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Abstract
The transforming growth factor (TGF) β signaling 
pathway is involved in many cellular processes 
including proliferation, differentiation, adhesion, 
motility and apoptosis. The loss of TGFβ signaling 
occurs early in carcinogenesis and its loss 
contributes to tumor progression. The loss of 
TGFβ responsiveness frequently occurs at the 
level of the TGFβ type II receptor (TGFβRII) which 
has been identified as a tumor suppressor gene 
(TSG). In keeping with its TSG role, the loss of 
TGFβRII expression is frequently associated with 
high tumor grade and poor patient prognosis. 
Reintroduction of TGFβRII into tumor cell lines 
results in growth suppression. Mutational loss of 
TGFβRII has been characterized, particularly in a 
subset of colon cancers with DNA repair enzyme 
defects. However, the most frequent cause of 
TGFβRII silencing is through epigenetic 
mechanisms. Therefore, re-expression of TGFβRII 
by use of epigenetic therapies represents a 
potential therapeutic approach to utilizing the 
growth suppressive effects of the TGFβ signaling 
pathway. However, the restoration of TGFβ 
signaling in cancer treatment is challenging 
because in late stage disease, TGFβ is a pro-
metastatic factor. This effect is associated with 
increased expression of the TGFβ ligand. In this 
Review, we discuss the mechanisms associated 
with TGFβRII silencing in cancer and the potential 
usefulness of histone deacetylase (HDAC) 
inhibitors in reversing this effect. The use of HDAC 
inhibitors may provide a unique opportunity to 
restore TGFβRII expression in tumors as their 
pleiotropic effects antagonize many of the cellular  
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Introduction 
 The transforming growth factor (TGF) β 
signaling pathway is involved in many cellular 
processes including proliferation, differentiation, 
adhesion, motility and apoptosis (1). These functions 
are frequently disrupted in malignant cells and the 
TGFβ type II receptor (TGFβRII) was subsequently 
demonstrated to be a tumor suppressor gene (TSG). 
The TGFβ signaling pathway mediates potent 
growth inhibition in normal cells and in line with its 
role as a TSG, cancer cells use both genetic and 
epigenetic mechanisms to inactivate TGFβRII. 
However, the relationship between the TGFβ 
signaling pathway and cancer progression is 
complex. The abrogation of TGFβ signaling provides 
a growth advantage to early stage malignant tumors 
but TGFβ assumes a pro-metastatic role in 
progressed tumors (2-4). Therefore, the loss of 
TGFβRII is associated with poor clinical outcome 
and is a predictor of poor prognosis in early stage 
breast cancer but over expression of the TGFβ ligand 
is associated with the metastatic phenotype in many 
tumors (5, 6). This dual nature of TGFβ presents a 
challenge with respect to restoring TGFβ signaling 
to take advantage of the growth suppressive effects. 
In this review, we will outline the epigenetic 
mechanisms involved in TGFβRII silencing and 
discuss whether epigenetic therapy with histone 
deacetylase (HDAC) inhibitors presents a unique 
opportunity to restore TGFβ signaling by restoring 
low levels of TGFβRII expression while minimizing  
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Figure 1.  Schematic of the TGFβ signaling pathway. (RI-TGFβRI; RII-TGFβRII).  
 
the adverse effects associated with over expression 
of the TGFβ ligand.  
 
Overview of TGFβ signaling 
 In the mammalian system, TGFβ’s are classified 
as TGFβ1, TGFβ2, and TGFβ3 which are encoded by 
different genes but they all function through the 
same receptor signaling system (1). TGFβ is secreted 
as a latent complex bound to other extracellular 
proteins like latent TGFβ binding proteins that 
tether the TGFβ in the extracellular matrix (7). 
TGFβ binds to TGFβRIII at the cell surface which 
presents the ligand to the TGFβRII receptors. The 
intracellular signaling is initiated upon the selective 
binding of the active cytokine to the TGFβRII 
homodimer which has constitutively active Ser/Thr 
kinase activity (Fig. 1). Upon TGFβ binding, 
TGFβRII forms a heterotetramer with TGFβRI 
comprising of two identical TGFβRI/TGFβRII 
receptor heterodimers bound to dimeric TGFβ.  Once 
the receptor complex is formed, TGFβRII 
transphosphorylates and activates the TGFβRI 

Ser/Thr kinase. Activation of TGFβRI propagates 
downstream signaling via the Smad family of 
proteins (8-10). The TGFβRI receptor directly 
interacts with and phosphorylates Smad 2 and 
Smad 3 (also termed as receptor activated Smads or 
R-Smads). These Smads bind to Smad 4 (also termed 
Co-Smad) which results in the translocation of this 
complex to the nucleus where the Smads regulate 
TGFβ-responsive gene expression (10-12).  
 
Cancer Epigenetics 
 The field of epigenetics in cancer research 
developed in 1983 from the finding of altered DNA 
methylation in cancer cells compared to normal 
tissue (11). Cancer cells show regions of global 
genome hypomethylation with specific promoters 
showing local hypermethylation. Unlike mutational 
alterations in gene activation, epigenetic changes 
affect gene expression (and so phenotype) without 
altering the DNA sequence (genotype). DNA 
hypomethylation is associated with gene (potentially 
oncogene) activation while DNA hypermethylation is 
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associated with gene silencing as in X-chromosome 
inactivation and in cancer cells, leads to the 
silencing of many TSG’s. The genome contains many 
CpG dinucleotides and methylation is associated 
with the 5’ carbon on cytosines adjacent and 
upstream of a guanosine (12, 13). This CpG 
methylation frequently occurs in the 5’ regulatory 
region of genes where it interferes with transcription 
factor binding.  

 As well as DNA methylation induced changes in 
gene transcription, the status of gene expression is 
also influenced by alterations in post translational 
modifications of histones (14).  These modifications 
include acetylation, methylation, phosphorylation, 
sumoylation and ubiquination but acetylation and 
methylation are the most documented modifications 
with respect to the status of gene transcription.  
Aberrant patterns of histone methylation or 
acetylation/deacelylation contribute to TSG silencing 
in cancer. 

Chromatin is packaged into nucleosomes which 
consist of 147 base pairs of DNA wound around a 
core histone octamer consisting of two copies each of 
histone (H) 2A, H2B, H3 and H4 (15).  These units 
are stabilized by a linker H1 histone.   Initially, the 
nucleosomes were thought to represent a stable 
scaffold on which gene transcription occurred.  
However, it is now known that chromatin is a 
dynamic structure. Nucleosomes can be repositioned 
and the tightness of the DNA winding around the 
core histone octamer can be varied making the 
associated gene promoters more or less accessible to 
the transcription machinery. 

The alterations in chromatin structure affecting 
gene promoter accessibility are mediated by post-
translational modifications of histones, most of 
which occur on lysines in the N-terminal tails which 
protrude through the DNA helix wrapped around 
the globular cores of the histones (Fig. 2). These 
histone modifications can affect gene transcription 
in two ways.  Firstly, modifications can affect the 
interaction between the DNA and histones to open 
up the nucleosome structure making associated 
genes more accessible to the transcription 
machinery. Acetylation of lysines by histone 
acetyltransferases (HAT’s) in the N-terminal tail of 
histones neutralizes the positive charge decreasing 
the electrostatic attraction for the negative DNA. 
Histone deacetylases (HDAC’s) remove the acetyl 
groups resulting in compaction of the structure. 
However, other modifications, such as methylation, 
do not affect ionic interactions but still influence 
gene transcription. These methyl groups provide 

platforms for specific methyl binding proteins.  This 
led Strahl and Allis in 2000 to propose that histone 
modifications formed a “histone code” (16).  They 
proposed that these modifications acted in 
combinational or sequential fashion on one or more 
histone tails to specify unique downstream functions. 
Allis and co-workers subsequently proposed a 
“binary switch model” in which it was proposed that 
binding of effector molecules is not just a function of 
recognition of their specific histone marks but is also 
affected by modifications on adjacent residues (17, 
18). 

The excitement generated by the study of 
epigenetics and cancer stems from the reversible 
nature of these epigenetic modifications. The 
identification of histone modifications associated 
with TSG silencing has important implications for 
cancer therapy. Both DNA demethylating and 
HDAC inhibitors have been developed. The use of 
these small molecule enzyme inhibitors, while 
challenging in terms of specificity, are proving more 
amenable to patient therapy than gene replacement 
therapy approaches.  
 
Histone Modifications 
 Histone hyperacetylation is associated with 
active transcription whereas hypoacetylation is 
associated with gene repression (19, 20).  The 
acetylation status is determined by the antagonistic 
HAT’s and HDAC’s.  The acetyl group is added to 
the έ-amino of lysines on histones 3 and 4. Some of 
these same histone tails are substrates for 
methylation. Unlike acetylation, histone 
methylation can be associated with both gene 
activation and silencing (21-24). Histone 
methylation also occurs on histones 3 and 4, and six 
lysine targets have been identified. The H3-K9 
methylation (H3K9me) is associated with 
heterochromatin regions (25, 26).  This K9 
methylation is catalyzed by the histone 
methyltransferase (hMTase) SUV39H1 which 
preferentially trimethylates lysine 9. This enzyme 
also recruits HP1 to the silenced gene promoter.  
Methylation of H4K20 is also characteristic of 
heterochromatic regions (27). It was subsequently 
shown that H3K9 methylation is involved in 
euchromatic gene silencing (28).  However, the 
major H3K9 hMTase in euchromatin is G9a which 
preferentially mono- and di-methylates H3K9 in a 
processive manner (29, 30). The G9a protein 
contains the methyltransferase catalytic region 
(SET domain) and six contiguous ankyrin repeats 
which are involved in protein-protein interactions  
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Figure 2.  A model of chromatin depicting the epigenetic modifications associated with transcriptionally active and inactive chromatin. A. Inactive 
chromatin is associated with H3K9 and H3K7 methylation. The polycomb repressor methyl binding protein (PcMBP) binds the methyl group 
associated with H3K27 and HP1 binds the H3K9 methyl group. HDAC’s are associated with the repressed chromatin which is tightly associated 
with the histones. B.  The transcriptionally active chromatin is associated with acetylated H3 and H4 and H3K4 methylation. HAT’s associate 
with the active, open chromatin. 
 
(31). There are two isoforms of G9a, a long and short 
form. The latter is a splice variant which lacks exon 
10 (32). This short form contains the 
methyltransferase region and the ankyrin repeats.  
It is not known whether the long and short isoforms 
have identical function within the cell. 

One known interaction partner of G9a is the 
G9a-like protein known as euHMTase1 (33, 34).  
This HMTase forms heteromeric complexes with 
G9a, and like G9a, methylates H3K9.  However, in 
mouse embryo stem cells, knockout of G9a alone is 
sufficient to reduce H3K9 mono- and di-methylation.  
The complex formation with euHMTase 1 may 
function to stabilize the G9a protein, as the level of 
G9a was significantly decreased in euhMTase 1 
knockout mouse stem cells. Unlike SUV39H1, G9a 

cannot itself bind and recruit HP1, but 
trimethylation by SUVH391 again recruits HP1 to 
euchromatically silenced genes. The H3K27 
methylation is also associated with gene silencing 
and is catalyzed by the hMTase EZH2 which is part 
of the polycomb repressive complex and the methyl 
group recruits polycomb methyl binding proteins 
(35). 

While H3K9 methylation is a major histone 
mark associated with silenced genes, H3K4 di-and 
tri-methylation are major histone methylation 
marks associated with transcriptionally active genes 
(24).  The hMTase SET7 is responsible for both di- 
and tri-methylation of H3K4 and associates with the 
actively transcribing RNA polymerase II (36).  
Significantly, in Saccharomyces cerevisiae, 
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methylated H3K4 interacts with the mediator 
complexes which in mammals and yeast contain 
HAT’s (35, 37). The discovery of demethylase 
enzymes lagged behind their couterparts. Until their 
discovery, histone replacement within the 
nucleosome was thought to mediate the changes in 
histone modifications associated with gene 
transcription status. However specific demethylases 
have now been identified (reviewed in 38). 

As implied in the binary switch mechanism, the 
silencing post-translational modifications are not 
totally independent of each other. For example, 
H3K9 methylation decreases p300 HAT activity 
without disrupting its association with chromatin 
(28). Methylation repressor complexes recruit 
HDAC’s (35). These effects presumably serve to 
reinforce the silencing mechanism. These findings 
also illustrate the extreme plasticity of epigenetic 
silencing mechanisms which lends them to 
therapeutic manipulation.  
 
Epigenetic Drugs and Reactivation of TSG 
Expression 

The extensive changes in DNA methylation and 
histone modifications involved in silencing of TSG’s 
led to studies on the effects of epigenetic drugs on 
TSG expression. Early studies focused on decitabine 
(5-azacytidine; 5-Aza-C) a DNA demethylating agent 
and one of the first HDAC inhibitors discovered, 
trichostatin A (TSA). The DNA demethylating 
inhibitor 5-Aza-C was found to inhibit DNA 
methylases at high concentrations but to inhibit 
hMTase’s at lower concentrations and so not only 
affect CpG methylation but also the post-
translational modifications of histones. Treatment 
with the DNA methyltransferase (DNMT) inhibitor 
reverses H3K9 methylation (39).  The re-expression 
of the TSG’s desmocollin and MAPSIN by 5-Aza-C is 
associated with both reduced H3K9 methylation and 
reduced expression of the hMTase G9a in breast 
tumor cells (40). In head and neck squamous 
carcinoma cell line Tu159 which does not express 
cyclin dependent kinase inhibitor p16 (CDKN2A), 
the promoter DNA is methylated and shows high 
association with the H3K9 methylation mark (41). 
Consequently, p16 expression is repressed in this 
cell line and induced by 5-Aza-C.  In contrast, the 
HDAC inhibitor TSA did not induce expression. 
However, studies on the histone modifications 
showed that TSA did induce H3 acetylation and 
decreased the extent of H3K9 methylation 
associated with the p16 promoter. The decreased 
H3K9me was not due to TSA mediated repression of 

the expression of G9a or SUV39H1. Rather, the 
hMTases possess chromodomains which recognize 
and bind to H3K9. The DNMT’s also interact with 
HDAC 1 and 2 and so inhibition of the HDAC’s may 
affect the activity and/or interaction of these 
enzymes.  

Some of the new generation HDAC inhibitors 
(based on TSA structure/activity) possess the ability 
to affect DNA methylation by disrupting DNMT 
interaction with the chromatin (42, 43). Desipeptide 
was able to activate expression of the TSG’s p16, 
SALL3 and GATA4 in lung, colon and pancreatic 
cancer cell lines. The activation was associated with 
decreased G9a and SUV39H1 expression and 
decreased H3K9 methylation associated with the 
genes’ promoters. Apicidin was also able to activate 
expression of these TSG’s while TSA was not. 
Therefore, epigenetically silenced TSG’s can be 
reactivated by epigenetic drugs including HDAC 
inhibitors.  Pertinent to this finding is the 
observation that epigenetic drugs do not activate 
epigenetically silenced promoters to a fully 
euchromatic state (44). The re activated promoters 
retain some of the transcriptional repressive marks, 
again pointing to the plasticity of epigenetic 
mechanisms. 
 
Genetic Silencing of TGβRII in Cancer 

As discussed in the Introduction, the TGFβ 
signaling pathway, in keeping with its tumor 
suppressive function in early stage carcinogenesis, is 
inactivated in many tumor types. The loss of 
negative growth regulation by TGFβ affords tumor 
cells a selective growth advantage associated with 
increased resistance to apoptosis in response to 
growth factor deprivation and hypoxic stress 
resulting in increased tumorigenicity. Frequently, 
inhibition of TGFβ signaling occurs by abrogation of 
TGFβRII or TGFβRI function emphasizing their 
tumor suppressor role (45-50). Mutations of Smad 4 
are also common events contributing to loss of TGFβ 
signaling in cancer progression but the main focus of 
this review is on TGFβRII receptor silencing. 

The mechanism of silencing of TGFβ receptors 
covers the spectrum of genetic and epigenetic 
changes (reviewed in 51). The mutations in the 
TGFβ receptors occur independently of each other 
and do not directly affect the functioning of the other 
receptors. The first genetic mutation of TGFβRII 
was described in two gastric cancer cell lines. These 
cell lines contained TGFβRII mRNA truncated at 
exons 2 and 3, respectively.  The exon 2 mutant 
lacks most of the receptor including the TGFβ 
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binding region. The exon 3 truncation contains the 
TGFβ binding domain but lacking the c-terminus 
including the Ser/Thr kinase.  This protein is 
potentially a dominant negative receptor (52). 

The most common mutational loss of TGFβRII 
occurs in a subset of human colon carcinomas 
termed hereditary non-polyposis colon cancer 
(HNPCC; 53-57).  These tumors display the 
replication error repair positive (RER+) phenotype 
which is characterized by microsatellite instability 
(MSI).  The TGFβRII sequence contains a tract of 10 
adenine residues at nucleotides 709-718 which is 
subject to frame-shift mutation due to replication 
error in these repeated base pairs.  Deletion or 
insertion of an adenine within this region leads to 
formation of an early stop codon resulting in 
expression of a truncated TGFβRII of 129 amino 
acids (compared to 565 amino acids in the wild type).  
Subsequent studies showed that mutations in the 
TGFβRII gene were not seen until human colon 
adenomas transitioned to overt carcinoma indicating 
that RII mutation is a late event in the high MSI 
colon cancer phenotype.  The status of TGFβRII has 
been studied in other types of high MSI tumors.  
While gastric cancers which show mutations in BAT 
sequences (assessed by PCR using primers which 
span microsatellite sequences with multiple base 
pair polyadenine tracts) have corresponding frame 
shift mutations in TGFβRII (58), MSI associated 
TGFβRII mutations were uncommon in pancreatic, 
pituitary and breast carcinomas  ( 51, 59).   
 
Epigenetic Silencing of TGFβRII in Cancer 

The loss of TGFβ signaling also occurs 
independently of TGFβRII mutation involving 
changes in the DNA sequence. The loss of TGFβ 
signaling has been reported in many tumor types 
due to dramatic down regulation of TGFβRII protein 
expression, even in cancers where mutational 
inactivation occurs. Studies on the incidence of CpG 
island (CGI) methylation indicate that TGFβRII 
promoter DNA methylation is an infrequent event. 
The defective expression of TGFβRII in primary 
NSCLC showed that promoter methylation 
correlated with loss of TGFβRII expression when 
carcinoma and “normal” paracarcinoma tissue was 
examined (60).  Interestingly, increased DNMT 
expression is not an indication that all TSG’s will 
undergo DNA methylation. Increased DNMT 
expression has been observed in colon cancer (61).  
However, the CpG Island methylation phenotype 
(CIMP) which is associated with a high incidence of 

MSI is associated with TGFβRII mutation due to 
silencing of DNA repair enzymes (62, 63). 

 Examination of the status of CpG island 
methylation in many other tumor types has also 
revealed that DNA methylation was not the 
underlying cause of epigenetic regulation of 
TGFβRII  in human pancreatic, lung and prostate 
cancer tumors and lymphoma (64-67). The reduced 
expression of TGFβRII in agnogenic myeloid 
metaplasia was not associated with mutation or 
CpG methylation (68). Yamashita and co-workers 
(67) studied the CpG methylation status of the 
TGFβRII promoter in human prostate tumors and in 
a rat model of prostate carcinoma. Neither DNA 
methylation nor mutation of the TGFβRII promoter 
was detected in 27 patient tumors analyzed. 
Moreover, only 3 out of 7 invasive dorsolateral lobe 
and 0 out of 5 ventral lobe prostate adenocarcinomas 
induced in F344 rats by 3,2’-dimethyl-4-
aminobiphenyl and testosterone treatment showed 
TGFβRII methylation.  This group went on to study 
TGFβRII  CpG methylation in 33 human cancer cell 
lines comprising 5 prostate, 6 ovarian, 6 lung, 7 
pancreas and 9 stomach cancer derived lines. Only 
one ovarian and one pancreatic cell line showed 
DNA methylation. However, chromatin 
immunoprecipitation (ChIP) analysis revealed that 
these cell lines which did not express TGFβRII had 
decreased H3 acetylation and increased H3K9 
trimethylation associated with the TGFβRII 
promoter. Similar results were found in breast 
cancer cell lines with silenced TGFβRII (65). 

The finding that epigenetic silencing of the 
TGFβRII gene involves transcriptional repression 
due to changes in promoter associated proteins has 
led to detailed analysis of the underlying 
mechanisms. Given the importance of TGFβRII as a 
growth suppressor of early stage cancers, many of 
these studies have examined the effect of HDAC 
inhibitors on TGFβRII expression and the associated 
alterations in promoter associated proteins. Most of 
these detailed analyses have been perfomed in 
cancer cell lines. These studies have implicated not 
only histone modifications as important in 
determining transcriptional status of the TGFβRII 
gene but other transcription factors that are targets 
of HAT’s and HDAC’s. 
 
Histone Modifications Associated with the 
Epigenetic Silencing of TGFβRII 

Osada and co-workers (66, 69) have performed 
an extensive characterization of the histone 
modifications associated with the epigenetically 
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silenced TGFβRII promoter in several lung cancer 
cell lines and documented the changes in histone 
modification status associated with HDAC inhibitor 
induced re expression.  In studies on six lung cancer 
cell lines, they showed 3 distinct patterns of histone 
modification associated with the TGFβRII promoter 
indicative of progressive degrees of TGFβRII 
silencing. The expression of TGFβRII in the A549 
cell line was associated with H3 acetylation and 
H3K4 methylation (pattern I). The remaining cell 
lines which did not express TGFβRII all lacked H3 
acetylation but pattern II showed very low H3K4 
methylation and no DNA methylation whereas 
pattern III was positive for DNA methylation and 
lacked H3K4 methylated histone association. The 
pattern II cell lines showed strong and persistent 
TGFβRII induction upon treatment with TSA 
whereas pattern III cell lines showed only a 
transient weak induction or no effect. The TSA 
mediated induction of TGFβRII in the pattern II cell 
lines was associated with transient induction of 
H3K9 acetylation which coincided with a decrease in 
H3K9 methylation but persisent methylation of 
H3K4. 
 
The Role of the Sp1 Family and NF-Y in the 
Epigenetic Repression of TGFβRII 

The promoter for TGFβRII is well characterized 
(70). It does not contain a TATA or CAAT box near 
the transcription initiation site. Like most TATA-
less promoters, basal promoter activity is dependent 
upon an Sp1 which binds a consensus sequence 
which is located at -25bp upstream from the 
transcription start site. This Sp1 site is located 
within the basal core promoter (-47 to -1). There is a 
second Sp1 site at -143. In addition, the promoter 
contains two other positive regulatory sequences 
designated PRE1 (-219 to 172) and PRE2 (+1 to +35).  
The first PRE binds an AP1/CREB complex. The 
NF-Y transcription factor binds to an inverted 
CCAAT box in a negative regulatory element (NRE2) 
of TGFβRII promoter at position -83, which is in 
close proximity to the novel Sp1 site at position -102.  
The Brattain laboratory explored the mechanisms 
underlying TGFβRII silencing in the MCF7lL breast 
carcinoma cell line. The MCF7L cell line is a late 
passage variant of MCF cells which has lost 
TGFβRII expression but retains low level TGFβRI 
expression. The early passage MCF-7E (Early) 
retains TGFβRII expression and so TGFβ 
responsiveness. Initial studies revealed that MCF-
7L cells had low Sp1 protein level compared to MCF-
7E cells. The Sp gene family consists of four 

members (71). While Sp1, 2 and 4 are activators of 
gene transcription, Sp3 can be an activator or a 
repressor. The low Sp1 level in MCF-7L accounts for 
the loss or reduced expression of TGFβRII. 
Treatment with 5'-Aza-C reversed the effect of low 
Sp1 thereby leading to restoration of TGFβ receptor 
expression and consequently TGFβ mediated signal 
transduction (72, 73). As well as a reduced level of 
Sp1, the MCF-7L cell line has higher expression of 
the transcriptional repressor Sp3 protein than the 
MCF-7E cell line (74). Treatment with 5'-aza-C 
decreased the expression of Sp3 (75). These studies 
illustrate that the Sp1/Sp3 ratio plays a pivotal role 
in determining the activation/repression status of 
the TGFβRII gene. The inhibitory effect of Sp3 on 
TGFβRII transcription is not just due to its intrinsic 
repressor activity but it also competes with Sp1 for 
binding to the GC box resulting in reduced Sp1 
mediated gene activation.  Transfection of Sp3 
causes significant repression of both TGFβRI and 
TGFβRII expression in MCF-7E after binding to the 
promoters.  

The HDAC inhibitor TSA was also able to induce 
TGFβRII expression in the MCF7L cell line (76). 
This induction required the GC box at -25 within the 
TGFβRII promoter. In the presence of TSA, ectopic 
Sp3 led to TGFβRII promoter activation. 
Transfection of the wild type HAT p300 with Sp3 
stimulated TGFβRII promoter activity while co-
transsfection of an acetyltransferase domain deleted 
p300 did not. A key lysine in the Sp3 inhibitory 
domain is the target of acetylation (77) which 
converts Sp3 from a transcriptional repressor to an 
activator of transcription. These findings are 
summarized in Fig. 3. 
 The mechanism of repression of TGFβRII gene 
was studied in MIA-PaCa2 cells. The pancreatic cell 
line MIAPaCa-2 is highly tumorigenic and resistant 
to TGFβ induced growth inhibition. This is due to 
loss of TGFβRII gene expression (78). Expression of 
TGFβRII was restored by the HDAC inhibitors 
MS275, TSA and sodium butyrate and the TGFβRII 
promoter activity of a -219/+36 TGFβRII luciferase 
construct was increased 60-fold following TSA (79).  
Deletion of the region -100 to -47 dramatically 
reduced the TGFβRII promoter activity. This region 
contains the inverted CAAT box which binds the 
NF-Y transcription factor. Mutation of this site 
revealed that it was required for stimulation of 
TGFβRII promoter activity by the HDAC inhibitors. 
Significantly, Osada et al. (2001; 66) in their studies 
on TSA stimulation of TGFβRII promoter activity in 
lung cancer cell lines showed that the inverted  
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Figure 3.  A model representing the role of Sp1 and Sp3 in the epigenetic silencing of TGFβRII. The MCF7L cell line has low Sp1 expression. 
Therefore, in the absence of drug treatment, more Sp3 is bound to the TGFβRII promoter than Sp1 resulting in repression. Following treatment 
with 5-Aza-C, Sp1 expression is increased resulting in displacement of Sp3 and re activation of TGFβRII expression. Following treatment with 
TSA, Sp3 becomes acetylated converting it from a transcriptional repressor to an activator resulting in re-activation of TGFβRII promoter activity. 
[Figure derived from the work of Ammanamanchi and Brattain, 2001a (74), 2001b (75) and 2003 (76)]. 
 
CAAT box was required for TSA responsiveness. The 
activity of NF-Y is modulated by association with 
HAT’s, NF-YA with PCAF and NF-YB with p300.  
DNA affinity pull-down assay (DAPA) revealed that 
following TSA treatment, but not in untreated cells, 
NF-YA associated with PCAF at the TGFβRII 
promoter. Transfection of a PCAF expressing vector 
stimulated the TGFβRII promoter activity in the 
absence of HDAC inhibitor. The Sp1 site at -102 
(adjacent to the inverted CAAT box) was also 
required for TSA mediated induction of TGFβRII 
expression in the pancreatic cell line (80). The Sp1 
bound to this site interacts with NF-Y. TSA 
treatment interferes with HDAC 1 binding to this 
Sp1.  A time course study of protein association by 
DAPA with the -112/-66 region of the TGFβRII 
promoter containing the NF-Y and Sp1 site revealed 
that binding of Sp1 and NF-Y did not change up to  

 
24h following TSA treatment. However, p300 and 
PCAF association with the promoter increased while 
HDAC 1 binding decreased. These changes were 
associated with increased acetylation of H4 
associated with the promoter. 

All the above findings lead to a model of 
TGFβRII epigenetic silencing in which compact 
nucleosome structure is maintained by HDAC and 
methyltransferase association. Silencing is 
maintained by both histone modifications and the 
non-acetylated state of key transcription factors 
which are also associated with the promoter.  
Treatment with HDAC inhibitors alters chromatin 
structure by histone acetylation, loss of repressive 
methylation marks and gain of activation 
methylation signatures. The associated HDAC 
leaves the complex. The “opening” up of the 
chromatin structure allows access of HAT’s resulting 
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in p300 acetylation of Sp3 at the -25 GC box and 
PCAF which associates with NF-Y at the inverted 
CAAT box resulting in enhanced TGFβRII promoter 
activity. These studies are also indicative of the 
pivotal role of HDACs in maintaining the 
transcriptionally repressive chromatin state and in 
down regulating transcription factor activity. 
 
Histone Deacetylases as Cancer Therapeutic 
Targets  

The HDAC enzymes fall into 4 classes (20, 81). 
In addition to the three HDAC classes, there is a 
fourth group termed sirtuins. While inhibitors to 
sirtuins are being developed, they are not as well 
studied as the HDAC’s and will not be considered 
further here.  The enzyme activities of the HDAC 
family are zinc dependent and are classified based 
on size, structure and similarity to Saccharomyces 
cerevisiae enzymes. The class I enzymes are 
localized to the nucleus while class II enzymes 
undergo nucleo-cytoplasmic shuttling. While HAT’s 
and HDAC’s were named for their histone 
substrates, the first targets identified, these 
enzymes do not exclusively modify histones (82-86). 
The tumor suppressor p53 is acetylated at multiple 
sites which affects its activity. Many other 
transcription factors also undergo acetylation. This 
post translational modification can affect DNA 
binding activity and interaction with other co-
activators or repressors. As the acetylation site 
lysine is frequently the target for other 
modifications such as ubiquination and sumoylation, 
stability and cellular localization can also be affected. 
The HDAC6 enzyme is cytoplasmic and is involved 
in tubulin and Hsp90 acetylation. 

While mutation (truncation) of the HAT p300 is 
seen in MSI phenotype tumors, particularly colon 
cancer (86), mutations of HDAC’s are relatively 
uncommon. However, studies on the expression of 
HDAC’s in cancer have revealed that class I HDAC’s 
are over expressed in many tumor types (87-91) and 
HDAC 2 over expression is associated with poor 
prognosis in gastric (92) and prostatic cancer (93). In 
contrast to the increased expression of Class I 
HDAC’s observed in tumors, decreased class II 
HDAC expression is associated with poor prognosis 
in NSCLC (94) 

Given the high HDAC activity of tumors 
compared to normal tissue, HDAC inhibitors have 
entered clinical trials. There are four major classes 
of HDAC inhibitors (95, 96). The hydroxamic acids 
include Vorinostat (SAHA), Belinostat and TSA. 
These HDAC inhibitors inhibit all classes of HDAC 

(I, IIa, IIb and IV). The short chain fatty acids 
include valproic acid and sodium butyrate and they 
inhibit class I and II HDAC’s. The benzamide MS-
275 selectively inhibits HDAC’s 1, 2 and 3 while the 
cyclic tetrapeptide Desipeptide is selective for 
HDAC’s 1 and 2.They result in differentiation, 
growth arrest and apoptosis of cancer cells. The 
notable feature of these first and second generation 
drugs is that most affect all Class I and II HDAC’s. 
However, these drugs are generally well-tolerated as 
normal cells are resistant to the doses which are 
effective against cancer cells, possibly due to the 
increased HDAC expression associated with the 
malignant phenotype. Given the pleiotropic effects of 
these drugs there is the potential to affect most of 
the genome but in fact HDAC inhibitors affect the 
expression of only 8-20% of the total number of 
genes indicating these drugs do have some 
selectivity. Clearly, HDAC inhibitors affect most of 
the cellular processes important in transformation 
but as epigenetic drugs, perhaps one of their most 
important effects is activation of re expression of 
TSG’s.  
 
The Potential Use of HDAC inhibitors in 
Restoring TGFβRII Expression in Cancer 

It is evident from the above discussion that as 
well as non-reversible genetic silencing, malignant 
cells employ reversible epigenetic mechanisms to 
silence TGFβRII. Reactivation of the repressed 
TGFβRII would lead to therapeutic benefit from the 
growth inhibitory and apoptotic effects of the TGFβ 
signaling pathway which includes down regulation 
of the inhibitor of apoptosis family member survivin 
(97). Even in cancers such as colon carcinoma in 
which mutational frame shift inactivation of 
TGFβRII is well documented (in the high MSI, 
RER+ sub population) there are tumor subsets in 
which TGFβRII is inactivated by epigenetic 
mechanisms. It has been demonstrated that 
expression of epigenetically silenced TSG’s can be 
reactivated by epigenetic therapies. The HDAC’s can 
restore expression of TSG’s where transcriptional 
repression by histone (or transcription factor) 
modifications are involved. In certain lung, colon, 
breast and prostate tumors there is accumulating 
evidence that these modifications account for 
TGFβRII silencing. Therefore, these tumors would 
be amenable to re expression of TGFβRII by use of 
HDAC inhibitors. Several HDAC inhibitors have 
entered clinical trials and they are proving to be a 
reasonably well tolerated therapy (83-86).  
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 However, there are several challenges to the 
utilization of reactivation of TGFβRII to take 
advantage of its tumor suppressive effect. Firstly, it 
will be necessary to identify the patient population 
which would be amenable to this approach. 
Characterizations of patient populations with 
respect to global epigenetic changes such as 
acetylation status are becoming increasingly used to 
predict patient therapy outcome and prognosis. 
Mutation can be analyzed by BAT- TGFβRII PCR 
and promoter methylation using methylation 
specific primers. TGFβRII expression would have to 
be evaluated in biopsies. However, 
immunohistochemstry is routinely used to 
determine the estrogen receptor status of breast 
tumors. The patient population meeting the criteria 
of non-mutational loss or low expression of TGFβRII 
could then be “targeted” to HDAC therapy. This 
approach might be useful in terms of the non-
specificity of HDAC inhibitors. The design of HDAC 
inhibitors specific for cancer specific HDAC’s is 
challenging, both because of HDAC structure and 
because research is ongoing to identify which 
specific HDAC’s would represent the best target in 
different tumor types based on the specific TSG,s 
which they are involved in silencing. The 
identification of specific patient populations with 
specific gene defects for HDAC therapy could enable 
more effective use of the drugs. Such an approach 
may prove useful in breast cancer patients where 
HDAC inhibitors could potentially be used to induce 
ER expression in anti-estrogen resistant, ER 
negative tumors (98). The conversion to ER positive 
status could potentially make these tumors 
responsive to Tamoxifen.  

The targeted induction of TGFβRII expression 
would also allow choice of targeted combinatorial 
therapies. There is considerable interest in the 
therapeutic use of vitamin D in treating cancer. 
Studies on the effectiveness of vitamin D against 
breast and colon cancer revealed that for maximum 
inhibition, vitamin D required a functional TGFβ 
signaling system (99, 100). Therefore, the 
combination of HDAC inhibitors with vitamin D in 
patients with epigenetically silenced TGFβRII could 
potentially enhance the therapeutic effectiveness of 
vitamin D. Of course, these approaches would all be 
subject to determination of optimal dosing and 
timing of the drug, and in the case of combination 
therapies, the order of administration. 

However, the major challenge to overcome in 
utilizing re expression of TGFβRII as a cancer 
therapy is ensuring that the restoration of the TGFβ 

pathway will not lead to pro-metastatic signaling (2-
4). In cell lines with silenced TGFβRII, the 
reintroduction of the TGFβRII receptor gene leads to 
growth inhibition and apoptosis pointing to the 
potential usefulness of the approach (45, 46, 101). 
Significantly, high expression of the TGFβ ligand is 
associated with the pro-metastatic effect of the 
TGFβ signaling pathway in advanced cancer. The 
mechanisms by which TGFβ functions as a pro-
metastatic factor still remain to be fully elucidated, 
but the TGFβ appears to be involved in modifying 
the surrounding tumor microenvironment as well as 
functioning to promote the epithelial-to- 
mesenchymal (EMT) transition. This latter process 
is involved in tumor cell metastasis. The disruption 
of cell junction integrity through loss of E-cadherin 
is part of this process. The EMT may also involve 
Ras and PI-3 kinase signaling. Significantly, HDAC 
inhibitors may inhibit some of these effects. HDAC 
inhibitors, through their pan inhibition of class I 
and II HDAC’s not only affect histone and nuclear 
protein acetylation but also have cytoplasmic effects, 
one of which is acetylation of the chaperone protein 
Hsp90 (102). Acetylation disrupts the interaction of 
Hsp90 with its client proteins which require this 
interaction for correct folding. Several of the 
downstream components of the Ras and PI-3 kinase 
signaling pathways are client proteins of Hsp90. The 
HDAC inhibitor TSA prevented the EMT in renal 
proximal tubular epithelial cells (103). The HDAC 
inhibitor SAHA profoundly inhibited the growth of 
several pancreatic cancer cell lines. The cells also 
underwent increased apoptosis. These effects were 
associated with effects on cell cycle components 
(increased p21, and decreased cyclin D and Myc) but 
the drug also induced increased expression of E-
cadherin (104). Increased expression of E-cadherin 
was also observed in NSCLC cells treated with 
MS275 (105). Significantly, E-cadherin is a target of 
epigenetic silencing during tumor progression and 
reactivation of expression may contribute to the anti 
invasive effects of HDAC inhibitors (86, 106). 

In conclusion, HDAC inhibitors could provide a 
unique opportunity to harness the tumor 
suppressive effects of TGFβ for therapeutic benefit. 
In targeted patient populations, HDAC inhibitors 
could be used to reactivate expression of the 
epigenetically silenced TGFβRII providing the 
therapeutic benefit of growth inhibitory and pro-
apoptotic TGFβ signaling while pro-actively 
affecting the processes such as the EMT which 
contribute to the pro-metastatic effects associated 
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with tumor TGFβ ligand over expression in late 
malignancy. 
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