1) (Figure 1).

Claudin family members, such as CLDN1, 3, 10 and 11, are repressed by SATB1[14]. The

claudins are tight junction proteins that are either lost or mislocalized in invasive tumors[64,

65]. A more recently identified subgroup of breast tumors express low levels of claudin

(claudin-low, 5%–10% of breast tumors)[66]. These tumors are characterized by their high

grade, undifferentiated status (stem cell-like), features of the epithelial–mesenchymal

transition (EMT), and frequent immune-cell infiltrate [66]. These are also features of tumors

with SATB1-expressing cells. The relationship between SATB1 expression and the claudin-

low subtype of tumors requires further investigation.

The expression profiling studies of SATB1-regulated genes revealed their overlap with those

in the Rossetta poor-prognosis signature[10]: 231 genes that change in expression during

bone[67] or lung metastasis[68]. But the most interesting information from the profiling

studies of SATB1 was that SATB1 binds to and regulates a specific group of genes in breast
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cancer cells by anchoring BURs associated with each of their loci, leaving non-target genes

unbound[14]. A significant portion of the large cohort of genes, if not all the genes, is

expected to be directly tethered to the SATB1 nuclear architecture. In a study of randomly

chosen loci that included SATB1-upregulated and -downregulated genes, all bound in vivo

to SATB1 at the predicted BUR sites in their loci, whereas all genes whose expression did

not depend on SATB1 remained unbound to SATB1, even though there were multiple BURs

in each of their loci. Fig. 1 shows how genes are anchored onto the SATB1 nuclear

architecture, mediated by BURs. Further studies are required to determine how this

selectivity is achieved.

SATB1 binds not only to BURs in target genes in breast cancer cells, but recruits histone-

modifying enzymes (such as p300 and HDAC1) to the BURs to establish region-specific

epigenomic modification. p300 is recruited to genes upreguated by SATB1, to sustain a

transcriptionally active histone mark (such as histone H3 K9/14 acetylation); when SATB1

is removed, the same sites are occupied by HDAC1, and acetylation of H3K9 is greatly

reduced. Conversely, HDAC1 is recruited to their BURs of genes that are downregulated by

SATB1. When SATB1 is removed, these BURs are occupied by p300, and acetylation of

H3K9 is greatly increased. The mechanisms by which SATB1 determines the epigenomic

status of specific genes is therefore similar to its gene-organizing activity in T cells.

Consistent with the activity of SATB1 in establishing a gene expression profile that

promotes breast cancer progression, ectopic expression of SATB1 in non-aggressive breast

cancer cells (e.g. SKBR3 and Hs578T cells) causes them to acquire aggressive phenotypes.

Ectopic expression of SATB1 in these cells caused them to form large undifferentiated

tumors in mammary fat pads, invade blood vessels, and survive in the circulation. They also

acquired the ability to form lung metastases when injected into tail veins of mice.

Conversely, knockdown of SATB1 with small hairpin RNA in highly metastatic human

breast cancer cells (e.g. MDA-MB-231 and BT549) reverses their morphology and causes

them to form acinus-like structures in culture; these cells lose their invasiveness and ability

to undergo anchorage-independent growth. Surprisingly, knockdown of SATB1 from MDA-

MB-231 cells not only prevented them from forming lung metastases in mice, but also

prevented tumor formation from cells injected into mammary fat pads, indicating a complete

reversal of their aggressive phenotype. This complete reversal of metastatic and tumorigenic

abilities was unexpected, because these cells have aberrant chromosomes (translocation and

amplification) and mutations[69]. The accumulation of these mutations, over time, was

previously believed to cause their aggressive phenotype. However, knockdown of a single

protein, SATB1, was sufficient to reverse this phenotype in the model system used within

the experimental time period observed.

Based on ability of SATB1 to promote metastasis of cancer cell lines, it was expected that

expression of SATB1 by human breast tumors would be associated with poor prognosis.

Analysis of 5–10 year follow-up records from 985 patients with ductal breast carcinomas

showed that those with a large percentage of tumor cells with high levels of SATB1 in their

nuclei (~6% of patient samples examined) had (shorter overall survival times. On the other

hand, patients with no tumor cells that expressed SATB1 had better outcomes. Using 3-level
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scoring, based on the SATB1 levels and the percentage of tumor cells that express SATB1,

SATB1 levels were correlated with patient survival times, independent of lymph node

status[14]. A multivariate analysis of 1318 specimens, including all breast tumor types,

showed that SATB1 is an independent prognostic factor for patients with breast cancer[14].

Although these results require validation with different antibodies and independent, large

cohorts of patient samples, SATB1 has potential to be a useful prognostic marker, and might

be used to predict the likelihood of tumor progression to metastasis in patients with breast

cancer.

The role of SATB1 in breast cancer has been supported by independent studies. Highly

invasive, multidrug-resistant (MDR) breast cancer cells were also found to have increased

levels of SATB1 compared with non-resistant parental cells and SATB1 depletion partially

reversed the MDR phenotype [70]. Another study reported roles of SATB1 in

chemotherapy-induced EMT and progression of malignant tumors. Chemotherapy

downregulates levels of microRNA (miR)-448, which was shown to target SATB1 mRNA.

Therefore, suppression of miR-448 by chemotherapy could increase levels of SATB1 to

promote the EMT[71]. In one study, higher levels of SATB1 mRNA were correlated with

more advanced-stage breast carcinomas[72].

There have been some successful approaches to reduce the levels of SATB1 in breast

tumors, with aims of reversing the malignant phenotype. In one report, specific DNA

sequences that specifically bind SATB1 greatly reduced the invasive and metastatic capacity

of MDA-MB-231 cells[73]. Another study found that overexpression of FOXP3 (which

directly represses SATB1 in Treg cells) in an aggressive breast cancer cell line, BT549, not

only directly repressed SATB1 but also induced miR-7 and miR-155, which target the 3′UTR

of SATB1 to repress its expression[74]. These findings provide many new and interesting

therapeutic approaches for breast cancer.

7. SATB1 Regulates Different Genes in Different Cell Types

SATB1 roles vary among cell types and processes. The genes regulated by SATB1 during

epidermal differentiation are expected to differ from those involved in breast cancer

metastasis, because of great differences in these cell types and their environments.

Bioinformatic analyses of SATB1-dependent expression have been performed to determine

differences and similarities among different systems.

The David functional annotation tool and in-house R script were used to analyze gene

ontology (GO) functional enrichment for published expression profiles of breast cancer cells

and mouse primary keratinocytes with SATB1 knockout[61]. For each cell type, genes that

changed at least 2-fold in expression level when SATB1 was lost, were selected for further

analysis. Genes were annotated to GO biological process terms using the David tool, and R

scripts were then used to filter redundant ontologies by combining hierarchical related and

highly overlapped functional categories and to assign enrichment probability for functional

groups. The final sets include 13 functional categories for SATB1-dependant genes in breast

cancer cells and 12 for SATB1-dependent genes in epidermis development.
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The top statistical-enriched ontologies of genes regulated by SATB1 in breast cancer cells

were totally different from those in epidermal differentiation (Figure 2). In breast cancer

cells, SATB1 regulated expression of genes involved in proliferation, the cell cycle, cell

proliferation, vasculature development, cell adhesion—all of which are relevant to

metastasis. In each of these categories, genes regulated by SATB1 during epidermis

differentiation were greatly under-represented. In addition, genes whose expression was

altered by silencing of SATB1 in breast cancer cells were significantly enriched in combined

set of poor-prognosis signature genes[14], but were not among the genes altered in primary

keratinocytes. On the other hand, during epidermis differentiation, genes regulated by

SATB1 encoded factors involved primarily in differentiation and development. Those genes

were found to be highly over-represented among keratin-specific loci (epidermis

differentiation complex, keratin types I and II, and keratin -associated proteins). In all

categories of SATB1-regulated genes involved in epidermis differentiation, those associated

with cancer metastasis were greatly under-represented. Even under the GO category of

transcription, those 2 sets of genes had minimal overlap. This bioinformatic analysis

revealed that SATB1 regulates specific groups of genes in different cell types, and that these

genes are associated with the particular activities of the cell. Therefore, the role of SATB1

appears to be to provide a nuclear architecture to which specific genes are tethered and

assembled with transcriptional complexes, to mediate specific phenotypic changes in cells.

Studies are needed to determine how SATB1 regulates specific sets of genes (and processes)

in different cell types.

8. Functions in Different Tumor Types

It will be important to determine if SATB1 promotes metastasis of other tumor types.

SATB1 is expressed in many different adult progenitor cells, as well as in embryonic stem

cells. From 2010 to 2012, a number of papers reported roles for SATB1 in different types of

cancer, including laryngeal squamous cell carcinoma (LSCC)[75], endometrioid endometrial

cancer (EEC)[76], hepatocellular carcinoma (HCC)[77, 78], rectal cancer[79], cutaneous

malignant melanoma (CMM)[80], and gastric cancer[81, 82]. Based on

immunohistochemical analyses of tumor samples, the level of SATB1 was found to have

prognostic and clinicopathological significance for CMM (based on 97 tissue samples—47

primary, 15 metastatic, and controls) and gastric cancer (based on 118 tumor samples—66

with lymph node metastasis and 16 with distant metastasis). High levels of SATB1 in tumor

cells correlated with metastasis of CMM and gastric cancer. Kaplan-Meier analysis

associated high levels of SATB1 with reduced survival times of patients with CMM[80] or

gastric cancer[82]. Mutivariate analysis showed that SATB1 is an independent prognostic

marker for CMM[80] and for gastric cancer[82], as it is for breast cancer[14]. For gastric

cancer, high levels of SATB1 mRNA were also shown to be well correlated with high

metastatic potential and shorter survival of patients[81] in agreement with results from

immunohistochemical studies.

Similar results were observed for rectal cancer (based on 93 paired samples of rectal cancer

vs normal tissues) [79] and LSCC (based on 80 samples of LSCC and 25 of control mucosa)

[75]. Immunohistochemical studies correlated levels of SATB1 protein with depth of rectal

tumor invasion and metastasis [79]. SATB1 was detected in LSCC, but not in control
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tissues, where protein and mRNA levels were below the limit of detection[75]. High levels

of SATB1 mRNA and protein were detected in HCC tissues (based on 45 pairs of tumor and

non-tumor adjacent tissue samples) and in liver cancer cell lines with high metastatic

potential[77]. SATB1 was also shown to promote tumor growth and metastasis when

expressed in liver cancer cells. SATB1-mediated regulation (either directly or indirectly) of

genes involved in cell cycle progression, inhibition of apoptosis, and induction of the EMT

have been reported, and many overlap with those identified for breast cancer [77]. SATB1

mRNA expression was detected in the majority of liver tumor samples, but not healthy liver

tissues, from patients with hepatitis B virus-related HCC[78]. Laser-capture microdissection

followed by expression microarray of EEC samples, which allows for precise assessment of

homogeneous cell populations, identified SATB1 as a gene whose transcript level was

significantly upregulated during endometrial carcinogenesis[76].

Although studies in rectal tumors, LSCC, HCC, and EEC correlated expression of SATB1

with tumor development, studies in lung tumor tissues have reported contradicting results.

One study reported increased levels of SATB1 mRNA in non-small cell lung cancers

(NSCLCs), compared with healthy lung tissues, and even higher levels in metastatic

NSCLCs[83]. Another correlated loss of SATB1 with NSCLC and reduced survival times of

patients[84]. Further research is required to solve this discrepancy.

SATB2, which is a homolog of SATB1, might serve as a diagnostic marker for colorectal

cancer (CRC)—especially when its level is combined with that of cytokeratin 20, based on

immunohistochemical analysis of 1882 tumor specimens[85]. Two studies have reported

that SATB2 might be a prognostic factor for patients with CRC (1 study of 146 samples[86]

and another of 527 samples[87], based on immunohistochemical analyses). In contrast to

SATB1, these studies associated reduced levels of SATB2 with poor prognosis[86] and

consistently high levels of SATB2 with good prognosis[87] for patients with CRC. As it was

suggested previously in embryonic stem cells [62], SATB1 and SATB2 may have

antagonistic activities in colorectal cancer. This is an important area for further research,

along with the roles of SATB1 in SATB2-low CRC cells.

Some studies have reported no association between SATB1 and breast cancer progression or

prognosis[88, 89]. However, these findings were based on transcription analyses of whole

breast tumor samples. Given that expression of SATB1 is not limited to tumor cells, studies

of only transcripts (mRNAs) isolated from whole tumor specimens would not necessarily

identify SATB1 as a prognostic marker. Activated lymphocytes, fibroblasts and

macrophages, which can be found in some tumor regions, also express SATB1. Therefore,

immunohistochemistry must be used to determine protein levels of SATB1 in the cell nuclei

of each sample, and then each sample scored for the number of SATB1-positive tumor cells.

This might be of particular importance for breast carcinomas; whereas, in some other tumor

types such as gastric cancer, results from SATB1 mRNA and immunohistochemical analysis

agreed well and correlated with the aggressive phenotypes of cancer and the outcome of

patients [81, 82].

Based on an analysis of transcription data available online, Iorns et al. reported that levels of

SATB1 mRNA did not change in human breast cancer cell lines, compared with non-
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tumorigenic cell lines[88], in contrast to the findings of Han et al[14]. However, large

differences have been reproducibly detected in levels of SATB1 protein or mRNA between

non-tumorigenic and aggressive breast cancer cell lines [90, 91]. Due to the high degree of

homology between SATB1 and SATB2, it is important to validate the specificity of

oligonucleotide probes and antibodies for SATB1 vs SATB2. Furthermore, phenotypes of

cultured cells can change during passage and with freezing and thawing. This drift in cell

phenotypes, which results from the selection of different cell subpopulations during culture,

might account for some of the discrepancies among laboratories.

9. Future Directions

SATB1, as a genome organizer, reprograms the cell’s gene expression profiles and thereby

allows it to rapidly change phenotypes. SATB1 acts like gene glue, providing a nuclear

architectural platform for anchoring loci that bind to specialized genomic marks, or BURs.

Amazingly, the genes regulated by SATB1 vary among cell types and cell functions, so

there is much to learn about the mechanisms by which SATB1 anchors specific groups of

genes. There is much evidence that SATB1 promotes progression of breast cancer and other

tumor types, and that its level has prognostic significance. Interestingly, many genes whose

expression is regulated by SATB1 are shared between breast and liver tumors[14, 77].

In breast tumor specimens, some but not all tumor cells express SATB1. It is important to

determine whether the cells that express the high levels of SATB1 in primary carcinomas

are those that are destined to metastasize. This would be an intriguing hypothesis, based on

studies of human breast cancer cells that overexpress SATB1 in nude mice[14]. If this is the

case, it might be possible to therapeutically target SATB1-expressing cells in early-stage

tumors.

The nuclear distribution patterns and genes regulated by SATB1 change, depending on

culture conditions (such as 2-dimensional vs 3-dimensional), indicating that SATB1

responds to signals from microenvironment. It will be interesting to study whether and how

SATB1-expressing tumor cells influence the stromal cells to upregulate expression of

SATB1, or vice versa. More research is needed to understand what controls the mRNA and

protein levels of SATB1, along with its post-translational modification and activities in

nuclear architecture formation. MicroRNAs have been reported to regulate levels of

SATB1[56, 71, 74, 92, 93], and some post-translational modifications of SATB1, with

biological significance, have been identified[51, 94]. Further studies are needed to examine

levels of SATB1 in different subtypes of breast carcinomas, to see if these have additional

prognostic significance.
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Figure 1. SATB1 provides a nuclear architecture for large-scale gene regulation. This scheme
illustrates that SATB1-target genes, but not non-target genes, are anchored to the SATB1 ‘cage-
like’ structure via BUR sequences in each of these loci. The anchored gene loci will then be
assembled with chromatin remodeling and modifying enzymes as well as transcription factors
A) Representative list of genes upregulated (red) and downregulated (blue) by SATB1

expression in breast cancer cells is shown. Underlined genes are confirmed to be directly

bound to SATB1 via BURs.

B) MDA-MB-231 cells grown on 3-dimensional matrix were immunostained for SATB1

(green) and DAPI (blue), exhibiting the ‘cage-like’ nuclear distribution of the SATB1

network.

C) SATB1 (light blue) binds to BUR sequences (red stars) within specific target genes

(upregulated genes: orange and green; downregulated genes: dark blue; boxes represent

exons) to create chromatin loops, which bring distal loci closer in proximity. This intricate

organization of the chromatin, together with SATB1 recruitment of histone acetylase p300

to activated gene loci or histone deacetylase HDAC1 to repressed gene loci, results in the

regulation of a multitude of genes in parallel. Some genes whose expression is SATB1-

independent (gray) remained unbound to SATB1 even though they contain BURs.
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Figure 2.
The limited overlap in genes targeted by SATB1 between breast cancer and epidermis

suggests that SATB1 regulates distinct sets of genes depending on the cell type. Published

gene expression profiles in breast cancer (A, red) and in epidermis (B, green) were used to

identify SATB1-dependent genes, which were then grouped according to basic GO

functional groups. The top most represented groups for each cell type are shown. Note the

difference in GO groups that were highly represented for each cell type and the lack of

common SATB1-dependent genes with in each GO group between breast cancer and

epidermis.
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