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Abstract
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The transforming growth factor beta (TGFβ) is a cytokine that regulates a plethora of cellular
processes such as cell proliferation, differentiation, migration and apoptosis. TGFβ signals
via serine/threonine kinase receptors and activates the Smads to regulate gene expression.
Enigmatically, TGFβ has a dichotomous role as a tumor suppressor and a tumor promoter in
cancer. At early stages of tumorigenesis, TGFβ acts as a tumor suppressor by exerting growth
inhibitory effects and inducing apoptosis. However, at advanced stages, TGFβ contributes to
tumor malignancy by promoting invasion and metastasis.

The pro-tumorigenic TGFβ potently triggers an embryonic program known as epithelial-
mesenchymal transition (EMT). EMT is a dynamic process whereby polarized epithelial cells
adapt a mesenchymal morphology, thereby facilitating migration and invasion. Downregulation
of cell-cell adhesion molecules, such as E-cadherin and ZO-1, is an eminent feature of EMT.
TGFβ induces EMT by upregulating a non-histone chromatin factor, high mobility group A2
(HMGA2). This thesis focuses on elucidating the molecular mechanisms by which HMGA2
elicits EMT.

We found that HMGA2 regulates a network of EMT transcription factors (EMT-TFs), such
as members of the Snail, ZEB and Twist families, during TGFβ-induced EMT. HMGA2 can
interact with Smad complexes to synergistically induce Snail expression. HMGA2 also directly
binds and activates the Twist promoter. We used mouse mammary epithelial cells overexpressing
HMGA2, which are mesenchymal in morphology and highly invasive, as a constitutive EMT
model. Snail and Twist have complementary roles in HMGA2-mesenchymal cells during EMT,
and tight junctions were restored upon silencing of both Snail and Twist in these cells. Finally,
we also demonstrate that HMGA2 can epigenetically silence the E-cadherin gene. In summary,
HMGA2 modulates multiple reprogramming events to promote EMT and invasion.
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Abbreviations 

AP1 Activator protein 1 
AZA 5-aza-2’-deoxycytidine 
bHLH Basic helix-loop-helix 
CDK Cyclin-dependent kinase 
ChIP Chromatin immunoprecipitation 
CSC Cancer stem cell 
DNMT DNA methyltransferase 
HAT Histone acetyltransferase 
HDAC Histone deacetylase 
HMGA2 High mobility group A2 
ECM Extracellular matrix 
EMT Epithelial-mesenchymal transition 
EMT-TF EMT-inducing transcription factor 
GSK3 Glycogen synthase kinase 3 
HSC Hematopoietic stem cell 
KDM Histone lysine demethylase 
KMT Histone lysine methyltransferase 
MAPK Mitogen-activated protein kinase 
MH1/2 Mad homology 1/2 
miRNA MicroRNA 
MET Mesenchymal-epithelial transition 
mTORC1/2 Mammalian target of rapamycin complex 1/2 
NES Nuclear export signal 
NLS Nuclear localization signal 
NSC Neuronal stem cell 
PDGF Platelet-derived growth factor 
PDGFR Platelet-derived growth factor receptor 
PI3K Phosphotidylinositol-3’ kinase 
PRC1/2 Polycomb repressive complex 1/2 
PTM Post-translational modification 
SBE Smad-binding element 
TβRI TGFβ type I receptor 
TβRII TGFβ type II receptor 
TF Transcription factor 
TGFβ  Transforming growth factor beta 
TSS Transcription start site 
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Introduction 

The cell is the fundamental unit of life and approximately 100 trillion (1014) 
cells make up the human body. Although every human cell has the same 
genetic information, what dictates a cell fate and function lies in its gene 
expression programs. Cells receive and respond to cues from the environ-
ment, other cells and itself. This cellular communication is vital for biologi-
cal processes during development, immunity, tissue repair and homeostasis. 
From the signals received, cells relay the 'messages' to their nuclei which 
function like air traffic control towers; thus cells know which genes to turn 
on or off, and when to press the switch.  

There are multiple layers of control that orchestrate such gene activities in 
a stringent and sophisticated manner. Gene expression can be regulated from 
the transcriptional level (which is the most utilized mode) to post-
translational level after the protein has been made. Transcriptional regulation 
is controlled by transcription factors and cofactors, and is dependent on the 
chromatin landscape.  When gene expression programs go awry, the conse-
quences often lead to the development and progression of diseases, such as 
cancer. 

Epithelial-mesenchymal transition (EMT) is an important differentiation 
event during embryogenesis and cancer progression, which involves several 
gene expression programs. During EMT, polarized epithelial cells dissolve 
their cell-cell and cell-matrix contacts and change their morphology into 
motile, mesenchymal cells. This thesis investigates how the cytokine trans-
forming growth factor beta (TGFβ), through high mobility group A2 
(HMGA2) protein, regulates a complex network of transcription factors to 
reprogram and establish EMT. 
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Transcriptional control and epigenetics 

The human genome project has mapped out and catalogued about 20,000 
protein-coding genes, which is less than 2% of the genome (1). The rest of 
the DNA, previously thought to be 'junk', has recently been annotated under 
the Encyclopedia of DNA Elements (ENCODE) initiative and found to har-
bor functional and regulatory elements that modulate gene expression (2). 
The transcription and expression of a gene has to be tightly regulated and 
coordinated in a spatial-temporal manner. This provides the basis for cellular 
processes such as proliferation, differentiation, metabolism and apoptosis. 
Deregulation of gene expression programs can have pathological conse-
quences (3).  

Transcription 
The transcription process is regulated by transcription factors (TFs) and reg-
ulatory elements such as core and proximal promoters, enhancers, silencers, 
insulators or locus control regions (4). TFs are proteins that recognize and 
bind to specific sequences on the DNA and they can regulate recruitment 
and activities of RNA polymerase II and cofactors to target genes. General 
TFs form a pre-initiation complex to direct RNA polymerase II to the core 
promoter to carry out basal transcriptions (4, 5). Activating TFs (activators) 
promote and enhance gene transcription together with their cofactors, termed 
as coactivators. Conversely, transcription is blocked by repressive TFs (re-
pressors) and their cofactors, or corepressors. Repressors function by pre-
venting or competing with activators to bind specific DNA sites; or sterically 
hinder the pre-initiation complex assembly (4). 

Soon after transcription is initiated, the RNA polymerase complexes are 
stalled by pause control factors. In order to escape from the promoter, addi-
tional TFs and elongation factors are recruited to release RNA polymerase II 
from the pause control factors and allow transcription to continue (3). The 
multi-protein Mediator complex is another crucial cofactor which partici-
pates in almost all steps of the transcription process, from the assembly of 
pre-initiation complex to the elongation of mRNA transcript (6).  
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Epigenetics 
Gene regulation is also dependent on the chromatin conformation, which is 
influenced by chemical modifications and chromatin-binding factors. The 
chromatin is a highly ordered structure of packed DNA and histones, which 
form nucleosomes. Nucleosomal packing helps to compact the whole ge-
nome to fit into the nucleus. A network of mobile proteins surrounds the 
chromatin and dynamically modulates the chromatin structure in order to 
control precise gene activities (5). There are two general states of the chro-
matin: heterochromatin and euchromatin. The highly condensed heteroch-
romatin poses a barrier to TFs and RNA polymerase complexes, and thus, is 
associated with transcriptional repression. In contrast, the loosely packed 
euchromatin is in an ‘open’ conformation which allows easy access to the 
transcriptional machinery and therefore, is transcriptionally active (5).  

Epigenetics is the heredity of a phenotype that is the result of alterations 
on the chromatin and not due to genetic changes in the DNA nucleotide se-
quence (7). There are two main epigenetic mechanisms, histone modification 
and DNA methylation, which are intrinsically linked and have a great impact 
on chromatin function (8). For example, the transcription start sites (TSS) of 
active genes are often associated with active histone marks and void of DNA 
methylation (5, 9). Although epigenetic modifications can be stably inhe-
rited, they could also dynamically change depending on developmental or 
environmental cues. Epigenetic regulation is an important program used in 
cell fate specification and lineage commitment. It is also used as one of the 
reprogramming strategies of cell identity during cancer development (10–
12). 

Histone modification 
The single unit of the chromatin is called a nucleosome that is wrapped 
around by 147 bp DNA. A nucleosome is an octamer consisting of 2 mole-
cules of each histones H2A, H2B, H3 and H4. The histone N-terminal tails 
protrude out of the nucleosome and are readily prone to post-translational 
modifications (PTMs) such as acetylation, methylation, phosphorylation and 
ubiquitination, and thereby affecting chromatin structure. Based on the his-
tone PTM marks, also known as the histone code, the chromatin decon-
denses and extends to facilitate DNA processes like transcription, replication 
or repair; alternatively, the chromatin condenses into a compact form to si-
lence genes (13). These histone PTM marks can also serve as docking sites 
for other chromatin-binding proteins and H3 acetylation and methylation are 
some of the PTMs most extensively studied, which will be briefly described 
here. 

Histones are positively charged and form very tight interactions with the 
negatively charged DNA. Acetylation of lysine residues on the histone N-
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terminal tails by histone acetyltransferases (HATs) neutralizes the positive 
charges and potentiates the chromatin into an ‘open’ conformation. In con-
trast, histone deacetylases (HDACs) deacetylate lysine residues, and thus, 
are associated with repression (13).  

Histone methylation on lysine residues does not impose an overall net 
charge on the nucleosome as acetylation does. Lysines can be mono-, di-, or 
trimethylated by histone lysine methyltransferases (KMTs), whereas methyl-
groups are removed (demethylation) by histone lysine demethylases (KDMs) 
(14). Methylation of histone H3 on lysine 4 (H3K4me) is found enriched at 
active promoters, while methylation of lysine 9 or 27 (H3K9me or 
H3K27me) is associated with inactive promoters and heterochromatin re-
gions (13, 14). Both KMTs and KDMs are highly specific enzymes in target-
ing particular lysine residues, especially in regard to their methylation status 
(14). For example, G9a (KMT1C) mono- or dimethylates H3 lysine 9 
(H3K9me1/me2) from the unmethylated state, whereas SUV39H1 (KMT1A) 
trimethylates H3K9 (H3K9me3); and LSD1 (KDM1A) can demethylate 
H3K4me1/me2 but is unable to catalyze H3K4me3 to H3K4me2 (14). The 
repressive histone H3K9me3 and H3K27me3 moieties can serve as target 
sites for heterochromatin protein 1 (HP1) and Polycomb repressive com-
plexes (PRC), respectively, both of which are linked to DNA methylation 
and involved in the long-term silencing of the chromatin (15). 

DNA methylation 
DNA methylation is an important gene regulatory mechanism that controls 
many biological processes, such as chromosome X-inactivation, genomic 
imprinting and maintenance of genomic stability (8, 9, 16). Defects and ab-
errations in this epigenetic event lead to embryonic lethality and are linked 
to cancer progression (10, 16).  

In mammals, DNA can be methylated on the carbon-5 position of the cy-
tosine ring by DNA methyltransferases (DNMTs), generating 5-
methylcytosine. Such methylated cytosines are usually located in CpG di-
nucleotides (i.e., a cytosine bridged to a guanine by a phosphodiester bond). 
Most CpG sites in the genome are methylated except for those found clus-
tered together in regions known as CpG islands, some of which are found 
near active gene promoters. When the CpG islands near the TSS become 
methylated, then such genes are often stably silenced (9). 

DNMT1 is known as the maintenance DNMT, which preserves the me-
thylation pattern of genes after every replication. It binds hemimethylated 
DNA and methylates the newly synthesized, unmethylated strand (Figure 
1a). De novo DNMTs, DNMT3A and DNMT3B, are able to recognize both 
unmethylated and hemimethylated DNA so as to establish de novo methyla-
tion (Figure1b) (17). DNMT3L is also related to the DNMT3 family but 
lacks catalytic activity. However, it can interact with DNMT3A and 
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DNMT3B to enhance their DNA methylating activities (17, 18). Further-
more, DNMT3L forms a complex with DNMT3A and guides it to the tar-
geted loci (19).  

 
Figure 1. DNA methylation. (a) During DNA replication, maintenance methylation 
is carried out by DNMT1, which recognizes and binds hemimethylated DNA. (b) De 
novo methylation by DNMT3 family members. White circles, unmethylated CpG; 
black circles, methylated CpG. 

DNA methylation and histone modification are interrelated and contribute 
to the chromatin architecture by establishing and maintaining long-term re-
pression (8, 15). Methylated cytosines provide binding sites for the methyl-
cytosine-binding domain (MBD) family of proteins, which recruit corepres-
sors and HDACs (20). Alternatively, the DNMTs are directed to the chroma-
tin by histone-modifying enzymes or chromatin-binding proteins. DNMTs 
can interact with HDAC (21); KMTs such as G9a, SUV39H1, EZH2 and 
SETDB1 (22–25); and HP1 (23). Hence, this leads to heterochromatinization 
and gene silencing (15). 

MicroRNA 
MicroRNA (miRNA) regulates gene expression post-transcriptionally. It is a 
non-coding single stranded RNA that averages 22 nucleotides in length. 
miRNA is first transcribed by RNA polymerase II into long primary miRNA 
(pri-miRNA), which is cleaved by the RNase Drosha to yield precursor 
miRNA (pre-miRNA) with a characteristic stem-loop secondary structure. 
Pre-miRNA is exported by Exportin-5 from the nucleus into the cytoplasm, 
where it is further processed into mature miRNA by the RNase Dicer. miR-
NAs silence genes by base-pairing their so-called ‘seed’ sequences (2 – 7 
nucleotides) to their mRNA targets, usually located at the 3’ untranslated 
regions. This leads to degradation of the targeted mRNA and/or inhibition of 
its translation (26).  
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TGFβ signaling 

TGFβ is a cytokine and the prototype of the TGFβ family whose 33 mem-
bers include bone morphogenetic proteins (BMP), activins, growth and diffe-
rentiation factors (GDF) and Müllerian inhibiting substance (MIS). The 
TGFβ family signaling pathways are involved in embryonic development, 
tissue homeostasis and repair, and modulation of the immune system (27, 
28). TGFβ propagates its signals in a cascading fashion: ligand binds to re-
ceptors, receptors activate their substrates to mediate downstream events, 
such as gene transcription. Dichotomously, TGFβ is a tumor suppressor at 
early stages of tumorigenesis, but at advanced stages, it contributes towards 
tumor malignancy by promoting EMT, invasion and metastasis (29–32). 

TGFβ ligands and receptors 
There are 3 isoforms of TGFβ (TGFβ1, TGFβ2 and TGFβ3) in mammals 
which are secreted in latent forms and stored as inactive complexes in the 
extracellular matrix (ECM). Latent TGFβ is activated and liberated from the 
ECM by proteases and matrix metalloproteinases (33).  

TGFβ ligands elicit their cellular effects by binding to type I and type II 
serine/threonine kinase receptors. Seven type I receptors (activin receptor-
like kinases, ALK1-7) and five type II receptors (ActRII, ActRIIB, TβRII, 
BMPRII and MISRII) are found in vertebrates (27, 28). They are structurally 
related and contain an N-terminal extracellular domain, a transmembrane 
domain and a C-terminal kinase domain. The type I receptor has an addition-
al GS domain adjacent to its kinase domain (27). TGFβ also binds to acces-
sory receptors called betaglycan, or endoglin in endothelial cells, which ei-
ther enhance or limit TGFβ signaling (34). 

The dimeric TGFβ molecules bind two type I receptors, TβRI (ALK5) 
and two constitutively active type II receptors (TβRII) as a heterotetrameric 
complex (Figure 2). TGFβ has a higher affinity for TβRII and does not inte-
ract with TβRI on its own (27, 35). Thus, TGFβ first binds to TβRII and then 
recruits TβRI to the complex. The GS domain of TβRI is phosphorylated by 
TβRII on serine and threonine residues and activated TβRI phosphorylates 
the Smad proteins that are the intracellular mediators in the TGFβ signaling 
cascade (27). 
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Figure 2. The TGFβ/Smad pathway. TGFβ ligand binding leads to formation of a 
TβRII-TβRI heterotetrameric receptor complex. TβRI is activated and phosphory-
lates the R-Smads, which in turn translocate with co-Smad to the nucleus. In the 
nucleus, the Smad complexes associate with other cofactors to regulate expression 
of target genes.  

The kinase domains of TβRI and TβRII conform to the typical se-
rine/threonine protein kinase structure, but they have been shown to phos-
phorylate also tyrosine residues, and therefore, are dual-specificity kinases 
(36, 37). According to this specificity, TβRI can be autophosphorylated on 
its tyrosine residues, to which adapter protein ShcA recognizes and binds. 
ShcA gets phosphorylated by TβRI and recruits the Sos1/Grb2 complex to 
activate the mitogen-activated protein kinase (MAPK) kinase pathway (37). 

Smad transducers 
The TGFβ family members transduce their signals through the Smad pro-
teins which are divided into three groups: receptor-activated Smad (R-
Smad), common Smad (co-Smad) and inhibitory Smad (I-Smad). TGFβ 
signaling leads to accumulation of activated Smad complexes in the nucleus, 
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where they regulate genes involved in a plethora of cellular responses such 
as cell growth, differentiation, migration and apoptosis, in a context- and cell 
type-dependent manner (38–40).  

The R-Smads include Smad1, Smad2, Smad3, Smad5 and Smad8. They 
share a common partner or the co-Smad, Smad4. The I-Smads, Smad6 and 
Smad7, are themselves induced by TGFβ/BMP to inhibit TGFβ/BMP signal-
ing pathways as a negative feedback mechanism. The TGFβ and activin 
pathways signal through Smad2 and Smad3, whereas BMP and GDF signal 
via Smad1, Smad5 and Smad8 (28). The activated type I receptor phospho-
rylates the R-Smads at their C-terminal di-serine motifs and the activated R-
Smads associate with Smad4; together, they translocate to the nucleus to 
regulate gene expression (Figure 2).  

Smad structure 
The Smad structure consists of an N-terminal Mad homology 1 (MH1) do-
main that is bridged to the C-terminal Mad homology 2 (MH2) domain by a 
linker region (Figure 3) (40).  

 
Figure 3. Illustration of Smad protein structure with MH1 (purple), linker (beige) 
and MH2 (blue) domains. NLS, nuclear localization signal; β-hairpin, DNA-binding 
loop; NES, nuclear export signal; L3, L3 loop; SXS, motif phosphorylated by type I 
receptors. 

The MH1 domain is highly conserved in all R-Smad and co-Smad proteins, 
but not in the I-Smads. I-Smad lacks the MH1 domain. A nuclear localiza-
tion signal (NLS) and a β-hairpin loop that binds DNA are found within the 
MH1 domain (40). A common splice variant of Smad2 is unable to bind 
DNA due to a unique exon insertion in the DNA-binding domain, whereas a 
Smad2 variant lacking this insertion is able to bind DNA efficiently. Al-
though R-Smads and co-Smad bind DNA via their MH1 domains, they do so 
with low affinities and therefore, cooperate with other TFs to strengthen the 
binding of the Smad complexes onto the DNA (41). 
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The MH2 domain is the most conserved domain among all the Smads and 
mediates many protein-protein interactions.  Nuclear export signal (NES) 
motifs are found in the MH2 domains of R-Smad and I-Smad. In the case of 
Smad4, the NES motif is found in the linker domain (40). The specificity of 
the R-Smads for their respective receptors is defined by the L3 loops and  
basic pockets in the MH2 domains of the R-Smads and the L45 loops in the 
kinase domain of type I receptors (41). The type I receptors phosphorylate 
the C-terminal SXS motif of the R-Smads. The linker regions of the Smad 
proteins contain multiple serine and threonine residues that are phosphory-
lated by MAPK, glycogen synthase kinase 3 (GSK3) and cyclin-dependent 
kinases (CDKs) (40), and proline-tyrosine motifs that are recognized by 
WW-domain-containing proteins, e.g. Smurf or NEDD4 (38, 42). 

Gene regulation by Smad proteins 
The TGFβ family signaling pathways can have differential cellular effects 
depending on the cell type and cell context. TGFβ can inhibit cell growth yet 
also promote cell proliferation; it can promote differentiation or maintain 
stem cell pluripotency (38, 39). How the Smad proteins achieve specificity 
in mediating these versatile cellular responses is dependent on: (i) the type of 
ligand stimulus; (ii) organization of Smad complexes in association with 
specific DNA response elements; and (iii) interactions with TFs and cofac-
tors that affect the chromatin structure or transcriptional machinery (39). 
Moreover, the desired signal intensity and duration is controlled by the activ-
ity  and turnover of Smad proteins through post-translational modifications, 
such as phosphorylation, ubiquitination, sumoylation and ADP-ribosylation 
(38, 42). 

R-Smad and co-Smad complexes recognize and bind to specific DNA se-
quences in the promoters or regulatory elements of their target genes (40), 
which has been further affirmed in recent genome-wide chromatin immuno-
precipitation analyses (43). The Smad3-Smad4 complex binds selectively to 
the Smad-binding element (SBE) which has the consensus sequence  5’-
GTCT-3’, or its complementary sequence 5’-AGAC-3’ (44–46). Some pro-
moters lack the canonical SBE but contain GC-rich sequences which are 
preferentially recognized by Smad1 or Smad5 (47, 48). 

Smad proteins cooperate with a wide repertoire of TFs, e.g. forkhead, 
homeobox and activator protein 1 (AP1) families, to selectively bind specific 
DNA sequences and regulate different sets of genes (40). Master transcrip-
tional regulators (Oct4, MyoD and PU.1) recruit and direct Smad complexes 
to bind specific genomic sites to regulate gene programs during cell-lineage 
specification of embryonic stem cells and progenitor cells (49). During 
TGFβ-induced EMT, Smad complexes with c-Jun, JunB and Fra-1, members 
of the AP1 family, to induce genes related to invasiveness (50). 

TGFβ initiates cell cycle arrest by first repressing c-Myc and then induc-
ing the CDK inhibitors, p21Cip1 and p15Ink4B (51–54). Smad3-Smad4 com-
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plexes cooperate with E2F4/5 to repress the c-myc promoter at the TGFβ-
inhibitory element (TIE) site (55). In addition, Smad3-Smad4 complexes 
interact with Sp1 and FoxO to bind the proximal and distal regions of the 
p21Cip1 promoter, respectively (51, 52). This suggests that multiple, differen-
tial Smad-partner complexes could occur on a single gene. Furthermore, 
Smad-FoxO complexes, as a common set of TF partners, could coordinate a 
synexpression group of 11 genes that partake in the regulation of growth 
inhibitory, stress- and adaptive-responses to TGFβ signals (54). Activated 
Smads can induce one gene and later cooperate with their gene product to 
regulate another gene, which is described as a ‘self-enabling’ mechanism 
(40). For example, ATF3 is a repressor induced upon TGFβ signaling and 
then interacts with Smad3 to repress Id1 transcription (56). 

In addition to TFs, Smad proteins interact with cofactors that are part of 
the transcriptional machinery (40). Coactivators like p300, CBP and the Me-
diator complex bring the Smad proteins into closer proximity to the RNA 
polymerase II complex. As p300 and CBP also possess HAT activity, they 
acetylate Smad2 and Smad3 and enhance the transcriptional activities of the 
Smad proteins (57). Transcriptional repression by Smad proteins is mediated 
through recruitment of HDAC to the repressor complex. For example, 
TGFβ-activated Smad3 binds HDAC4/5 to inhibit Runx2-dependent tran-
scription of genes involved in osteoblast differentiation (58). Smad proteins 
could also interact with various corepressors, c-Ski and SnoN being the best 
studied, which repress Smad-induced transcription as a negative feedback 
mechanism (40).  

Non-Smad signaling 
TGFβ also activates other pathways apart from Smads, e.g. MAPK, Rho 
GTPases and phosphotidylinositol-3’ kinase (PI3K)/Akt (59).  MAPKs relay 
TGFβ signals independently of Smad activation and they modulate Smad 
activities by phosphorylating the linker region of Smad proteins (42). TβRI 
with a L45 loop mutation renders it unable to bind and activate Smad pro-
teins but its kinase activity is retained, enabling the activation of JNK and 
p38 MAPK pathways in response to TGFβ stimuli (60, 61). TβRI induces 
apoptosis by recruiting tumor necrosis factor α receptor-associated factor 6 
(TRAF6) to ubiquitinate and activate TGFβ-activated kinase 1 (TAK1) to 
activate the p38 MAPK pathway (62). Furthermore, TRAF6 poly-
ubiquitination of TβRI can lead to cleavage of the TβRI intracellular domain 
(ICD), which translocates into the nucleus to activate, e.g. Snail and MMP2 
genes (63). Whether the TβRI ICD phosphorylates Smads in the nucleus 
remains unknown. As mentioned earlier, TβRI can phosphorylate ShcA and 
activate the ERK MAPK pathway, which regulates cell proliferation and 
migration (37). In a similar fashion, TβRII is phosphorylated by Src tyrosine 
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kinase and engages Grb2 and ShcA to promote activation of the p38 MAPK 
pathway, thereby promoting proliferation and invasion of breast cancer cells 
(64). 

TGFβ activates small Rho GTPases which regulate actin cytoskeletal dy-
namics (65). RhoA is required for stress fiber formation and acquisition of 
mesenchymal properties during TGFβ-induced EMT (66). Conversely, 
TβRII phosphorylates the polarity protein Par6 and recruits Smurf1 to ubi-
quitinate and degrade RhoA, thus leading to the dissolution of tight junctions 
(67). Activation of mammalian target of rapamycin complexes (mTORC), 
via the PI3K/Akt pathway, by TGFβ leads to increased protein synthesis, 
increased cell size, EMT and invasiveness (68, 69).  

TGFβ in cancer 
TGFβ signaling is important in metazoan biology and any aberrations in the 
pathways often have deleterious consequences, such as cancer development 
(31). TGFβ functions as a tumor suppressor because it is able to inhibit cell 
proliferation during early tumorigenesis (38, 39). Some cancers counteract 
this by inactivating the TGFβ receptors and Smad proteins. Smad4 is often 
deleted in pancreatic cancers (31).  

However, at later stages of tumor progression, TGFβ plays a turnabout 
role as a tumor promoter. Tumor cells become resistant to the cytostatic and 
apoptotic effects by TGFβ, but instead hijack TGFβ signaling pathways and 
use them to their advantage to evade immune surveillance, promote produc-
tion of growth factors and undergo EMT, which is associated to invasion and 
metastasis (30, 31). EMT is linked to endowing tumor cells with ‘stem cell’-
like properties, i.e. cancer stem cells (CSCs) (70, 71). CSCs are a small pop-
ulation of cells that are capable of self-renewal, resistant to conventional 
therapeutics, and potentially seeding new tumors (72). TGFβ enriches the 
formation of CSCs in mammary epithelial cells undergoing EMT and in so-
called claudinlow breast cancer cells (70, 71, 73). EMT induction by TGFβ 
will be discussed later. 

Finally, TGFβ is implicated in metastasis, a complex, multistep progres-
sion of malignant cancer cells entering the body circulatory system and 
forming tumors at secondary sites,  which is often the main cause of death 
(32). Several pro-metastatic genes have been identified that predispose tu-
mor cells to metastasize towards specific organs (74). TGFβ upregulates 
parathyroid hormone-related protein (PTHrP), interleukin 11 (IL-11) and 
connective tissue growth factor (CTGF) in breast cancer cells to promote 
bone metastases (75, 76). Angiopoeitin-like 4 (ANGTL4), another direct 
target of TGFβ, is upregulated in breast cancer cells and favors lung metasta-
sis. ANGTL4 allows cancer cells to extravasate into the lung parenchyma by 
disrupting vascular endothelial cell-cell junctions (77). In cooperation with 
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Ras and mutant p53, TGFβ antagonizes the ability of p63 to  protect against 
metastasis (78). TGFβ upregulates miRNAs that promote metastatic poten-
tial, or metastamirs, e.g. miR-181a. miR-181a targets and degrades the pro-
apoptotic protein Bim, thereby resisting anoikis; and high miR-181a expres-
sion correlates with poor overall survival in cancer patients (79). 
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High mobility group A proteins 

The chromatin is a highly ordered structure that controls the accessibility of 
DNA to nuclear proteins regulating replication, transcription, recombination 
and repair. The non-histone high mobility group (HMG) chromatin proteins 
are one group of architects of chromatin structuring that were identified due 
to their high electrophoretic mobility in polyacrylamide gels. The HMGA 
subfamily consists of two members encoded by different genes, Hmga1 and 
Hmga2 (80). HMGA2 will be the main focus of this thesis.  

The structure of HMGA protein is characterized by three DNA-binding 
domains called ‘AT-hooks’ because they recognize and bind to AT-rich se-
quences in the minor groove of DNA. The C-terminal is rich in acidic amino 
acids and mediates protein-protein interactions (Figure 4) (80). An NLS is 
found within the second AT-hook of the HMGA2 protein (81). 

 
Figure 4. Illustration of a HMGA protein structure with three ‘AT’-hooks which 
bind DNA, and an acidic domain at the C-terminal. 

HMGA2 expression and its regulation 
HMGA proteins are predominantly expressed during embryogenesis and 
hardly expressed in differentiated cells or normal adult tissues (82, 83). 
HMGA2 is also expressed in human embryonic stem cells (84). Overexpres-
sion of HMGA2 by amplification or translocation is associated with benign 
and malignant neoplasias (85).  

HMGA2 plays a role in cell proliferation, differentiation and self-renewal. 
It affects the cell cycle by activating the transcription of Cyclin A and Cyclin 
B2 (86, 87). HMGA2 relieves E2F1 repression by retinoblastoma protein 
(pRb) and causes cells to progress into the S phase of the cell cycle (88). The 
tumor suppressors p16INK4a and p19ARF, which cause cell cycle arrest, have 
been reported to be inhibited by HMGA2 (89). Hmga2 knockout mice dis-
played a pygmy phenotype with reduced birth weight, craniofacial defects 
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and the adults were 40% of the size of wildtype littermates (82). Hmga2-/- 
mice were shown to have lesser fat cells than wildtype mice due to defective 
adipocyte proliferation, implying a role for HMGA2 in adipogenesis (90). In 
contrast, transgenic mice overexpressing Hmga2 exhibit gigantism (91). 
Coincidently, HMGA2 has been identified in genome-wide association stu-
dies as a gene associated to human height stature (92). 

During the early stage of heart development, HMGA2 cooperates with 
Smad proteins to positively regulate the Nkx2.5 gene, which encodes a tran-
scription factor that regulates cardiomyocyte differentiation (93). HMGA2 
has been implicated in neuronal stem cell (NSC) development. Hmga2 tran-
scripts were found to be highly expressed in NSCs from fetal and young 
mice but its expression decreased with aging. While HMGA2 is not required 
for NSC lineage differentiation, it is required for maintenance of self-
renewal ability in young mice (89). Early-stage NSCs have higher potential 
for proliferation and self-renewal and this neurogenic potential decreases 
over the course of brain development. HMGA2 expression is important for 
neurogenic potential in early-stage NSCs and forced expression of HMGA2 
in late-stage NSCs can block astrocyte differentiation (94).  

HMGA2 was found as a TGFβ target in a transcriptomic screen; it is 
upregulated in a Smad-dependent manner and promotes induction of EMT 
(95). Wnt10b, which is involved in mammary gland development, regulates 
HMGA2 expression via the Wnt/β-catenin signaling pathway. HMGA2 le-
vels were diminished in embryonic mammary cells from Wnt10b knockout 
mice compared to the wildtype mice (96). HMGA2 is also regulated post-
transcriptionally by the let-7 miRNA family. Let-7 miRNA represses 
HMGA2 expression by targeting the 3’UTR of Hmga2 mRNA for degrada-
tion (97, 98). The reciprocal expression of let-7 and HMGA2 is also ob-
served during NSC development; let-7 expression pattern is low in fetal NSC 
but high in adult NSC (89). Similarly, the inverse Let-7 and HMGA2 rela-
tionship, that is regulated by Lin28b,  is also observed in fetal and adult he-
matopoietic stem cells (HSCs) (99). 

HMGA2 mode of action 
HMGA proteins do not have transcriptional activity per se. They bind and 
cause conformational changes to DNA by bending, straightening, and un-
winding mechanisms, and this facilitates the binding of TFs to DNA (Figure 
5). HMGA proteins interact with their protein partners which result in in-
creased or decreased binding affinities for DNA (80). HMGA2 binds directly 
to the Snail1 and Twist1 promoters, and possibly induces conformation 
changes for the basic transcriptional machinery to bind favorably and acti-
vate transcription (100, 101). On the other hand, HMGA2-induced DNA 
bending prevents transcriptional complexes from binding to the ERCC1 
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gene, and hence, inhibits the expression of ERCC1, which is involved in the 
DNA repair process (102). Additionally, HMGA proteins recognize and bind 
specific chromatin structures in a sequence-independent manner (103). They 
bind to nucleosomes (84, 103) and can also displace histone H1 proteins (94, 
104, 105), thereby affecting chromatin conformation (Figure 5a).  

HMGA proteins are involved in many protein-protein interactions (106). 
HMGA2 interacts with Smad proteins to activate transcription of Nkx2.5 and 
Snail1 genes (93, 100). The assembly of interferon-β enhanceosome by 
HMGA proteins is a good example of how HMGA binds and bends the 
DNA sharply so that TFs (ATF2, c-Jun, IRF and NF-κB) are brought into 
good proximity of each other for protein-protein interactions and transcrip-
tional initiation (Figure 5b) (107, 108).  

 
Figure 5. Modulation of DNA by HMGA proteins. (a) HMGA extends the chroma-
tin from a ‘closed’ to ‘open’ conformation. (b) HMGA bends DNA to allow tran-
scription factors to bind. HMGA proteins can also interact and affect binding affini-
ties of transcription factors for DNA. TF, transcription factor. 

As mentioned earlier, HMGA2 promotes cell cycle progression into the S 
phase by alleviating E2F1 activity. The pRb protein is an important regulator 
of the cell cycle, as it binds and inactivates E2F1 to prevent inappropriate 
cell division. HMGA2 binds to pRb without disrupting the pRb-E2F1 com-
plex but instead displaces HDAC from the pRb-E2F1 complex to enhance 
E2F1 transcriptional activity (88). Similarly, HMGA2 displaces HDAC from 
the hTERT promoter and interacts with Sp1 to drive hTERT expression 
(109). In addition to directly binding the Cyclin A promoter, HMGA2 also 
interferes with the binding of the repressor p120E4F to the promoter (86). 
Through these protein-DNA and protein-protein interactions, HMGA pro-
teins participate in a plethora of biological processes (106). 
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HMGA2 in cancers 
HMGA2 overexpression has been found in several cancers and is often asso-
ciated with poor prognosis and metastasis (85). Its role in gene regulation, 
i.e. cell cycle genes, further exemplifies its ability to promote cell prolifera-
tion and tumor growth. HMGA2 regulates Cyclin A and Cyclin B2 expres-
sion and knockdown of HMGA2 in breast cancer cells reduced proliferation 
rates (86, 87, 96). In a transgenic mouse model, HMGA2 induces pituitary 
adenomas by enhancing E2F1 activity (88). HMGA2 indirectly inhibits 
p16INK4a and p19ARF in NSCs, which cause cell cycle arrest (89). HMGA2 
also promotes neoplastic transformation of rat thyroid cells by activating 
JunB and Fra1 of the AP1 family of transcription factors (110). High expres-
sion of HMGA2 in stroma cells modulates the tumor microenvironment by 
stimulating paracrine Wnt signaling in neighboring prostate epithelia, thus 
promoting prostate adenoma formation (111).  

EMT reprograms epithelial cells to become mesenchymal-like with gain 
of invasive properties (29, 112). HMGA2 plays a central role in TGFβ-
induced EMT by regulating the expression of EMT-TFs, such as members of 
Snail, ZEB and Twist families (95, 100, 101). Furthermore, HMGA2 pro-
motes metastasis of breast cancer cells in mouse xenograft models (113, 
114).  

The tumorigenicity effects by HMGA2 can be suppressed by the let-7 
miRNA (97, 98). Downregulation of let-7 is often correlated with HMGA2 
overexpression, invasion and metastasis (115, 116). Forced expression of let-
7 reduced self-renewal ability and inhibited tumorigenesis in breast CSCs 
(115).  However, HMGA2 silencing in the same breast CSCs had no adverse 
effects on mammosphere formation but enhanced differentiation of CSCs 
(115). The striking similarities between the roles of HMGA2 in NSC and 
CSC, suggest that HMGA2 is not required to confer self-renewal properties, 
but instead, is crucial for the maintenance of self-renewing potential and the 
retention of cells in the undifferentiated state (89, 94, 115). 
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Epithelial-mesenchymal transition 

During morphogenesis, epithelial-mesenchymal transition (EMT) is vital for 
the formation of mesenchymal cells, tissues or organs. It is a highly dynamic 
process whereby polarized epithelial cells change their morphology into 
motile mesenchymal cells. EMT involves the disassembly of cell-cell adhe-
sion molecules, upregulation of mesenchymal proteins and remodeling of the 
cytoskeleton and ECM (Figure 6). The reverse process, mesenchymal-
epithelial transition (MET), occurs after cells migrate and home into new 
sites for tissue formation. An eminent EMT feature is the loss of E-cadherin, 
a cell-cell adhesion molecule that is important for the maintenance of epi-
thelial architecture. Concurrently, cells upregulate mesenchymal markers 
such as N-cadherin and vimentin to acquire migratory and invasive proper-
ties (29). 

 
Figure 6. Epithelial-mesenchymal transition (EMT). An epithelial cell undergoing 
EMT (outlined in red), dissolves cell-cell junctions and acquires mesenchymal prop-
erties for migration and invasion (mesenchymal cell in red). EMT-TFs (purple text) 
induce EMT by downregulating epithelial (green text) and upregulating mesen-
chymal genes (red text). 

E-cadherin is a transmembrane glycoprotein with a Ca2+-binding extracellu-
lar domain that forms homophilic interactions with adjacent cells. The intra-
cellular domain complexes with catenins, linking it to the actin cytoskeleton 
network and further strengthening adhesions with neighboring cells (117). 
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Downregulation of E-cadherin during EMT represents a determining step to 
destabilize the epithelial architecture by reducing cell-cell contacts and reor-
ganizing the cytoskeleton, so a single cell may readily break away from its 
neighbor. 

EMT in cancer progression can confer tumor cells with motility, survival, 
drug resistance and stem cell-like properties. Such EMT features provide 
advantages for invasion, dissemination and metastasis. These tumor cells 
dissociate from neighboring cells, invade the basement membrane and the 
walls of neighboring blood vessels into the blood stream where they have to 
survive and disseminate. Upon reaching the secondary site, they extravasate 
into the tissues and undergo MET to establish secondary metastases (29, 30). 

EMT in embryogenesis 
Gastrulation occurs to form the ectoderm, mesoderm and endoderm. Epi-
thelial cells undergo EMT in order to ingress the primitive streak and form 
the mesoderm (29). After gastrulation, neural crest cells between the neural 
plate and non-neural ectoderm, via the EMT program, delaminate from the 
neural epithelia. The newly formed mesenchymal cells can migrate over long 
distances to new tissue areas to differentiate into various cell types (118). 
Cardiac valve development in the chick involves TGFβ signaling during 
EMT. TGFβ2 is required to initiate EMT, but it is TGFβ3 that promotes 
invasion of endocardial cells into the cardiac cushion to establish the septa 
and valves (119). Moreover, TGFβ3 is required for EMT-formation of the 
palate in mice, as TGFβ knockout mice display a cleft palate phenotype 
(120). 

TGFβ induction of EMT 
EMT is promoted by many signaling pathways, e.g. TGFβ, Wnt, Notch, 
receptor tyrosine kinases (RTK) and integrins, that often crosstalk with each 
other to orchestrate elaborate gene programs and protein networks to remo-
del the cell architecture and function. These signaling pathways, including 
microenvironmental factors like hypoxia or inflammation, activate effector 
proteins such as MAPK, PI3K, NFκB, integrin-linked kinase (ILK), Src and 
Rho GTPases, to regulate EMT (121).  

TGFβ is a major inducer of EMT in embryogenesis and cancer progres-
sion (30). Transgenic mice with TGFβ1 overexpression in keratinocytes 
exposed to a chemical carcinogen led to higher incidences of developing 
spindle cell carcinomas, which were highly invasive and produced endogen-
ous TGFβ3. Control mice developed benign skin tumors when exposed to 
the same carcinogen. This suggests that TGFβ1 can drive EMT in vivo (122). 
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In vitro studies of EMT showed that TGFβ downregulates epithelial markers, 
like E-cadherin and cytokeratins, and upregulates mesenchymal markers, 
including N-cadherin, fibronectin, vimentin and α-smooth muscle actin (30). 
TGFβ mediates EMT through activation of Smad2 and Smad3 (123, 124).  
Furthermore, TGFβ regulates HMGA2 via the Smad pathway to elicit EMT 
(95). HMGA2, in turn, cooperates with Smads to upregulate TFs involved in 
inducing EMT, such as Snai1l and Twist1 (100, 101). Activated Smads can 
also interact with Snail1 to repress E-cadherin expression (125). Platelet-
derived growth factor (PDGF) ligands and receptors are induced by TGFβ to 
promote EMT, invasion and metastasis in hepatocellular carcinoma (126). In 
addition, TGFβ integrates with the Notch signaling pathway by inducing 
Notch ligand Jagged1 and target gene Hey1 in a Smad3-dependent manner, 
at the onset of EMT (127). TGFβ also represses the inhibitor of differentia-
tion proteins, Id2 and Id3, during EMT (95). Id proteins antagonize basic 
helix-loop-helix (bHLH) proteins, such as Twist1 which is a TF that induces 
EMT. Id2 and Id3 are also direct gene targets of BMP7 signaling pathway, 
which could explain how BMP7 can inhibit TGFβ-induced EMT and cause 
MET (128).  

TGFβ plays a role to disrupt cell polarity during EMT. TβRI is found in 
complex with Par6 and occludin at epithelial tight junctions. Phosphoryla-
tion of Par6 by TβRII leads to RhoA degradation and dissolution of tight 
junctions in a TGFβ-dependent manner (67). In addition, TGFβ negatively 
regulates RhoA through another mechanism by inducing miR-155 expres-
sion to disrupt tight junction assembly (129). Par3, which is part of the 
Par6/aPKC complex that maintains epithelial apico-basal polarity, was 
shown to be downregulated by TGFβ in kidney epithelial cells (130).  

RhoA activation by TGFβ is required for stress fiber formation during 
EMT (66). Recently, mTORC2 was shown to be activated by TGFβ to in-
duce EMT and contribute to cell migration and invasion. The  mTORC2 is 
also required for TGFβ-activation of RhoA (69). The disparity between 
RhoA activation (66) and degradation (67) during TGFβ-induced EMT re-
mains unclear. Although TGFβ activates mTORC1 as well, this does not 
trigger EMT but instead leads to increase in cell size and enhances invasion 
(68).  The mechanisms of TGFβ signaling that drive EMT, whether through 
Smad or in coordination with other pathways, are diverse and not yet fully 
understood. 

Transcriptional inducers of EMT 
The signaling pathways that trigger EMT often cascade down to a common 
plane, that is, regulation of transcription factors which induce the EMT pro-
gram. These EMT-inducing transcription factors (EMT-TF) coordinately 
exert transcriptional control over EMT by regulating epithelial and mesen-
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chymal genes (112). The most heavily studied EMT-TFs are members of the 
Snail, ZEB and Twist families, which converge to repress the expression of 
prototype epithelial marker, E-cadherin.  

Snail1 (Snail) and Snail2 (Slug) are zinc finger TFs, composed of a highly 
conserved C-terminal region which contains four to six C2H2-type zinc fin-
gers and a more divergent N-terminal region. The zinc fingers bind to DNA 
by recognizing E-box elements with the consensus CANNTG. The N-
terminal contains a SNAG domain that mediates repressor function. Snail1 
mutants in mice are embryonic lethal because they are unable to complete 
gastrulation (131). Snail1 binds directly to E-boxes of the E-cadherin pro-
moter and recruits the transcriptional corepressor Sin3A and HDAC1/2 
complexes (132). Snail2, ZEB1 and ZEB2 use similar mechanisms to repress 
the E-cadherin gene, whereas Twist1 uses an indirect mechanism (133).  

The ZEB family consists of ZEB1 (δEF1) and ZEB2 (SIP1). They have 
two zinc finger clusters at each end, a middle homeodomain that does not 
bind DNA, a Smad binding domain and a CtBP interaction domain. ZEB1- 
or ZEB2-knockouts in mice are not viable, which indicate that the two ZEBs 
are not able to compensate for each other’s function despite being structural-
ly similar (134). In addition to repressing E-cadherin, ZEB2 represses other 
epithelial molecules: tight junction, adherens junction, desmosome and gap 
junction genes to promote invasion (135, 136). ZEB1 represses the Lgl2 
gene, a component of the SCRIB basolateral polarity complex, and its loss is 
associated with metastasis (137). 

Twist1 belongs to the bHLH family of transcription factors. Its structure 
contains a basic region and a helix-loop-helix domain for dimerization. 
Twist1-deficient mice die shortly after gastrulation due to defects in neural 
tube closure and malformation of the cranium and limbs (138). Twist1 does 
not repress the E-cadherin promoter directly but cooperates with other TFs 
or repressors, such as Snail2 (139), Bmi (140) and SET8 (KDM5A) (141). 
Twist1 positively regulates the expression of N-cadherin and Akt2 genes, 
promoting migration and invasion (142, 143). The requirement of Twist1 for 
invasion and lung metastasis has been shown by knocking down Twist1 in a 
mouse mammary tumor model. Silencing of Twist1 had no effect on forma-
tion of primary tumors compared with control mice, but lung metastases 
were drastically reduced (144). Twist1 upregulates PDGF receptor α 
(PDGFRα), which participates in invadopodia formation that facilitates me-
tastasis. High expression of Twist1 and PDGFRα correlated with poor sur-
vival outcome (145). 

EMT-TFs could positively regulate and cooperate with each other. Snail1 
and Twist1 co-regulate Snail2 and ZEBs (101, 146). Several studies have 
suggested an interplay of EMT-TFs during tumor progression. Snail1 is 
upregulated at the onset of EMT and leads to the initiation of the invasive 
process, whereas the other EMT-TFs are subsequently induced to promote 
and maintain the migratory and invasive phenotype (133).  
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Epigenetic regulation in EMT 
EMT-TFs drive many extensive and distinct gene programs during EMT: 
gene programs to downregulate epithelial genes, upregulate mesenchymal 
genes, induce anti-apoptotic genes, enrich for CSCs, etc. Such reprogram-
ming events involve epigenetic rewiring for the alteration of the chromatin 
landscape to impose transcriptional changes. Genome-wide histone modifi-
cation changes during TGFβ-induced EMT were observed in mouse hepato-
cytes, whereby H3K9me2 (repressive mark) was reduced and H3K4me3 
(active mark) was increased within the large, organized heterochromatin K9 
modifications (LOCK) regions, while DNA methylation remained unaf-
fected (147). Similarly, mouse mammary cells undergoing EMT exhibit a 
genome-wide redistribution of H3K27me3 repressive marks, which is me-
diated by histone methyltransferase EZH2. EZH2 was shown to be regulated 
by another TF, Sox4, and knockdown of EZH2 affected EMT and reduced 
metastasis in mouse models (148) 

However, de novo DNA methylation of several promoters, including E-
cadherin, were found to occur in immortalized human mammary epithelial 
cells undergoing EMT (149). Furthermore, E-cadherin repression during 
EMT in breast cancer cell lines were associated to promoter hypermethyla-
tion, rather than mutations (150). TGFβ/Smad signaling is required to main-
tain DNA methylation patterns of epithelial genes as knockdown of Smad2 
reverted the methylated status and blocked EMT (151). 

EMT-TFs themselves interact with many epigenetic regulators and some 
examples have been mentioned in the previous section. Snail1 forms a com-
plex with LSD1 to demethylate H3K4me3 and thereby removes the chroma-
tin ‘active’ status (152). Snail1 recruits histone modifying enzymes to induce 
a repressive state at the E-cadherin gene, e.g. HDAC complexes (132). G9a 
and SUV39H1, which di- and tri-methylate H3K9, respectively, were shown 
to be required for Snail-mediated repression of E-cadherin (153, 154). In 
addition, Snail1 forms a complex between G9a and DNMT1 to modulate 
DNA methylation of E-cadherin promoter (153).  

The EMT program is also regulated by miRNA networks that target 
EMT-TFs, as well as epithelial and mesenchymal markers (155). The miR-
200 family (miR-200a/b/c, miR-141 and miR-429) and miR-205, which 
negatively regulates ZEB1 and ZEB2, are downregulated during TGFβ-
induced EMT. Forced expression of miR-200s in mesenchymal cells led to 
high E-cadherin levels and MET (156, 157). In a feedback loop, ZEB1 binds 
and represses the promoters of miR-200c and miR-141 to reinforce EMT 
(158). Snail1 and miR-34 are another example of a double feedback loop: 
Snail1 is repressed by miR-34 and vice versa (159). Twist1 can induce tran-
scription of miR-10b which inhibits tumor suppressor HoxD10, and as a 
result, small GTPase RhoC is no longer sequestered by HoxD10 and able to 
promote metastasis (160). 
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Attributes of EMT 
EMT contributes to tumor progression by facilitating invasion, intravasation 
and metastasis. Epithelial cells that have undergone EMT detach from the 
epithelium and acquire properties associated with cell survival, i.e. resistance 
to apoptosis, anoikis, senescence, chemotherapeutics and immune surveil-
lance; and gain of stem cell-like features (29). 

Snail1 decreases cell proliferation to favor invasion over growth and also 
promotes cell survival (161). ZEB1 and Twist1 abrogate oncogene-induced 
premature senescence (162, 163). Twist1 also inhibits apoptosis by downre-
gulating the ARF-p53 pathway, as well as confers resistance to chemothera-
peutic agents (138).  

CSCs are a small subset of cells found within the heterogeneities of tu-
mors, which have self-renewing ability and are highly tumorigenic (72). 
Ectopic expression of Snail1 or Twist1 in human mammary epithelial cells 
caused cells to undergo EMT and acquire CSC characteristics, which are 
defined by the expression of CD44high/CD24low surface markers and in-
creased ability to generate mammospheres (70, 71). In addition, Twist1 can 
induce the transcription of Bmi, which promotes stem cell self-renewal 
(140). 
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Present Investigation 

TGFβ is a potent inducer of EMT and Thuault et al. have shown for the first 
time that HMGA2 is required in this process (95). Our aim was to delve into 
the molecular mechanisms by which HMGA2 elicits EMT. 

Paper I: HMGA2 and Smads co-regulate Snail1 
HMGA2 and Smads co-regulate Snail1 expression during induction of epi-
thelial-to-mesenchymal transition. 
 
TGFβ  is a major  inducer of EMT and  requires HMGA2  to drive the EMT 
process (95). TGFβ/Smad signaling activates the transcription of the Hmga2 
gene which subsequently leads to the induction of other EMT-TFs, such as 
members of the Snail, ZEB and Twist families, to regulate EMT.  

Here, we showed that Snail1 is robustly upregulated in response to TGFβ, 
and HMGA2 is required for full induction of Snail1 expression. We then 
analyzed the regulation of Snai1l gene expression by TGFβ and HMGA2 
and found that heteromeric Smad3/Smad4 and HMGA2 can synergistically 
activate the Snail1 promoter. In-depth analysis of the Snail1 promoter dem-
onstrated that HMGA2 and Smads bind to the proximal region on their own 
and their binding to the promoter is enhanced when both factors are present. 
Furthermore, HMGA2 can interact with Smad2, Smad3 and Smad4, which 
explains the cooperation between HMGA2 and Smads in regulating Snail1 
expression.  

We also found that Snail1 acts as a major effector downstream of 
HMGA2 for the induction of EMT, as Snail1 depletion partially reversed the 
mesenchymal phenotype associated with ectopic HMGA2 expression. In 
addition, we found that the effects of Snail1 depletion are extended to the 
concomitant decreased expression of other specific E-cadherin repressors 
like Snail2, ZEB1 and ZEB2. This suggests that TGFβ signaling induces and 
uses HMGA2 as an integrator to coordinate a hierarchical network of tran-
scription factors to orchestrate the EMT program. 
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Paper II: HMGA2 regulates Twist1 during EMT 
Regulation of transcription factor Twist expression by the DNA architectural 
protein high mobility group A2 during epithelial-to-mesenchymal transition. 
 
In Paper I, we have shown that ectopic expression of HMGA2 in NMuMG 
epithelial cells leads to a constitutive EMT phenotype with high mRNA ex-
pression levels of Snail1, Snail2, ZEB1, ZEB2 and Twist1. Knockdown of 
Snail1 in HMGA2-overexpressing mesenchymal cells led to an incomplete 
epithelial morphology, with a concomitant decrease in the levels of Snail2, 
ZEB1 and ZEB2. However, Twist1 levels remained unaffected which proba-
bly explains the partial epithelial reversion (100).  

We were interested to know if depletion of both Snail1 and Twist1 could 
reverse HMGA2-mesenchymal cells back to an epithelial phenotype. RNAi 
experiments of Snail1 and Twist1 double-knockdowns in HMGA2-
mesenchymal cells had an epithelial-like morphology as re-organization of 
the epithelial marker ZO-1 at the tight junctions was more distinctive, com-
pared to knockdown of Snail1 alone in the same mesenchymal cells. Despite 
Snail1 and Twist1 being depleted, E-cadherin continued to be suppressed by 
HMGA2 via unknown mechanisms.  

As HMGA2 induces Twist1 expression, we examined if HMGA2 can ac-
tivate the Twist1 promoter. Indeed, HMGA2 directly bound and robustly 
activated the Twist1 promoter. Mapping studies of the Twist1 promoter 
showed HMGA2 binding near the transcription start site which contains a 
short T-rich motif. Mutations in this T-rich motif abolished the binding of 
HMGA2. In summary, HMGA2 can induce multiple transcriptional regula-
tors of the EMT program and acts as a master integrator of mesenchymal 
differentiation. 

Paper III: HMGA2 epigenetic regulation of E-cadherin 
The high mobility group A2 protein epigenetically silences the Cdh1 gene 
during epithelial-to-mesenchymal transition. 
 
The loss of the tumor suppressor E-cadherin (Cdh1) is a key event during 
tumorigenesis and EMT (29, 112). We showed in Paper II that knockdown 
of both Snail1 and Twist1 in HMGA2-overexpressing mesenchymal cells led 
to reassembly of the tight junctions, but E-cadherin continued to be re-
pressed (101).  

We hypothesized that HMGA2, as a chromatin-binding protein, has a role 
in epigenetically silencing the Cdh1 gene. We found that, in HMGA2-
overexpressing cells, the Cdh1 promoter was DNA-methylated and con-
tained repressive histone modification marks, e.g. tri-methylation of lysine 9 
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and 27 residues on histone H3. Chromatin immunoprecipitation (ChIP) ana-
lyses showed that both HMGA2 and DNMT3A, a DNA-methylating en-
zyme, occupied the proximal region of the Cdh1 promoter. Treatment of 
HMGA2-overexpressing cells with a DNA demethylating drug, 5-aza-2’-
deoxycytidine (AZA), restored the expression of E-cadherin by blocking the 
binding of HMGA2 and DNMT3A to its promoter.  

Using an online gene expression analysis tool, we found an inverse corre-
lation between HMGA2 and E-cadherin expression in breast cancer cells. 
Migration and invasion rates were greatly reduced when HMGA2 was 
knocked down in the invasive, MDA-MB-231 breast cancer cells.  Here, we 
described a new epigenetic role for HMGA2 in the long-term silencing of 
the E-cadherin gene, as part of the EMT program and consequently facilitat-
ing migration and invasion.  
  



 36 

Concluding remarks 

EMT is a complex process involving multiple gene expression programs that 
advocate tumor progression, invasion and metastasis. Many growth factors, 
TGFβ in particular, and the microenvironment promote EMT by transcrip-
tionally and epigenetically regulating the epithelial and mesenchymal genes 
involved. There is an abundance of literature characterizing EMT-TFs in 
orchestrating EMT, and in recent years, there has been a shift in focus to-
wards the epigenetic control of EMT. This is unsurprising as gene regulation 
by TFs and epigenetic modifiers are tightly inter-linked, after all, TFs are 
dependent on the chromatin milieu to be able to access and bind DNA (5).  

The non-histone chromatin protein HMGA2 is the heavy weight of this 
thesis - the regulation of EMT-TFs (Paper I and II) and alteration of the 
chromatin landscape for long-term suppression of the E-cadherin gene (Pa-
per III) to promote EMT. HMGA2 regulates a hierarchical network of EMT-
TFs, namely Snail1, Snail2, ZEB1, ZEB2 and Twist1. Knockdown of Snail1 
and/or Twist1 in HMGA2-overexpressing cells was insufficient to fully re-
vert to MET as E-cadherin remained repressed. One reason is that HMGA2 
was still highly expressed and may regulate another EMT-TF as a compensa-
tory mechanism. Secondly, the knockdown efficiency was not 100%. On the 
other hand, how desirable is it to achieve a ‘MET’ state? There has been 
growing evidence that MET promotes metastatic colonization and formation 
of secondary tumors (164). 

EMT-TFs like Snail1 and Twist1 endow tumor cells with self-renewal 
properties, thereby giving rise to CSCs (70, 71). Snail1 and Twist1 are regu-
lated by HMGA2 (Paper I and II), and HMGA2 is required for the self-
renewal potential in fetal NSC and HSC (89, 94, 99). Overexpression of  the 
HMGA2 antagonist, let-7 miRNA, reduced self-renewal ability  in NSC and 
CSC; while downregulation of let-7 stabilized HMGA2 expression and en-
hanced self-renewal ability (89, 115). Recently, this self-renewal ability of 
CSC, NSC or HSC, points to a central role of Lin28, which inhibits let-7 
miRNA and de-represses HMGA2, creating a Lin28/let-7/HMGA2 axis (12, 
94, 99, 115). Thus, whether HMGA2 is able to generate CSCs, directly or 
through EMT-TFs, remains to be elucidated.   

Overexpression of HMGA2 in NMuMG epithelial cells led to increased 
migration and invasion rates; while knockdown of endogenous HMGA2 in 
metastatic MDA-MB-231 breast cancer cells blocked migration and inva-
sion. E-cadherin is a well-known suppressor of invasion (117) and its ex-
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pression is often inversely correlated with HMGA2 (113, 114), which is also 
reflected in our studies here. This suggests that HMGA2 is involved in mi-
gration and invasion, which explains the metastatic ability of HMGA2 in 
breast cancer cells (113, 114). 

In Paper III, we showed that HMGA2 has an epigenetic role in the long-
term silencing of the E-cadherin gene and this involves DNMT3A which is 
upregulated by HMGA2. We have yet to elucidate how DNMT3A is re-
cruited, and if DNMT1 and DNMT3B contribute to the hypermethylation of 
the E-cadherin promoter. CTCF is a chromatin insulator protein that partici-
pates in many DNA processes and is unable to bind methylated DNA re-
gions (9). Witcher and Emerson have shown that CTCF creates protective 
boundaries around tumor suppressor genes, including E-cadherin. The loss 
of these boundaries is associated with the repression of tumor suppressor 
genes in cancer cells. (165). We showed that high HMGA2 expression deters 
CTCF binding to the E-cadherin promoter by unknown mechanism, and 
disrupts this protective boundary. Does HMGA2 modulate the chromatin 
architecture such that CTCF is unable to bind and DNA methylation by 
DNMT ensues, or does HMGA2 recruit the epigenetic machinery to first 
silence the gene and the resultant structure is unfavorable for CTCF binding? 
This chicken-and-egg question on what happens first, is difficult to resolve. 
It would be interesting to know if HMGA2 epigenetically regulates other 
epithelial genes, e.g. tight junction genes, in a similar fashion.  

Recently, it has been shown that HMGA2 regulates another epigenetic 
factor during breast cancer tumorigenesis. HMGA2 downregulates TET1, a 
methylcytosine dioxygenase which catalyzes the demethylation of DNA. 
Depletion of HMGA2 led to TET1 upregulation and TET1 demethylates its 
target genes as well its own promoter for further robust induction to suppress 
tumor growth and metastasis (113). This suggests a link between HMGA2 
and DNA methylation events, i.e. HMGA2 could induce DNMT3A and re-
press TET1 to prevent demethylation.  

It would be interesting to know which other EMT-TF or epigenetic-
regulator genes are under the regulation of HMGA2. Transcriptomic micro-
arrays have been performed to identify HMGA2 target genes in colon and 
gastric cancer cells (166, 167). However, this does not provide information 
on chromatin regulation. A ChIP-sequencing profile would provide a better 
understanding of genome-wide regulation of genes and chromatin by 
HMGA2. Such a data set can be used in compar-
ative analyses with other epigenetic marks, such 
as histone modifications, DNMTs and CTCF 
binding patterns, and nucleosome positioning, 
some of which are already annotated in the EN-
CODE repository. 
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