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1. Introduction

Insufficient oxygen availability, so-called hypoxia, is a microen-
vironmental event that plays a critical role in various biological 
processes including development, metabolism, inflammation, 
tumor progression and cancer stemness [1, 2].  DNA methylation 
is one of the epigenetic modifications that plays important roles 
in numerous cellular processes, including genomic imprinting, 
X-chromosome inactivation, regulation of gene expression, and 
maintenance of epigenetic memory [3].  Compared with reversible 
modifications of histone proteins, DNA methylation was a rela-
tively stable epigenetic modification.  The recent finding that ten-
eleven translocation (TET) proteins are 5-methylcytosine (5mC)
oxidases has provided the mechanism for the reversal of DNA 
methylation.  In the 1980’s, global hypomethylation was first 
observed in colorectal cancer cell lines [4].  In addition, genome-
wide DNA hypomethylation during tumor hypoxia also have been 
observed [5, 6].  Moreover, several reports demonstrated that 
hypoxia would enhance TET1 expression and lead to global DNA 
hypomethylation in different type of cancer [7-9].  Indeed, TET 

proteins might participate in hypoxia-mediated hypomethylation 
and lead to enhanced malignancy.  Therefore, genome-wide maps 
of methylation must be systemically established to study the cor-
relation between TET proteins and tumor progression.  In this re-
view, we discuss the current knowledge about the mechanism and 
functions of DNA methylation and TET protein.  We also review 
our current understanding of epigenetic alterations that take place 
under hypoxia.  We then discuss the role of TET proteins and 
DNA demethylation under hypoxia in epithelial-mesenchymal 
transition and tumorigenesis.

2. Epigenetics and DNA methylation

The important role of epigenetic processes in cancer progression 
and treatment has been emphasized for the past decades.  Epige-
netic alterations are leading candidates for cancer detection, di-
agnosis and prognosis [10].  Cancer research in epigenetics in the 
1990s was led by a focus on the discoveries and understanding 
of DNA methylation abnormalities in the 1980s [11].  Abnormal 
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ABSTRACT

Hypoxia in tumors is primarily a pathophysiologic consequence of structurally and functionally disturbed 
microcirculation with inadequate supply of oxygen.  Tumor hypoxia is strongly associated with tumor 
propagation, malignant progression, and resistance to therapy.  Aberrant epigenetic regulation plays a crucial 
role in the process of hypoxia-driven malignant progression.  Convert of 5-methylcytosine (5mC) to 5-hy-
droxymethylcytosine (5hmC) by ten-eleven translocation (TET) family enzymes plays important biological 
functions in embryonic stem cells, development, aging and disease.  Recent reports showed that level of 
5hmC and TET proteins was altered in various types of cancers.  There is a strong correlation between loss 
of 5hmC and cancer development but research to date indicates that loss of TET activity is associated with 
the cancer phenotype but it is not clear whether TET proteins function as tumor suppressors or oncogenes.  
While loss of TET1 and TET2 expression is associated with solid cancers, implying a tumor suppressor role, 
TET1 exhibits a clear oncogenic role in the context of genomic rearrangements such as in MLL-fusion rear-
ranged leukemia.  Interestingly, hypoxia increases global 5hmC levels and upregulates TET1 expression in a 
HIF1α-dependent manner.  Recently, hypoxia-induced TET1 has been demonstrated to play another impor-
tant role for regulating hypoxia-responsive gene expression and epithelial-mesenchymal transition (EMT) 
by serving as a transcription co-activator.  Furthermore, hypoxia-induced TET1 also regulates glucose me-
tabolism and hypoxia-induced EMT through enhancing the expression of insulin induced gene 1 (INSIG1).  
The roles and mechanisms of action of 5hmC and TET proteins in ES cell biology and during embryonic 
development, as well as in cancer biology, will be the main focus in this review.
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gains of DNA methylation in normally unmethylated gene pro-
moters, leading to transcriptional repression or loss of gene func-
tion, are the most widely studied epigenetic alterations in cancer 
[12].  Moreover, in certain cancers, there is an increasing list of 
candidate tumor suppressor genes that are silenced by hypermeth-
ylation in their promoters [13].  In addition, global hypomethyla-
tion has also been implicated in the development and progression 
of cancer [14].  DNA methylation is established by DNA meth-
yltransferases (DNMTs).  The classical model of methylation, 
which was presented more than 30 years ago, involves two types 
of DNMTs: maintenance and de novo DNMTs [15, 16].  DNA 
demethylation involves the removal of the methyl group from  
5mC in DNA.  This process occurs through two pathways, the 
passive or active demethylation pathways [17].  Passive mecha-
nisms involve a failure of the repair system to maintain DNA 
methylation patterns during replication or DNA synthesis and  
are associated with the dilution of hemimethylated CpG in sub- 
sequent replication cycles.  Active DNA demethylation involves 
the replacement of 5mC by cytosine [18, 19].  It has been well 
recognized that the methyl group of 5mC can also be removed 
regardless of replication, particularly in the zygotic paternal  
genome or primordial germ cells.  However, the mechanism that 
causes the active demethylation has remained enigmatic until  
the function of TET enzymes was identified recently (Figure 1) 
[20].  Subsequent studies have revealed new visions in the field  
of DNA methylation and raise many questions about the mech- 
anism and contribution of TET proteins to development and  
cancer.

3. Domain structures of TET family proteins

The mammalian TET family contains three members, TET1, 
TET2 and TET3, all of which share a high degree of homology 
within their C-terminal catalytic domain - CD domain (Cys-rich 
and DSBH regions) that belongs to the Cupin-like dioxygenase 
superfamily and exhibits 2-oxoglutarate (2-OG) - and iron (II)-
dependent dioxygenase activity [20, 21].  TET proteins oxidize 
5mC into 5-hydroxymethylcytosin (5hmC) through these CD do-
mains and require α-ketoglutarate as a co-substrate for enzymatic 
activity.  Subsequent studies revealed the ability of TET family 
proteins to further oxidize 5hmC to 5-formylcytosine (5fC) and 
5-carboxycytosine (5caC) (Figure 1) [22, 23].  Another mark of 
TET family proteins is the CXXC zinc-finger domain, which was 
first identified and defined in DNMT1 [24].  The CXXC domain 
would be found only in the N-terminus of TET1 and TET3 but 
not in TET2.  Although CXXC domain is known to distinguish 
between methylated and unmethylated DNA [25], the function of 
this domain in TET1 and TET3 is largely unknown.  It is known 
that the CXXC domain of TET1 recognizes not only unmodified 
cytosine but also 5mC and 5hmC, and it favors binding to regions 
in the genome of high CpG content [26].  In addition to the de-
scribed functional domains, there is a spacer region that links the 
two parts of the disconnected DSBH enzymatic domain.  This 
unique spacer region is common to all TET family members, al-
though its length varies.  The functional importance of this spacer 
region is currently unknown (Figure 2).  In summary, TET family 

Fig. 1 - Mechanism of passive and active DNA demethylation.  Passive DNA demethylation was thought to occur by a reduction 
in activity or absence of DNMTs.  Active DNA demethylation involves 2 different enzyme families: (1) 5-methylcytosine (5mC) 
is hydroxylated by TET to form 5 hydroxymethylcytosine (5hmC) and further oxidize 5hmC to 5-formylcytosine (5fC) and 
5-carboxycytosine (5caC).  (2) Thymine DNA glycosylase (TDG) converted and repaired 5fC/5caC to unmodified cytosines.
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proteins, through their CD domains, have an enzymatic capability 
to convert 5mC to 5hmC, 5fC or 5caC depending on the company 
of co-factors, such as ATP.  Furthermore, except CD domain and 
CXXC domain, TET proteins also contain various additional 
domains with as yet undefined functions.  Its potential regulatory 
function for modulating TET enzymatic activities deserves future 
investigation.

4. The biological function of TET proteins

Although all TET family members possess 5mC oxidation activity,  
their expression levels are very different in various cell types and 
tissues.  For example, TET1 and TET2 are highly expressed in 
mouse ES cells, but TET3 is more enriched in oocytes and one-
cell zygotes [21].  Evidence suggested that oxidation of 5mC in 
the paternal genome in fertilized eggs by TET3 initiates DNA 
demethylation and facilitates the activation of the paternal copy 
of early embryonic genes [27].  Concomitant with the rapid re-
duction of TET3 expression at the two-cell stage, the expression 
of TET1 is rapidly up-regulated at later stage [28, 29].  Result 
of genome-wide location analyses in mouse ES cells indicated 
that TET1 and 5hmC are enriched at promoter regions of several  
pluripotency factors, including Nanog, Tcl1, and Esrrb [30].  Several  
genes related to pluripotency are also down-regulated in the 
double knockdown of TET1 and TET2 of mouse ES cells [31].  
Recently, Jaenisch and colleagues generated the TET1-null mouse 
ES cells and mice to further study the function of TET1 in ES cell 
maintenance and in vivo development, and discovered that TET1 
null ES cells maintain their self-renewal ability under mouse ES 
cell culture conditions in vitro and develop normally in vivo [32].  
Furthermore, TET1 knockout mice and TET2 knockout mice 

appear to develop normally, and appear healthy through adult-
hood and are fertile [32, 33].  It is still unclear that the purpose 
of TET1/TET2 and 5hmC are maintained at high levels in mouse 
ES cells.  As such, the biological role of TET1/TET2 or 5hmC in 
embryonic development remains unclear.  Furthermore, evidence 
suggests a role for TET enzymes in the generation of pluripotent 
stem cells (iPSCs) that are phenotypically similar to embryonic 
stem cells (ESCs) [34].  As shown recently, formation of 5hmC 
is very important for brain development.  In DNA from human 
brain cortex, the level of 5hmC is about 1% of all cytosines or 20  
to 25% of all 5mC bases [35].  TET3 is most highly expressed in  
the developing mouse brain cortex followed by TET2, while the 
levels of TET1 are very low in this tissue.  An increase in the levels  
of TET2, TET3 and 5hmC in differentiating neurons corresponds 
to a decrease in the Polycomb histone H3 lysine 27 (H3K27)- 
specific methyltransferase EZH2 and loss of H3K27me3 marker 
at gene promoter.  Besides, decreasing the levels of TET2 and 
TET3 or increasing EZH2 expression results in imperfect neu-
ronal differentiation [36].  Thus, formation of 5hmC promotes 
neuronal differentiation by modulating the expression of genes 
most critical in this important developmental transition.

5. TET proteins in cancer 

In 2011, a chemical labeling technique for determining the 
genome-wide distribution of 5hmC in human cell lines, as well as 
in the mouse cerebellum, was developed.  A genome-wide study 
observed that an enrichment of 5hmC in genes linked to hypoxia 
and angiogenesis [37].  Aberrant DNA methylation is a hallmark 
of cancer; growing evidence has suggested that an imbalance in 
TET-mediated DNA demethylation may participate in carcino-
genesis.  The first reports implicating a role for TET proteins in 
cancer showed that TET1 is fused to the mixed lineage leukemia 
(MLL) gene in a case of pediatric AML containing the t(10;11)
(q22;q23) [38].  Recent report indicated that TET1 is significantly 
up-regulated in MLL-rearranged leukemia and is a direct target 
gene of MLL-fusion proteins.  MLL fusions would bind to the 
promoter region of TET1 to promote its expression directly and  
result in a global increase of 5hmC.  Moreover, together with MLL,  
TET1 activates the homeobox A9 (Hoxa9)/myeloid ecotropic viral  
integration 1 (Meis1)/pre-B-cell leukemia homeobox 3 (Pbx3) 
signaling pathway, which subsequently promotes cell prolifera-
tion and inhibits apoptosis/cell differentiation, thereby leading to 
cell transformation and leukemogenesis [39].  In contrast, many 
mutations, including nonsense/missense, deletions and frameshift 
somatic in TET2 were identified in myelodysplastic syndrome 
(MDS) and other types of leukemia [40, 41].  Some of TET2 mu-
tations could damage the catalytic activity, but many mutations 
appear unrelated to enzymatic activity [42].  Therefore, the mo-
lecular mechanism underlying loss-of-function mutation in TET2 
is still unknown and requires further investigation.  In addition to 
AML, TET2 mutations and/or deletions have been observed in 
other types of tumor, including bladder, breast, kidney, liver, lung 
and uterine cancers [43].  Since the role of mutated TET proteins 
in solid cancers has not yet been firmly established, it should 
be possible to resolve this point by crossing the many available 
TET-deficient mouse models with the various mouse cancer 
models available.  More importantly, the up-regulation or down-
regulation of TET gene expression, which is often associated with 
5hmC levels, has been observed in numerous solid cancers (Table 
1).  So far, a direct correlation between TET3 and cancer has not 
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Fig. 2 - Structure and function of TET family proteins.  The TET  
protein family contains three members: TET1, TET2 and 
TET3.  All three members have a C-terminal CD domain 
(containing the Cys-rich and DSBH regions) that obtains 
2-oxoglutarate (2-OG)- and iron (II)-dependent dioxygenase 
activity.  The CD domain also includes a spacer region, the 
length of which varies between TET family proteins and its  
function remains unknown.  The N-termini of TET1 and TET3,  
but not TET2, contain a CXXC domain, which mediates their 
direct DNA-binding ability.



4BioMedicine | http://biomedicine.cmu.edu.tw/ March 2016 | Volume 6 | Issue 1 | e52

been reported.  A possible explanation for this is that TET3 is the 
most important regulator and critical TET3 mutations or dysregu-
lation might lead to lethality.

6. The role of hypoxia and hypoxia-induced  
factors in tumor progression

The definition of hypoxia is that a reduction of tissue oxygen 
tension compares to the normal level.  Hypoxia usually occurs 
during acute and chronic vascular disease, pulmonary disease and 
cancer [44].  Although hypoxia is toxic to both cancer cells and 
normal cells, cancer cells undergo genetic and adaptive changes to 
promote cell survival and even proliferate in a hypoxic environ-
ment [45].  Hypoxic tumors are associated with a poor prognosis 
and resistance to treatments.  Well-oxygenated tumor cells have a 
threefold greater sensitivity to radiation than hypoxic cells [46].  
Recently, hypoxia has been identified as an important factor that 
is correlated with tumor progression including an increasing prob-
ability of recurrence, locoregional spread, and distant metastasis 
[47].  Furthermore, recent studies suggest that tumor hypoxia is 
associated with malignant biological phenotype such as angiogen-
esis, migration, invasion and metastasis [48].  The key factor that 
is involved in adaptive responses to cellular hypoxia is hypoxia-
inducible factor-1 (HIF-1) and its activity is tightly regulated by 
the cellular oxygen tension [49, 50].  HIF-1 is a heterodimeric 
transcription factor that constitutes of a hypoxia-inducible HIF-
1α subunit and a ubiquitously expressed HIF-1β subunit.  HIF-1 
binds to a 5’-ACGTG-3’ hypoxia-response element (HRE) in the 
promoter or enhancer of various hypoxia-inducible genes specifi-
cally under hypoxia [51].  HIF-1α has been identified as a major 
regulator of adaptation to hypoxia and implicated in the malig-
nant progression of cancers [52].  Many studies have associated 
hypoxia and HIF-1α expression with cancer progression.  The in-
creased HIF-1α protein level is associated with patient mortality, 
poor prognosis and treatment resistance in head-and-neck, ovary, 
colon, breast and lung cancers [53].

7. Hypoxia-induced epigenetics

Epigenetic regulation plays an important role in regulating tran-
scriptional changes in hypoxia.  Hypoxia in tumor cells display 
a decrease in the levels of histone acetylation that is associated 
global transcriptional repression [54].  HDAC expression and 
activity have been shown to be up-regulated in hypoxia [55].  Hy- 
poxia treatment induces HDAC1 activity and expression.  Treatment  
with TSA, a specific HDAC inhibitor, inhibits hypoxia-induced 
angiogenesis in the Lewis lung carcinoma model [55].  Some 
evidences indicate that hypoxia enhances HDACs function and 
HDACs are implicated in hypoxia-induced metastasis through 
suppression of hypoxia-responsive tumor suppressor genes [56].  
HDAC1 cooperates with HIF-1 downstream target and contribute 
to suppression of STAT1 [57].  HDAC7 has been found to interact 
with HIF-1 under hypoxia and increases transcriptional activity 
of HIF-1 [58].  HDAC4 and 6 also have been found to complex 
with HIF-1 and associate with HIF-1 stability and transcriptional 
activity [59].  Under hypoxia, HDAC3, directly activated by 
HIF-1, would interact with hypoxia-induced WDR5 and  recruits 
the histone methyltransferase (HMT) complex to increase histone 
H3 lysine 4 (H3K4)-specific HMT activity [60].  Furthermore, 
treatment with HDAC inhibitor represses HIF-1 induction in re-
sponse to hypoxia.  Hypoxia stimulated proliferation, invasion, 
migration, and neovascularization are suppressed by treatment 
with HDAC inhibitors [61].  The O2, Fe(II), and α-ketoglutarate-
dependent jumonji domain (JMJD) histone demethylases are 
transcriptionally upregulated in hypoxia, and global changes in 
many histone modifications, especially at the sites of H3 lysine 4, 
9, and 36, have also been reported [62-64].  Site-specific changes 
in histone modifications have been observed at hypoxia-induced 
genes including CA9, LDHA, and PDK1 [65, 66].  These results 
support the regulation of hypoxia-responsive gene expression 
through various histone modifications mediated by histone modi-
fiers.

8. DNA methylation status under hypoxia

Recent studies have demonstrated that oxygen levels significantly 
influence a change in another epigenetic mark, DNA methylation.  
Hypermethylation of CpG islands in the promoter region can 

Table 1 − TET expression and 5-hmC levels in different type of cancer
Cancer TET levels 5-hmC 

level 
Correlation with survival Reference

MLL-rearranged 
leukemia

↑ TET1
↓ TET2, TET3

– – [39]

Invasive ductal 
carcinoma

↑ TET1, TET3 ↑ High TET1, TET3 and 5hmC levels correlate with poor survival [9]

Breast cancer ↓ TET1, TET2, TET3 ↓ Low TET1 levels correlate with poor survival [86, 87]

Liver cancer ↓ TET1, TET2, TET3 ↓ Low 5-hmC levels correlate with poor survival [86, 88]

Glioma ↓ TET1, TET2, TET3 ↓ Low 5-hmC levels correlate with poor survival [89, 90]

Melanoma ↓ TET1, TET2, TET3 ↓ Low 5-hmC levels correlate with poor survival [91]

Colon cancer ↓ TET1, TET2, TET3 ↓ Low TET2 levels correlate with poor survival [92, 93]

Prostate cancer ↓ TET1 ↓ – [86, 87]

Gastric cancer ↓ TET1 ↓ – [86, 94]

Lung cancer – ↓ – [86, 92]

Pancreatic cancer – ↓ – [86]
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block the expression of HIF-mediated gene expression in hypoxic 
cells.  For example, Bcl-2/adenovirus E1B 19 kDa interacting 
protein 3 (BNIP3), a regulator of hypoxia-induced cell death, was  
found to be repressed by DNA methylation in pancreatic, colorectal  
and gastric cancer [67, 68].  Prolyl hydroxylase (PHD1, PHD2 
and PHD3) and factor inhibiting HIF-1 (FIH) had been known as 
negative regulators of HIF-1 [69].  In the invasive breast carcino-
ma and colorectal cancer, only PHD3 expression was associated 
with increased DNA methylation levels in the CpG islands of its 
promoter [70, 71].  Different from the hypoxia-induced DNA hy-
permethylation observed at certain loci, hypoxia has been linked 
to a global reduction in DNA methylation.  DNA hypomethylation 
during hypoxia by examining the amount of 5mC by HPLC was 
reported in human colorectal and melanoma cell lines [6].  Spe-
cifically, CAIX overexpression has been associated with promoter 
DNA hypomethylation in gastric cancer, and CAIX expression 
correlates with tumor advancement and metastasis [72].  More-
over, in human hepatoma cell lines, hypoxia induces genomic 
DNA demethylation through the direct activation of Methionine 
adenosyltransferase 2A (MAT2A) that maintains the S-adenosyl-
methionine (SAM)/S-adenosylhomocysteine (SAH) ratio, a criti-
cal marker of genomic methylation status [73].  Tumor-associated 
CpG demethylation leads to increased HIF-1 binding to the HRE 
and enhanced HIF-1-mediated effects on tumor progression in the  
HCT116 colon cancer cell line [74].  Human cardiac fibroblast cells  
exposed to prolonged 1% hypoxia caused a pro-fibrotic state, which  
was associated with global DNA hypermethylation and increased  
expression of the DNMTs, such as DNMT1 and DNMT3B [75].  In  
contrast, down-regulation of DNMT1, DNMT3A and DNMT3B 
was reported, which contributed to DNA hypomethylation at the 
proximal promoter region of p16INK4a under hypoxia in human 
colorectal cancer (HCT116, 379.2) cell lines [76].  These findings  
support that epigenetic modification, whether global or site- 
specific DNA methylation, plays a role in regulation gene expres-
sion under hypoxia-induced tumor progression.

9. Hypoxia-induced TET proteins upregulation

Hypoxia has also been linked to the HIF-dependent up-regulation 
of TET1, which catalyzes the hydroxylation of 5mC to 5hmC in 
tumorigenic N-type neuroblastoma cells exposed to 1% oxygen.  
TET1 activity essentially leads to DNA demethylation and pro-
duction of 5hmC, a modification that is associated with active 
transcription [7].  Recently, Wu et al. found that hypoxia would 
regulate TET1 and TET3 expression through HIF-1α, leading to 
increased level of global DNA hydroxymethylation that was asso-
ciated with tumor malignancy in the breast cancer.  Furthermore, 
the results also demonstrated that hypoxia-induced TET1/TET3 
proteins made a great contribution to the activation of the TNFα-
p38-MAPK pathway in regulating cancer stemness.  Histological 
analysis demonstrated that the levels of 5hmC, TET1 and TET3 
were significantly associated with tumor hypoxia, tumor aggres-
siveness and poor prognosis [9].  TET1 up-regulation leading to 
global DNA hypomethylation in a HIF-independent manner was 
also demonstrated in scleroderma fibroblasts [77].  However, 
the unconventional role of TET proteins in transcription regula-
tion independent of its enzymatic activity has been described in 
other studies.  Many of the genomic regions are inactivated by 
TET1 through recruitment of the polycomb repressive complex 
2 (PRC2), which catalyzes the formation of H3K27me3 and re-
presses gene transcription [78], or it can directly bind to Sin3a his-

tone deacetylase repressive complex to inhibit transcription [79].  
Moreover, several groups reported that TET2 and TET3 play 
an essential part in recruiting O-linked b-N-acetylglucosamine 
transferase (OGT) to H3K4me3-positive CpG-rich promoters, 
thus enabling O-GlcNAc modification of histones [80-82].  These 
findings demonstrate the potential for crosstalk between TET 
proteins and pathways involved in glucose metabolism.  Aberrant 
glucose metabolism in cancer cells may alter O-GlcNAcylation 
of TET proteins and therefore affect their stability.  Recently, Tsai 
et al. explores the role of TET1 under hypoxia and also proves 
that TET1 plays another role in serving as a transcriptional co-
activator and interacts with HIF-1α and HIF-2α to enhance their 
transactivation activity independent of its enzymatic activity [8].  
It was also reported that TET1 may form a complex with HIF-1/
CBP, or with OGT, to facilitate hypoxia-mediated gene expres-
sions [8].  Combined results of RNA sequencing and 5hmC 
sequencing comparing TET1 knockdown cells under normoxia 
with those under hypoxia showed that 98 genes were regulated by 
TET1 and also had increased levels of 5hmC in their promoters.  
INSIG1 (insulin induced gene 1), a major regulator of cholesterol 
biosynthesis [83, 84], was inside this list.  Furthermore, knock-
down of TET1 or INSIG1 diminished a set of hypoxia-induced 
genes involved in epithelial-mesenchymal transition (EMT), pro-
viding a link between lipid metabolism and EMT [8].  Because 
of the capability of INSIG1 to inhibit cholesterol biosynthesis, it 
may inhibit lipid synthesis and turn to glucose utilization similar 
to the role of AMPK that also inhibits cholesterol synthesis [85].  
These results demonstrated that the activation of INSIG1 expres-
sion through hypoxia-induced TET1 also contributes to Warburg 
effect, linking hypoxia-regulated TET1/5hmC to metabolism and 
EMT [8].

10.  Conclusion and perspectives

The discovery of TET enzymes and the oxidative derivatives of 
5mC are a great step for epigenetic research.  Studies in the past 
few years focused on the role of active DNA demethylation in 
development and disease.  Therefore, not surprisingly, changes in 
TET expression and 5hmC levels have been observed for numer-
ous cancers.  However, a deficiency in understanding the mecha-
nism of decreased 5hmC levels and its role in transcriptional 
control during tumor malignancy still exists.  Moreover, TET pro-
teins are sources of 5fC and 5caC.  TET protein expression levels 
and activities as well as the possible readers of all oxidized 5mC 
derivatives in cancer should be investigated.  A potential link be-
tween TET proteins and cancer will open a new road for identify-
ing potential therapeutic tools to treat cancer.  Moreover, it is now 
well established that TET proteins are mutated or their expression 
levels or activities are dysregulated in numerous cancers.  Fur-
thermore, investigations are needed to distinguish the catalytic 
activity-dependent and -independent functions of TET proteins 
in order to offer new strategies for anti-cancer drug development 
and cancer therapy.
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1. Introduction

Epigenetic alternation is referred to the change in gene expression 
without changing in DNA sequence.  Epigenetic modifications in-
clude DNA methylation, histone modification (acetylation, meth-
ylation, and phosphorylation), and microRNA expression, playing 
a critical role in many cellular processes [1-4].  The initiation and 
progression of cancer have been proved as the results of the ac-
cumulation of genetic mutations which lead to aberrant cellular 
functions [3].  Genetic mutations may cause the activation of on-
cogenes and the inactivation of tumor suppressor genes.  In recent 
decades, dietary components which are widely present in daily 
dietary, have been proved to exhibit a beneficial effect in cancer 
prevention and treatment.  They reverse epigenetic deregulation 
by modulation of DNA methylation and histone modification, as 

well as alternation of microRNA expression [4-7].  This review 
will introduce some common dietary components possessing anti-
cancer effects and elucidate their mechanisms.

2. Epigenetic modifications

2.1. DNA methylation

In mammalian cells, DNA methylation almost occurs at the 5’ 
position of cytosine residues within cytosine-phosphate-guanine 
(CpG) island dinucleotides [8], which is catalyzed by DNA 
methyltransferases (DNMTs) and S-adenosyl-methionine (SAM) 
as the methyl donor [9].  So far, five DNMTs have been identi-
fied, including DNMT1, DNMT2, DNMT3a, DNMT3b, and 

Abbreviation: AITC, allyl isothiocyanate; BITC, benzyl isothiocyanate; COMT, catechol-O-methyltransferase; CpG, cytosine-
phosphate-guanine; DNMTs, DNA methyltransferases; EGCG, epigallocatechin-3-gallate; EZH2, enhancer of zeste homolog 2; 
H3K4me1, Monomethylation of histone H3 at lysine 4; H3K4me3, trimethylation of histone H3 at lysine 4; H3K9me3, trimethylation 
of histone H3 at lysine 9; H3K20me3, trimethylation of histone H3 at lysine 20; H3K27me3, trimethylation of histone H3 at lysine 
27; HATs, histone acetyl transferases; HDACs, histone deacetylases; ITCs, isothiocyanate; miRNAs, microRNAs; PITC, phenethyl 
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ABSTRACT

Carcinogenesis is a complicated process that involves the deregulation of epigenetics resulting in cellular 
transformational events, such proliferation, differentiation, and metastasis.  Epigenetic machinery changes 
the accessibility of chromatin to transcriptional regulation through DNA modification.  The collaboration of 
epigenetics and gene transcriptional regulation creates a suitable microenvironment for cancer development, 
which is proved by the alternation in cell proliferation, differentiation, division, metabolism, DNA repair 
and movement.  Therefore, the reverse of epigenetic dysfunction may provide a possible strategy and new 
therapeutic targets for cancer treatment.  Many dietary components such as sulforaphane and epigallocate-
chin-3-gallate have been demonstrated to exert chemopreventive influences, such as reducing tumor growth 
and enhancing cancer cell death.  Anticancer mechanistic studies also indicated that dietary components 
could display the ability to reverse epigenetic deregulation in assorted tumors via reverting the adverse 
epigenetic regulation, including alternation of DNA methylation and histone modification, and modulation 
of microRNA expression.  Therefore, dietary components as therapeutic agents on epigenetics becomes an 
attractive approach for cancer prevention and intervention at the moment.  In this review, we summarize the 
recent discoveries and underlying mechanisms of the most common dietary components for cancer preven-
tion via epigenetic regulation.
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DNMT3L, and only three possess catalytic methyltransferase 
activity (DNMT1, DNMT3a, and DNMT3b) [9, 10].  DNMT1 is  
responsible for maintaining existed methylation patterns during  
DNA replication by adding methyl groups to corresponding 
daughter strands at the hemimethylated CpG sites.  DNMT3a and 
DNMT3b carry out de novo methylation and preferentially target  
unmethylated CpG sites.  DNMT3L lacks intrinsic methyltrans-
ferase activity, but can facilitate the methylation of retrotrans-
posons by interaction with DNMT3a and 3b [9].  DNMT3L also 
recognizes the unmethylated lysine 4 of histone H3 to enhance the 
de novo methylation of DNA by the recruitment and activation 
of DNMT3a [11].  In normal cells, CpG islands of most genes 
are maintained in unmethylated, allowing RNA polymerase II to 
bind and transcription to proceed.  Cancer cells often maintain in 
global hypomethylation status and hypermethylation of promoter 
CpG islands.  Global hypomethylation can lead to chromosomal 
instability and mutations and result in the re-activation of onco-
genes.  DNA hypermethylation of the promoter CpG islands of 
tumor suppressor genes causes their transcriptional silencing [12].  
Hence, aberrant promoter methylation allows the cancer cells to 
have a potent ability in growth and invasion [2, 3, 9].

2.2. Histone modifications

DNA is tightly compacted by histone proteins [13].  Octamer of 
histone proteins (two molecules of each H2A, H2B, H3, and H4) 
are wrapped with 146 bp of DNA to form a nucleosome.  Histone 
proteins regulate the chromatin dynamic via changing chromatin 
structure by electrostatic charge alternation or providing protein 
recognition sites for modification [14, 15].  Histone modification 
occurs at the N-terminal tail, which subsequently affects DNA 
processes, including transcription, DNA repair, and DNA replica-
tion.  Histones can be modified post-translationally by acetylation,  
methylation, phosphorylation, sumoylation, biotinylation, ubiq-
uitination, ADP-ribosylation, deamination, proline isomerization, 
and propionylation [16-19].

Chromatin can exist in two different states, closed configura-
tion (heterochromatin) and open configuration (euchromatin).  
The closed chromatin configuration is hard to access for the 
transcriptional machinery and generally harbor transcriptionally 
inactive genes.  Histones (mainly H3) can be acetylated at lysine 
residues of N-terminal tails, which regulates chromatin into open 
or closed form.  Acetylation neutralizes the positive charge of 
histones followed by dis-association from the negatively charged 
DNA backbone, leading to the open chromatin structure and mak-
ing accessible to transcriptional machinery.  Thereby, histone 
acetylation is generally associated with transcriptional activation 
[17-19].  Histone acetylation is carried out by histone acetyl-
transferases (HATs) and histone deacetylases (HDACs).  HATs 
catalyze histone acetylation, while HDACs catalyze deacetylation 
by the removal of acetyl group, resulting in compact chromatin 
configuration and restricting the transcription factor access, and 
thereby inhibiting gene expression [18, 19].  HATs are classified 
into five families, Gcn5-related N-acetyltransferase (GNAT), 
MYST, p300/CBP, nuclear receptor coactivators (SRC), and 
TAFII250 families [20].  So far, eighteen human HDACs have 
been identified and divided into four classes, including Class I, II, 
III, and IV [20].

Methylation is also involved in histone modification.  Unlike  
acetylation, methylation does not change the protein charge [16, 
21].  Histone methylation occurs in lysine and arginine residues, 
which are catalyzed by histone lysine methyltransferase and 

histone arginine methyltransferase respectively [22].  Until now, 
twenty-four sites of methylation of histone are recognized, in-
cluding 17 lysine residues and 7 arginine residues [23].  Lysine 
residues can be mono-, di-, or trimethylated, whereas arginine 
residues are mono- or dimethylated.  The methylation of lysine 
is responsible for the alternation of chromatin structure [21].  
Monomethylation of histone 3 (H3) at lysine 4 (H3K4me1) and 
trimethylation of H3 at lysine 4 (H3K4me3) are associated with 
transcriptional activation, whereas trimethylation of histone H3 
at lysine 9 (H3K9me3), lysine 20 (H3K20me3), and lysine 27 
(H3K27me3) are correlated with transcriptional inactivation [14].  
Dysregulation in polycomb repressive complex 2 -mediated his-
tone H3K27me3 is frequently observed in many types of cancers 
[14].  Enhancer of zeste homolog 2 (EZH2) is the catalytic com-
ponent of PRC, which selectively trimethylates H3K27.  Evidenc-
es suggest that overexpression of EZH2 is highly associated with 
cancer progression and outcome in different cancers.  Therefore, 
EZH2 is regarded as a therapeutic target for cancer treatment [24].  
Histone demethylation is catalyzed by histone demethylases, in-
cluding LSD and JMJC families [25].

Histone phosphorylation is regulated by kinases and phos-
phatases via adding or removing phosphate groups from the 
hydroxyl group of serines, threonines, and tyrosines of histone 
N-terminal tails.  Phosphorylation of histone also alters the charge 
of histone, resulting in the structure alternation of chromatin [26].

2.3. Non-coding microRNAs

MicroRNAs are small, noncoding regulatory RNAs ranging in size  
from 17 to 25 nucleotides, which are matured by Dicer/Drosha 
RNase form hairpin-structured precursors [27].  MicroRNAs 
post-transcriptionally inhibit gene expression by recognizing 
complementary target sites in the 3’-untranslatied regions of 
target mRNAs [28].  MicroRNAs play critical roles in cell pro-
liferation and differentiation, cell cycle control, and cell death, 
as well as tumor development and metastasis [28, 29].  Aberrant 
microRNAs expression is observed in diverse cancers, and the 
expression varies in cancer phenotypes and stages.  MiRNAs 
have been demonstrated their importance in de novo methylation 
of imprinted loci and act on mRNA of DNMTs and HDACs [30].  
Each miRNA is capable of regulating the expression of many 
genes, allowing them to simultaneously regulate multiple cellular 
signaling pathways [28, 29].  Hence, miRNAs have the potential 
to be used as biomarkers for cancer diagnosis and prognosis, as 
well as therapeutic targets [31, 32].

3. Dietary components in cancer prevention and 
treatment

Many bioactive components in diets have been demonstrated to 
be effective in cancer prevention and intervention through epige-
netic alternation [4-8].  In this review, we introduce some com-
mon dietary components and their epigenetic targets in cancer.  
Epigenetic modifications affected by dietary components are pre-
sented in Figure 1.  Some bioactive components in diet and their 
epigenetic targets are summarized in Table 1.

3.1. Epigallocatechin-3-gallate (EGCG)

A huge number of studies implicated the anticancer properties of 
EGCG, a catechin isolated from green tea, with a positive correla-
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tion between green tea consumption and the inhibition on cancer 
[33, 34].  EGCG have a potent inhibitory effect on DNMT activi-
ties and DNA methylation in human cancer cells, including esoph-
ageal, colon, prostate, and breast cancer cells [35-37].  Treatment 
of EGCG leads to the demethylation of reactivation of p16, 
Retinoic acid receptor (RAR)β, MGMT, and human mutL homolog 
1 (hMLH1), and glutathione S-transferase p (GSTP) in human 
oesophageal cancer KYSE 510 cells [35].  The catechol group of  
catechins plays an important role in which these compounds exert 
their anticancer functions by inhibiting the methyltransferase ac-

tivities.  Catechol group is an excellent substrate for the methyla-
tion mediated by catechol-O-methyltransferase (COMT).  COMT-
mediated methylation leads to the depletion of the methyl donor 
SAM and promotes the formation of S-adenosyl-L-homocysteine 
(SAH), inhibiting DNA methylation [38].  Thereby, these cat-
echol-contained compounds inhibit methyltransferase activity 
by acceleration of COMT-mediated methylation, increasing the 
levels of SAH.  Additionally, the molecular modeling studies 
indicated that EGCG can directly inhibit the DNMTs through the 
inhibitory interaction between the gallic acid moiety of EGCG 
and the catalytic sites of the DNMTs [36].  Furthermore, EGCG 
promotes the degradation of DNMT3a and HDAC3 [39], as well 
as the inhibition of HDAC activity [40].  In skin cancer cells, 
SCC-13 and A431, EGCG reduces the level of polycomb proteins 
including EZH2, EED, SUZ12, Mel18, and Bmil, which results 
in the reduction of H3K27me3 and H2AK119ub formation, as 
well as survival of cancer cells [41].  EGCG also have an effect 
on miRNAs in human cancer cells.  In hepatocellular carcinoma 
HepG2 cells treated with EGCG, thirteen miRNAs are upregu-
lated and forty-eight miRNAs are down-regulated [42].

3.2. Curcumin

Curcumin (diferuloylmethane), a yellow polyphenol from the 
rhizomes of Curcuma longa, is commonly used as spice and food 
coloring agent.  The major components in the isolated curcumi-
noid complex are curcumin (approximately 80%), demethoxycur-
cumin (approximately 17%), and bisdemethoxycurcumin (approx-
imately 3%) [43].  Curcuma longa has been used in traditional 
medicine in Asia for thousands of years.  Recently, curcumin has 
been identified to exhibit antitumor and apoptosis-induction ac-

Table 1 − Effects of dietary components on epigenetic regulation of cancer cells.
Natural products Epigenetic modifications Anticancer mechanisms References
EGCG 
(green tea)

DNA methylation Histone  
methylation
MicroRNAs

↑ p16, RARβ, hMLH2, GSTP 
↓ DNMT3a, HDAC3, HDAC activity, EZH2,  

EED, SUZ12, Mel18, Bmi1, H3K27me3,  
H2AK119ub, Bcl-2, miR-16

35-42

Curcumin (turmeric) DNA methylation
Histone acetylation
Histone methylation
MicroRNAs

↑ HDAC1, HDAC4, HDAC5, HDAC8, SOCS1,  
SOCS3, miR-15a, miR-16, miR-22, miR-26,  
miR-101, miR-146, miR-186, miR-200, miR-203,  
miR-192-5p/215, let-7 

↓ DNMT1 activity, HAT activity, DNMT1,  
DNMT3a, HDAC3, HDAC8, EZH2,  miR-21,  
miR-34a, miR-199*

43-50

Resveratrol 
(grapes, berries, plum, peanuts)

DNA methylation Histone  
acetylation
Histone methylation
MicroRNAs

↑ DNMTs, MBD2, FOXC2, PDCD1, PTEN,  
Dicer, mir-137, miR-663, miR-773 

↓ SIRT1, SIRT2, SIRT3, p300, eEF1A2, EZH2,  
TGFβ, miR-17, miR-21, miR-25, miR-29a,  
mir-196a, miR-520h

54-63

Quercetin (soybeans) Histone acetylation
MicroRNAs

↑ HAT activity, FasL 
↓ HDAC activity, Sp, Survivin, miR-21, miR-27

64-69

Genistein (soybeans) Histone acetylation 
Histone  
methylation
MicroRNAs

↑ PTEN, CYLD, p53, FOXO3a, miR-34a, Notch-1 
pathway

↓ SIRT activity, miR-21

70-75

Isothiocyanates (broccoli,  
cabbage, brussels sprouts,  
watercress, kale, cauliflower)

Histone acetylation
Histone methylation
MicroRNAs

↑ p300, p16, p21, Bax, miR-17
↓ HDACs, PCAF, EZH2, Bmi1, H3K27me3,  

cyclin B1, cyclin A, cyclin dependent kinase 1/2, 
miR-20a, miR-27a, miR-17-5p

76-89

Cancer chemoprevention/chemotherapy

DNA
methylation

Histone
methylation

Histone
acetylation

Gene
expression

DNMTs HMTs/HDMTs HDACs/HATs MicroRNAs

Epigenetic modifications

Dietary components

Fig. 1 - Epigenetic modifications regulated by dietary com- 
ponents.  The main epigenetic modifications regulated by dietary  
components include DNA methylation, histone modifications 
(actylation/deacetylation, methylation/demethylation), and 
microRNAs.  DNA methylation and histone modifications can  
alter chromatin structure.  MicroRNAs can degrade mRNA and  
modulate translation process.
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tivity in a variety of human cancer cell lines [44-50].  Moreover, 
curcumin have also been applied in cancer treatment, including 
pancreatic cancer, multiple myeloma, and colorectal cancer [51].  
Curcumin inhibits DNMT1 activity by covalently blocking the 
catalytic thiol group of Cys1226 binding site [52].  Prostate LN-
CaP cells treated with curcumin causes the demethylation of the 
CpG islands of the NEUROG1 and NRF1 genes.  Curcumin also 
has the effects on the protein expression of HDACs, increasing 
the expression of HDAC1, 4, 5, and 8 and decreasing HDAC3 
[44].  In leukemia K562 and HEL cells, curcumin elevates the 
expression of SOCS1 and SOCS3 via inhibiting HDAC8 expres-
sion to increase the acetylation of histone in the regions of SOCS1 
and SOCS3 promoters [45].  Acetylation of the histone protein 
p300/CBPB and the non-histone protein p53 can be inhibited by 
curcumin through inhibition on HAT activity [53].  Furthermore, 
curcumin can enhance the anticancer effect on HDAC inhibitor, 
trichostatin A, in breast cancer cells SKBR3 and 435eB [46].  In 
MDA-MB-435 breast cancer cells, curcumin induces the down-
regulation of EZH2 expression through MAPK pathway [47].  In 
MCF-7 breast cancer cells and leukemia cells, curcumin upregu-
lates the expression of miR-15 and miR-16, resulting in Bcl-2 
downregulation and apoptosis induction [49, 50].  In human pan-
creatic cells, curcumin increases miR-22 and inhibits miR-199a*.  
In non-small cell lung cancer cells, the proapoptotic effects of 
curcumin depend on miR-192-5p/215 induction [48].  MiRNAs 
and their targeted genes modulated by curcumin also comprise 
miR-15a, miR-16, miR-21, mir-22, miR-26, miR-34, miR-101, 
miR-146, miR-200, miR-203, and let-7 [43].

3.3. Resveratrol

Resveratrol (3,5,4’-trihydroxystilbene) is a natural phytoalexin 
existing in several plants, such as grapes, berries, plums, and pea-
nuts.  Its anticancer effects are achieved by inhibiting the growth 
of cancer cells and inducing apoptosis [54, 55].  Resveratrol is 
capable of inhibiting the epigenetic silencing of the BRCA1 tu-
mor suppressor protein [56].  Furthermore, resveratrol partially 
restores H3K9 mono-methylation, DNMTs, and MBD2 at the 
BRCA1 promoter in MCF-7 cells [56].  Resveratrol shows to have 
the inhibitory effects on the class III HDACs, such as SIRT1, 
SIRT2, SIRT3, and p300 [57].  Resveratrol provides an effect in 
chemoprevention via SIRT1-encoded proteins in an in vivo skin 
tumor model [58].  In prostate cancer cells, resveratrol enhances 
p53 acetylation and apoptosis by inhibition of the metastasis- 
associated protein 1 (MTA)–nucleosome remodeling deacetylation  
(NuRD) complex [59].  In SW480 colon cancer cells, resveratrol 
affects the expression of Dicer, PDCD1, and PTEN by downregu-
lation of oncogenic miRNAs, including miR-17, miR-21, miR-25, 
miR-92a, and miR-196a, while inhibiting the TGFβ by upregula-
tion of miR-663 [60].  In MCF-7 breast cancer cells, resveratrol 
upregulates miR-663 and miR-773, which inhibits cell prolifera-
tion by inhibiting the eukaryotic translation elongation factor 
1A2 (eEF1A2) at the mRNA and protein levels [61].  In CLI-5 
and A549 lung adenocarcinoma cells, resveratrol downregulates 
miR-520h and induces miR-520h-mediated signaling pathway, 
resulting in the inhibition of forkhead box C2 (FOXC2) and the 
subsequent suppression of tumor metastasis in both in vitro and  
in vivo model [62].  In resveratrol-induced apoptosis and tumor 
suppression of neuroblastoma, EZH2 and H3K27me3 repression 
are mediated by miR-137 [63].

3.4. Flavonoids

Flavonoids (bioflavonoids) are widely in plants, including fruits, 
vegetables, and beverages (coffee, tea, beer, wine, and juice) 
[64].  Flavonoids, such as quercetin, fisetin, and myricetin, have 
been shown to inhibit DNMT activity in different cancer cells 
[65].  Quercetin (3,5,7,3’,4’-pentahydroxyflavone) is the most 
abundant flavonoid in nature.  In leukemia HL-60 cells, quercetin 
increases histone H3 acetylation which results in the promotion 
of the expression of FasL [66].  Quercetin exhibits the potential in 
the activation of HATs and the inhibition of HDACs, contributing 
to histone acetylation [66].  Furthermore, quercetin has an inhibi-
tory effect on HAT activity and blocks TNF-α-induced acetylation 
and phosphorylation of histone H3 at the IP-10 and MIP-2 gene 
promoter in murine intestinal epithelial cells [67].  Quercetin 
also exerts an anticancer activity by regulation of miRNAs.  The 
combination of quercetin and hyperoside significantly inhibits the  
invasion and migration of PC3 prostate cancer cells through down-
regulation of miR-21 [68].  The combination of quercetin and 
hyperoside mediates miR-27a inhibition, inducing Sp-repressor  
ZBTB10 increase which inhibits Sp and survivin, leading to 
apoptosis of 786-O renal cancer cells [69].

Isoflavones are derived primarily from soybeans, including  
genistein, daidzein, and glycitein.  Genistein inhibits the prolifera- 
tion, invasion, and metastasis of cancer cells [70].  In addition, 
genistein has been showed to have a chemopreventive effect 
against various types of cancer cells, including prostate, esopha-
geal, and colon cancer.  Genistein is a phytoestrogen which binds 
to α and β estrogen receptors and regulates the intracellular sig-
naling pathway to mimic the actions of endogenous estrogen, 
17β-estradiol [71].  In esophageal and prostate cancer cells, 
genistein reverses aberrant DNA methylation which results in 
reactivation tumor repressor genes, including as p16INK4A, RARβ, 
MGMT, phosphatase and tensin homolog (PTEN), cylindromato-
sis (Turban tumor syndrome, CYLD) by inhibiting DNMT activity 
[72].  In prostate cancer cells, genistein increases the acetyla-
tion of H3K9 at p53 and FOXO3a promoter through inhibition 
of SIRT1 activity [73].  Genistein also inhibits miR-21 in A-498 
renal cancer cells growth and tumor growth in xenograft model 
through cell cycle arrest and apoptosis induction [74].  In pancre-
atic cancer cells, genistein inhibits cell growth and induces apop-
tosis through the up-regulation of miR-34a and Notch-1 signaling 
pathway [75].

3.5. Isothiocyanates

Isothiocyanates (ITCs), metabolites of glucosinolates, are found 
in cruciferous vegetables, such as broccoli, cabbage, brussels 
sprouts, watercress, kale, and cauliflower, which provide a re-
markable anticancer effect on pancreatic, prostate, ovarian, and 
breast cancers [76, 77].  The known potent anticancer effects of 
ITCs are from allyl isothiocyanate (AITC), benzyl isothiocyanate 
(BITC), phenethyl isothiocyanate (PITC), and sulforaphane.  The 
anticancer activities of ITCs can be divided into chemopreventive 
and chemotherapeutic effects.  ITCs have a potential in inhibi-
tion of carcinogenesis via acting on detoxification, inflamma-
tion, apoptosis, and cell cycle, as well as epigenetic regulation 
[77].  ITCs are found to inhibit tumorigenesis through inhibition 
of HDACs [78, 79].  The inhibition of HDAC activity also con-
tributes to the increase of tumor suppressor gene p21WAF1 and the 
pro-apoptotic gene Bax [80].  In myeloma cells, PITC can inhibit 
HDACs and induce DNA demethylation of tumor suppressor p16 
gene, which leads to its reactivation [81].  In HL-60 leukemia 
cells, PITC mediates cell growth arrest which is associated with 
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the reduction of HDAC activity and increase of acetyltransferase 
p300 and p21WAF1 acetylation [82].  In hyperplastic (BPH1) and 
prostate cancer cells (LNCaP and PC3), sulforaphane induces cell  
cycle arrest and apoptosis by inhibition of HDAC activity and 
class I and II HDAC proteins, as well as increase of H3 acetylation  
followed by induction of p21WAF1 expression [83].  The inhibition  
of HDAC is related to sulforaphane metabolite sulforaphane-
cysteine that can fit the enzyme pock and form a bidentate ligand 
through the interaction of α-carboxyl group of the cysteine moiety 
and buries zinc atom [79].  In vivo data showed that administra-
tion of sulforaphane to Apcmin mice can inhibit intestinal tumors 
and increase histone acetylation of global DNA and the promoter 
regions of p21WAF1 and Bax [84].  PITC has been proved to exert 
a lung chemopreventive effect by modulated the cigarette smoke-
induced alternations on miRNA expression.  Furthermore, the 
combination of PITC and indole 3-carbinol reverses the effects 
of cigarettes on these miRNAs [85, 86].  In prostate cancer cells, 
PITC inhibits androgen receptor by enhancing miR-17 mediated 
suppression of p300/CBP-associated factor (PCAF), a co-regula-
tor of androgen receptor [87].  Sulforaphane treatment causes the 
reduction of EZH2 and Bmi-1 expression in SCC-13 skin cancer 
cells and also reduces H3K27me3, which is associated with the 
accumulation of cells at G2/M phase, the decrease of cyclin B1, 
cyclin A, cyclin dependent kinases (CDK) 1/2, and the increase of 
p21WAF1 expression [88].  Additionally, PITC modulates miR-27a, 
miR-20a, and miR-17-5p, resulting in the apoptosis of pancreatic 
cancer cells [89].

4. Bioavailability of dietary components

The anticancer effects of dietary components like EGCG, curcum-
in, and resveratrol have been reported in a wide variety of cancers 
[33, 34, 90, 91].  Clinical trial results showed that the prostate 
cancer risk declined with increasing frequency, duration, and 
quantity of green tea consumption, and the dose-response rela-
tionships were also significant, suggesting that EGCG is effective 
against prostate cancer [33, 34].  Curcumin and resveratrol, either 
alone or in combination with other agents, have demonstrated 
their potential effects against colorectal cancer, pancreatic cancer, 
breast cancer, prostate cancer, multiple myeloma, lung cancer, 
oral cancer, and head and neck squamous cell carcinoma [90-91].

Along with laboratory-based results, some clinical trials have 
demonstrated the chemopreventive and chemotheputic effects of 
dietary components.  However, most of the clinical trials of these 
components such as EGCG, curcumin, resveratrol, and genisten 
as anticancer agents are poor bioavailability, raising the debate of 
the practical application of in vitro results in physiological states 
[51, 92, 93].  Clinical studies of these promising molecules demon- 
strated their low bioavailability, which are hindered by poor water 
solubility and absorption, as well as rapid metabolism and clear-
ance [51, 92, 93].  The formation of sulphate and glucuronide 
conjugated by intestine and liver also reduced the bioavailability 
of some phenolic compounds [51, 93].  Thus, continuing research 
on these dietary components is needed to provide some possible 
solutions to overcome these problems.  To increase the bioavail-
ability, longer circulation, higher permeability, and resistance 
to metabolic processes of dietary components, a variety of ap-
proaches have been developed, including synthesis of analogues, 
nanoparticles, liposomes, micelles, and phospholipid complexes 
[94-96].  The combination use of adjuvants also serves as a use-
ful strategy to improve the bioavailability of dietary components.  

Recent studies showed that the administration of curcumin or res-
veratrol with piperine significantly improve their bioavailability 
through the inhibition of glucuronidation, elevating their concen-
trations in plasma [97, 98].

5. Conclusion and future perspectives

Based on the studies mentioned, it is clear that these dietary com-
ponents act on different epigenetic targets leading to epigenetic 
modifications and execute anticancer activities.  Current studies 
also showed that dietary components used in combination with 
traditional chemotherapy creates potential synergistic effects, 
including reverting chemotherapy resistance, overcoming the 
side effects from chemotherapy, and increasing chemotherapy 
sensitivity, which are all very important for the successful treat-
ment of cancer patients.  Insight understanding of the global pat-
terns of epigenetic modifications by dietary components in cancer 
will necessarily help to develop better strategies to prevent and 
cure cancer.  Therefore, sufficient preclinical data is required for 
the better understanding of the epigenetic targets and pathways 
altered by these dietary components to increase the efficacy of 
their anticancer properties.  Additional clinical studies are also 
needed to analyze the safety profile of dosages, the routes of ad-
ministration, tissue distribution, as well as bioavailability alone, 
and in combination with other chemotherapeutic agents in order 
to obtain the maximum beneficial effects of these dietary compo-
nents as anticancer agents.  Despite these challenges, persistent 
research on dietary components will offer more epigenetic targets 
and promising strategies for theprevention and treatment against 
cancers in the future.
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1. Introduction

One of the prominent characteristics of rapidly growing cancer 
cells is their capacity to sustain high rates of glycolysis for ATP 
production regardless of whether oxygen is present—a phenom-
enon known as the Warburg effect [1].  Activators of peroxisome 
proliferator-activated receptors (PPARs) have been shown to 
exhibit a great potential for anticancer therapies by modulating 
cancer cell energy metabolism and signaling pathways [2, 3].  
PPARα is known to modulate the expression of genes regulating 
glucose and lipid metabolism [4, 5].  Fenofibrate is a synthetic  
agonist of PPARα and a widely used hypolipidemic drug with anti- 
inflammatory and anti-atherosclerotic effects in humans [6, 7].  
Fenofibrate has been reported to be involved in several anticancer 
activities, including induction of apoptosis, reduction of the pro-
liferation rate, attenuation of IGF-1 receptor signaling, inhibition 
of tumor angiogenesis, and suppression of the inflammatory re-
sponse and oxidative stress in cancer cells like melanoma, mantle 
cell lymphoma, medulloblastoma, glioma, and endometrial cancer 
cells [8-14].  However, the anticancer activity of fenofibrate in 
energy homeostasis is not well clarified or understood.

Our previous studies suggest a beneficial role of fenofibrate 
in anti-oral tumorigenesis in both cell culture and animal models.   
Fenofibrate inhibits the invasion and migration of CAL 27 oral 
cancer cells by suppressing the protein expressions of matrix 
metalloproteinase-1 (MMP-1), MMP-2, MMP-7, and MMP-9 
through the AMPK and NF-κB signaling pathway [15].  Fenofi-
brate causes the reduction in the incidence and size of squamous 

carcinoma and suppresses the progression of the preneoplastic 
lesion into squamous cell carcinoma in an oral-specific 4-nit-
roquinoline 1-oxide/arecoline mouse model [16].  Recently, we 
demonstrated that fenofibrate provided novel mechanisms for 
delaying oral tumor development via the reprogramming of meta-
bolic processes by interrupting the binding of hexokinase II to the 
voltage-dependent anion channel and increasing metabolites in 
the tricarboxylic acid cycle (unpublished data).  It is possible that 
part of the anticancer mechanisms of fenofibrate might involve 
regulating the gene expression of mitochondrial energy metabo-
lism.  Therefore, this study focused on the changes in genes ex-
pression of mitochondrial energy metabolism in oral cancer cells 
treated with fenofibrate.  The protein expression levels of PPARα 
were also examined in oral tumor progression.

2. Materials and methods

2.1. Administration of 4-NQO and arecoline

Seventy 6-week-old male C57BL/6JNarl mice were purchased 
from the National Laboratory Animal Center.  The mice were 
handled in accordance with the Animal Care and Use Guidelines 
of the China Medical University, and the study protocol was ap-
proved by the Institutional Animal Care Use Committee.  The 
experiments were controlled as previously described [17].  The 
carcinogens, 200 μg/ml 4-nitroquinoline 1-oxide (4-NQO; Sigma-
Aldrich, St. Louis, MO, USA) and 500 μg/ml arecoline hydrobro-
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ABSTRACT

Metabolic reprogramming plays a crucial role in the development of cancer.  The aim of this study was to 
explore the effect of fenofibrate, an agonist of peroxisome proliferator-activated receptor alpha (PPARα), 
on gene expression profiles of mitochondrial energy metabolism.  Our results showed that PPARα expres-
sion was negatively correlated with tumor progression in an oral cancer mouse model.  Activation of PPARα 
through fenofibrate suppressed migration of oral cancer cells.  Differential protein profiling demonstrated that 
expressions of genes related to mitochondrial energy metabolism were either up-regulated (Atp5g3, Cyc1, 
Ndufa5, Ndufa10, and Sdhd) or down-regulated (Cox5b, Ndufa1, Ndufb7, and Uqcrh) through PPARα activa- 
tion and response.  Our results indicate that PPARα exhibits a great potential for anti-oral cancer therapies  
by modulating cancer cell mitochondrial energy metabolism.
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mide (Tokyo Chemical Industry Co. LTD, Tokyo, Japan), were 
used to induce oral tumorigenesis in the mice for a period of 8 
weeks and then observed for the indicated time including 0, 8, 
12, 16, 20, 24, and 28 weeks.  Ten mice were euthanized at each 
indicated time.  During the administration, all mice were allowed 
to access the drinking water and chow diet (Prolab® RMH 2500 
PMI Nutrition International, LLC, MO, USA) ad libitum.  The 
experiments were carried out under controlled conditions with a 
12-h light/dark cycle.

2.2. Cell culture and wound healing assay

The 28-week mouse oral cancer cells were obtained from primary 
cultured cells of tongue cancer induced by 4-NQO (200 μg/ml) 
and arecoline (500 μg/ml) [16].  Cells were grown in DMEM 
supplemented with 10% fetal bovine serum, 1% antibiotic-anti-
mycotic and 2 mM L-glutamine (Gibco; Life Technology Cor-
poration, NY, USA) at 37°C in a humidified 5% CO2 atmosphere 
incubator.  For migration assay, 5 × 104 cells were seeded in ibidi 
Culture-Insert (ibidi GmbH, Martinsried, Germany) on a 24 well 
plate.  After appropriate cell attachment, the Culture-Insert was 
gently removed, and cells were then incubated with or without 
fenofibrate (50 μM).  Next cells were allowed to migrate into the 
wound area for 0, 16, 24, and 38 h.  Cells in the wound area were 
photographed and measured at an image analysis platform.  (http://
ibidi.com/applications/wound-healing-and-migration/)

2.3. RNA Extraction and RT2 Profiler PCR Array examination

The 28-week mouse oral cancer cells were incubated with 50 μM  
fenofibrate for 18 h, and an equivalent volume of 0.1% DMSO  
was used as control.  Total RNA was extracted from the cells with  
or without fenofibrate treatment by using the Trizol reagent solu- 
tion (Ambion, Life Techniologies) according to the manufacturer’s  
recommendations.  The quality of RNA samples was determined 
by Agilent 2100 Bioanalyzer analysis using a RNA 6000 Nano 
Kit (Agilent Technologies, Inc.).  The quantity of RNA samples 
was determined using a NanoDrop ND-1000 spectrophotometer 
(Thermo Scientific).  c-DNA was converted using a RE3 Reverse 
Transcriptase Mix (Qiagen Ltd.).  Quantitative PCR was per-
formed according to the RT2 Profiler PCR array instructions on a 
7300 Real-Time PCR System (Applied Biosystems, CA, USA).  
The Mouse Mitochondrial Energy Metabolism (PAMM-008Z) 
RT2 Profiler PCR Array, which profiles a total of 84 genes expres-
sion, was purchased from Qiagen Ltd.  The PCR cycling condition  
was set as follows: 1 cycle of 95°C for 10 min; 40 cycles of 95°C 
for 15 sec and 60°C for 1 min; and 1 cycle of 95°C for 15 sec, 60°C  
for 30 sec, and 95°C for 15 sec.  The results of Ct values were sub- 
mitted to the Web-based PCR array data analysis software, which 
is available at www.SABioscience.com/pcrarraydataanalysis.php.

2.4. Protein extraction and Western blotting

To analyze PPARα protein levels in mouse tongue tissue, each 
sample at the indicated time was homogenized and proteins were 
extracted as previously described [18].  Total protein contents 
were determined using a Bio-Rad protein assay reagent (Bio-
Rad Laboratories, CA, USA) with bovine serum albumin as a 
standard.  Equal amounts (50 μg) of extracted proteins from each 
condition were fractionated by 12% SDS-Polyacryamide gels and 
transferred onto a polyvinylidene difluoride (PVDF) membrane 
(Millipore, MA, USA).  The Western blots were probed with a 

PPARα primary antibody (Santa Cruz Bioechnology, TX, USA) 
and then incubated with horseradish peroxide-conjugated second-
ary antibodies.  The immunoreactive protein bands were detected 
by a SuperSignal Enhanced Chemiluminescence (Millipore, MA, 
USA).  Western blots were quantified by densitometric analysis 
using KODAK image analysis software (Kodak EDAS290, East-
man Kodak, Rochester, NY, USA).

2.5. Statistical analysis

All data were analyzed using SPSS 15.0 for Windows.  Statistical 
analyses of the PPARα expression were performed using Linear 
regression analysis.  A P-value of less than 0.05 was considered 
statistically significant.

3. Results

3.1. PPARα protein expression levels in tongue tissues

First, we determined the PPARα protein levels of tongue tissues in  
an 4-NQO/arecoline induced mouse model.  The PPARα protein 
levels at each time point are shown in Figure 1.  The PPARα 
protein levels were progressively decreased in a time-dependent 
manner over a 28-week observation period when compared with 
the control (0 week).  Linear regression analysis showed that 
PPARα expression was negatively correlated with the advancing 
of tumor development (P = 0.003).

3.2. Activation of PPARα suppressed migration of oral  
cancer cells

We next assessed whether activation of PPARα influenced cancer 
cell migration.  The 28-week mouse oral cancer cells were treated 
with fenofibrate (0 or 50 μM) for 0, 16, 24, and 38 h.  We found 

Fig. 1 - The PPARα protein expression levels in tumor pro- 
gression.  The protein levels of PPARα in each mouse tongue 
tissue were measured by Western blot analysis at the indicated 
time (8, 12, 16, 20, 24, and 28 weeks).  Data are shown as the 
fold of control (0 week).  Each dot represents a mouse tongue 
tissue.  A statistical analysis of the PPARα expression was per- 
formed by Linear regression analysis.  The results showed that  
PPARα expression was negatively correlated with tumor pro- 
gression (P = 0.003).
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that fenofibrate decreased cell migration ability up to the observa-
tion time of 38 h (Figure 2).

3.3. mRNA expression levels of genes involved in 
mitochondrial energy metabolism after fenofibrate treatment

To explore the expression levels of genes involved in mitochon-
drial energy metabolism through PPARα activation and response, 
oral cancer cells from the 28-week group were treated with or 
without 50 μM fenofibrate for 18 h.  Table 1 shows the changes 
in the mRNA expression levels of 9 genes involved in mitochon-
drial energy metabolism detecting by an RT2 Profiler PCR Array.  
Fold-change (2─∆∆Ct) is measured as the level of normalized gene 
expression (2─∆Ct) in the fenofibrate-treated group divided by the 

level of normalized gene expression (2─∆Ct) in the control group.  
Fold-change values greater than one indicate a positive- or an up-
regulation; however, fold-change values less than one indicate a 
negative or down-regulation.  The expression levels of Atp5g3 
(ATP synthase, H+ transporting, mitochondrial F0 complex, sub-
unit C3), Cyc1 (Cytochrome c-1), Ndufa5 (NADH dehydrogenase 
(ubiquinone) 1 alpha subcomplex, 5), Ndufa10, and Sdhd (Suc-
cinate dehydrogenase complex, subunit D, integral membrane 
protein) genes were up-regulated in fenofibrate-treated cells 
compared with those in control cells.  Conversely, expressions 
of Cox5b (Cytochrome c oxidase, subunit Vb), Ndufa1, Ndufb7 
(NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 7), and 
Uqcrh (Ubiquinol-cytochrome c reductase hinge protein) genes 
were down-regulated.  These findings indicate that PPARα acti-

Table 1 − Changes in the mRNA expression levels of the genes involved in mitochondrial energy 
metabolism.

Average Ct Average ∆Ct 2─∆Ct Fold-change

Gene Symbol Control Fenofibrate Control Fenofibrate Control Fenofibrate As Compared to 
control

Up-regulating mRNA expression levels 

Atp5g3 25.15 23.40   4.77   3.06 0.037 0.120 3.272

Cyc1 31.14 29.05 10.76   8.71 0.001 0.002 4.141

Ndufa10 29.78 27.79   9.40   7.45 0.001 0.006 3.864

Ndufa5 33.37 32.09 12.99 11.75 0.000 0.000 2.362

Sdhd UD 32.48 14.62 12.14 0.000 0.000 5.579

Down-regulating mRNA expression levels

Cox5b 32.17 UD 11.79 14.66 0.000 0.000 0.137

Ndufa1 31.71 UD 11.33 14.66 0.000 0.000 0.099

Ndufb7 33.05 UD 12.67 14.66 0.000 0.000 0.252

Uqcrh 19.04 20.26  -1.34  -0.08 2.532 1.057 0.418

UD: Undetermined. The Ct values greater than 35 show as UD. Fold-change values greater than one indicate a positive- or an up-regulation; 
however, the fold-change values less than one indicate a negative or down-regulation.

Fig. 2 - Fenofibrate inhibits the migration of oral cancer cells.  The 28-week mouse oral cancer cells were treated with fenofibrate 
(0 and 50 μM) for 0, 16, 24, and 38 h.  Cell migration was examined by wound healing assay as described in the Materials and 
Methods section.  Cells in the wound area were photographed (Magnification, 100×).  The migration ability of cells in the wound 
area was suppressed after treating with fenofibrate.

0 h 16 h 24 h 38 h

Control

50 μM
Fenofibrate
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vation and response might modulate mitochondrial function and 
energy production.

4. Discussion

It is well known that cancer cells undergo significant metabolic 
adaptations in energy metabolism [1].  Shifting the balance be-
tween the glycolytic and mitochondrial processes could be an 
important point in cancer therapy.  In this study, we found that 
PPARα protein levels were negatively associated with tumor de-
velopment in an oral cancer mouse model (Figure 1).  Activation 
of PPARα by fenofibrate decreased the migration ability of oral 
cancer cells in vitro (Figure 2) and suppressed the tumor pro-
gression into squamous cell carcinoma in vivo [16].  We thought 
that these molecular events might be linked to interrupting the 
Warburg effect through reprogramming ATP production pathway.  
Therefore, the transcription levels of genes involved in mito-
chondrial energy metabolism were determined by an RT2 Profiler 
PCR Array.  We found that nine genes’ transcription levels in the 
respiratory chain, including Ndufa1, Ndufa5, Ndufa10, Ndufb7, 
Sdhd, Cyc1, Uqcrh, Cox5b, and Atp5g3, were changed in the 
fenofibrate-treated cells (Table 1).

It has been shown that Ndufa genes play an essential role in 
the assembly pathway and function of NADH dehydrogenase 
(Complex I) in mammals [19].  Fenofibrate induced high expres-
sion levels of Ndufa5 and Ndufa10, and low expression levels of 
Ndufa1 (Table 1).  Ndufa1 was shown to interact with the subunits 
encoded by mitochondrial DNA during the Complex I assem-
bly process [20].  Two missense mutations (G8R and R37S) in 
Ndufa1 have been identified in male patients presenting with neu-
rological syndromes [21].  Ndufa5 is involved in building up the 
electrochemical potential required to produce ATP.  To date, no 
mutations in Ndufa5 are reported in association with any diseases.  
Nevertheless, low expression levels are found in the brain re-
gions of those affected by autism [22, 23].  Mutations in Ndufa10 
lead to lowering holo-complex I levels with the accumulation of 
complex I subcomplexes, which indicates a disturbance in the 
assembly and/or stability of complex I [24].  The Ndufb7 gene is 
classified in the hydrophobic group with NADH-binding and oxi-
dizing properties [19, 25].  To a point, Ndufa1, Ndufa5, Ndufa10, 
and Ndufb7 genes are likely to contribute a significant impact to 
PPARα response.  However, function of the above 4 genes in the  
regulation of mitochondrial energy production and cancer develop- 
ment needs further investigation.

Additionally, fenofibrate up-regulated the expression of Sdhd, 
Cyc1, and Atp5g3 genes.  Succinate dehydrogenase (SDH) or 
Complex II is part of both the Krebs cycle and the electron trans-
port chain [26].  The SDHD protein is the membrane-anchoring 
protein that contains one heme and is essential for ubiquinone 
binding.  The Mitochondrial Sdhd gene is required for early 
embryogenesis [27].  Mutations in the Sdhd gene are associated 
with paraganglioma [28].  The cytochrome c1 (CYC1) protein, a 
subunit of respiratory chain complex III, directly interacts with 
cytochrome c and mediates electron transport from cytochrome b 
to cytochrome c during oxidative phosphorylation [29].  The Cyc1 
gene plays an important role in the development of nasopharyn-
geal carcinoma and osteosarcoma [30, 31].  The mitochondrial 
ATP synthase, subunit c, isoform 3 gene (Atp5g3) encodes subunit 
9, which catalyzes ATP synthesis during oxidative phosphoryla-
tion in mitochondria.  A recent report shows that the expression 
level of Atp5g3 is reduced in autism patients [32].  In the present 

study, the up-regulated expressions of the Sdhd, Cyc1, and Atp5g3 
genes are consistent with metabolic reprogramming, which might 
switch the Warburg effect to oxidative phosphorylation with 
slowing energy production rate and inhibiting cancer cells growth 
in fenofibrate-treated cells.  Recently, we have demonstrated that 
fenofibrate inhibits the invasion and migration of CAL 27 oral 
cancer cells through the AMPK and NF-κB signaling pathway 
[15].

Cox5b is an extra-membrane subunit located at the matrix side 
of the complex IV that facilitates the oxidation of cytochrome c 
by O2.  Cox5b has been shown to play a role in suppressing ROS 
production [33, 34] and provide a binding site for protein kinase 
A [35].  Uqcrh is a component of the ubiquinol-cytochrome c 
reductase complex (complex III), which catalyzes electron trans-
fer from succinate and nicotinamide adenine dinucleotide-linked  
dehydrogenases to cytochrome c [36].  Uqcrh is a downstream 
target gene of PGC-1α (Peroxisome proliferator-activated receptor 
gamma coactivator 1 alpha).  The down-regulation of the Uqcrh 
gene suggests the decrease in mitochondrial oxidative phosphory-
lation activity, which results in reducing ROS accumulation and 
creating an antioxidant feedback [37].  Therefore, we suggest that 
the low expressions of Cox5b and Uqcrh in fenofibrate-treated 
cells are likely to contribute a significant impact to regulating 
ROS production involved in oral cancer development.  Further 
investigation is needed to elucidate the association between ROS 
production and PPARα signaling.

5. Conclusions

The protein levels of PPARα were negatively associated with oral 
tumor progression.  Activation of PPARα inhibited oral cancer 
cell migration.  The molecular mechanism may be linked to mod-
ulate the expression of genes involved in mitochondrial energy 
metabolism.
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1. Introduction

Statistically, breast cancer is one of the most common malignan-
cies all over the world, and triple negative breast cancer (TNBC) 
is the most invasive form, with a poor prognosis and a high 
percentage chance to recur locally and metastasize distantly [1].  
At present, no standard therapy has been clinically feasible for 
TNBC, and the discovery of useful biomarkers is urgently needed.  
In Taiwan, breast cancer ranks second among the common types 
of cancer, and has been noted for its high incidence, high mortal-
ity, and early onset [2, 3].

In the early 1990s, scientists knew that the dysregulation of 
the extracellular matrix (ECM) contributes to the initial phase of 
micro-environmental remodeling during physiological processes 
such as morphogenesis, angiogenesis, inflammation, wound heal-
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ABSTRACT

The tissue inhibitors of metalloproteinases (TIMPs) are a family of multifunctional proteins which have 
been shown to be upregulated in various types of cancers.  However, the contribution of TIMPs in breast 
cancer is not fully understood, not to mention triple negative breast cancer (TNBC).  This study’s aim was 
to evaluate the contribution of TIMP-1 rs4898, rs6609533, and rs2070584 genotypes to the risk of breast 
cancer, especially the subtype of TNBC.  The contributions of these TIMP-1 genotypes to cancer risk were  
examined among 1232 breast cancer patients and 1232 healthy controls, and several clinicopathologic factors  
were also analyzed.  The results showed that the percentages of CC, CT, and TT of TIMP-1 rs4898 were dif-
ferentially distributed at 28.5%, 33.1% and 38.4% in the breast cancer patient group and 34.5%, 41.0% and 
24.5% in the control group, respectively (P for trend = 7.99*10-13).  It was also found that the CC genotype 
carriers were of increased risk for breast cancer (odds ratio = 1.90, 95% confidence interval = 1.55-2.33, 
P = 0.0001) than the TT genotype carriers.  In addition, we analyzed the allelic frequency distributions of 
all three TIMP-1s, and the results showed that the C allele of TIMP-1 rs4898 contributes to an increase in 
breast cancer susceptibility (P = 2.41*10-12).  On the other hand, there was no difference found in the dis-
tribution of genotypic or allelic frequencies among the patients and the controls for TIMP-1 rs6609533 and 
rs2070584.  Thus, it is our conclusion that the CC genotype of TIMP-1 rs4898 compared to the TT wild-type 
genotype may increase the risk for breast cancer, especially TNBC in Taiwan, and may serve as an early de-
tective and predictive marker.

ing, and tumorigenesis [4].  Among the various kinds of ECM 
component molecules, the matrix metalloproteinases (MMPs) are 
a group of endopeptidases that play a key role in ECM remodeling  
[5], and MMPs have been reported to have the capacity to degrade 
the connective tissue matrices [4, 5].  Meanwhile, each MMP is 
under the control of their specific inhibitors, e.g., the tissue in-
hibitors of metalloproteinases (TIMPs) [5].  For instance, MMP-1 
and MMP-2 are in charge of the degradation of the connective 
tissue fibrillary collagen (type I collagen) and type IV globular 
basement membrane collagen, respectively [4].  The expressions 
of MMP-1 and MMP-2 are under the control of their specific 
inhibitors TIMP-1 and TIMP-2, respectively [5].  An imbalance 
of MMPs and TIMPs results in metalloproteinase activation, and 
relatively higher levels of MMPs than TIMPs may stimulate the 
degradation of collagen in the interstitial space and beneath epi-
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volunteers were selected after an initial random sampling from 
the Health Examination Cohort of the hospital as the controls of 
this study.  The exclusion criteria of the control group included 
previous malignancy, metastasized cancer from other or unknown 
origin, and any familial or genetic diseases.  Both groups com-
pleted a short questionnaire which included habits.  Our study was  
approved by the Institutional Review Board of the China Medical  
University Hospital (DMR96-IRB-240) and written informed 
consent was obtained from all participants.

2.2. Genotyping conditions

Genomic DNA from the peripheral blood leucocytes of each 
recruited subject was prepared using the QIAamp Blood Mini 
Kit (Blossom, Taipei, Taiwan) and further processed as in our 
previous articles [9, 10].  The polymerase chain reaction (PCR) 
cycling conditions were as follows: one cycle at 94°C for 5 min; 
35 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s; and a 
final extension at 72°C for 10 min.  The sequences of forward and 
reverse primers and the restriction enzymes for each SNP were 
designed by our lab and are summarized in Table 2.  Each geno-
typic procession was performed by two translational researchers 
independently and blindly.  Five percent of the total samples for 
rs6609533 were randomly selected for direct sequencing, and 
the results from PCR-RFLP and direct sequencing were 100% 
concordant.  The results from direct sequencing for rs4898 and 
rs2070584 were also 100% concordant between the results using 
forward and reverse primers.

2.3. Statistical analyses and significance identification

All of the 1232 controls and 1232 cases with genotypic and clini-
cal data were analyzed.  To ensure that the controls used were 
representative of the general population and to exclude the pos-
sibility of any genotyping errors, the deviation of the genotype 

thelial and endothelial cells, leading to acute injury [6].
Up to now, the genomic contribution of TIMP-1 to cancer 

has not been well elucidated.  As for breast cancer, the TIMP-1 
genotype has not been found to contribute to breast cancer risk 
yet.  However, the genotype of TIMP-2 has [7].  In that study, the 
variant CT and TT genotypes at the polymorphic site C-1306T of 
TIMP-2 (rs243865) were associated with a reduced risk of breast 
cancer (OR = 0.490, 95% CI = 0.033-0.730), compared with the 
wild-type CC genotype, among 210 breast cancer patients and 
290 healthy Tunisian women [7].  Now, in the current study, we 
are going to evaluate whether the genotypes of TIMP-1 are as-
sociated with an individual’s susceptibility to breast cancer, and 
whether these polymorphisms are associated with more invasive 
and aggressive TNBC.

2. Materials and methods

2.1. Investigated population

One thousand two hundred and thirty two patients diagnosed with 
breast cancer were recruited from the outpatient clinics of general 
surgery at the China Medical University Hospital in Taiwan for 
this study.  The clinical characteristics of the patients, including 
histological details, were all defined by the expert surgeons Dr. 
Wang, Dr. Liu, and their teammates.  The slides of the cancer 
tissues were reviewed and scored by at least two independent pa-
thologists.  For ER, PR, and p53 immunoassaying, nuclear stain-
ing in 10% of neoplastic cells was used as a positive cutoff.  A 
Ki67-labelling index of > 30% was considered positive.  HER-2/
neu results were determined according to the package insert and 
guidelines of the American Society of Clinical Oncology and the 
College of American Pathologists [8].  All patients voluntarily 
participated, completed a self-administered questionnaire and 
provided peripheral blood samples.  1232 age-matched healthy 

Table 1 − Demographics and life-styles of the investigated breast cancer patients and the control women.
Characteristics Controls (n = 1232) Patients (n = 1232) P-value

n % Mean (SD) n % Mean (SD)
Age (years)

< 40 359 29.1% 362 29.4% 0.89a

40-55 558 45.3% 547 44.4%
> 55 315 25.6% 323 26.2%

Age at menarche (years) 12.4 (0.7) 12.1 (0.6) 0.79b

Age at birth of first child (years) 29.4 (1.2) 29.8 (1.4) 0.63b

Age at menopause (years) 48.8 (1.8) 49.3 (2.0) 0.59b

Site 
Unilateral 1198 97.2%
Bilateral 34 2.8%

Family History
First degree (Mother, sister and daughter) 55 4.5%
Second degree 6 0.5%
No history 1171 95%

Habits
Cigarette smokers 86 7.0% 170 13.8% < 0.0001a

Alcohol drinkers 91 7.4% 162 13.1% < 0.0001a

Statistical results based on aChi-square or bunpaired Student’s t-test.
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frequencies of TIMP-1 SNPs in the control subjects from those 
expected under the Hardy-Weinberg equilibrium was assessed us-
ing the goodness-of-fit test.  Pearson’s Chi-square test was used 
to compare the distribution of the TIMP-1 genotypes between 
case subjects and control subjects.  The associations between the 
TIMP-1 polymorphisms and breast cancer risk were estimated by 
calculating odds ratios (ORs), as well as their 95% confidence in-
tervals (CIs) from logistic regression analysis.  Any P < 0.05 was 
considered statistically significant, and all statistical tests were 
performed with a two-side examination.

3. Results

A total of 1232 patients diagnosed with breast cancer and the 
same amount of matched controls were included in this study, and 
their data are compared and summarized in Table 1.  The ages 
of patients and controls are all well matched and no difference 
in age, age at menarche, and age at birth of first child among the 

subjects were observed (P > 0.05) (Table 1).  As for individual 
behaviors, cigarette smoking and alcoholism were both risk fac-
tors for breast cancer in this population (P < 0.05) (Table 1).

The distributions of the TIMP-1 genotypes at rs4898, 
rs6609533, and rs2070584 among the non-cancer controls and the 
breast cancer patients are presented and statistically analyzed in 
Table 3.  In the top of Table 3, the results show that the genotypes 
of TIMP-1 rs4898 were differentially distributed between breast 
cancer and control groups (P for trend = 7.99*10-13) (Table 3).  
In detail, the TIMP-1 rs4898 heterozygous CT was not associ-
ated with breast cancer risk (OR = 0.98, 95% CI = 0.81-1.18, P =  
0.8063), while the homozygous CC genotype seemed to be as-
sociated with increased breast cancer risk (OR = 1.90, 95% CI =  
1.55-2.33) (Table 3).  On the other hand, there was no associa-
tion between the genotype of either rs6609533 or rs2070584 and 
breast cancer risk (Table 3).

In order to confirm the findings in Table 3, the analysis of al-
lelic frequency distribution for the three TIMP-1 SNPs was also 
performed, and the results are summarized in Table 4.  Consistent 

Table 2 − The summary of primer sequences, polymerase chain reaction-based sequence, and 
polymerase chain reaction-restriction fragment length polymorphisms (PCR-RFLP) for rs4898, 
rs6609533, and rs2070584 polymorphic sites.
Polymorphisms 

(locations)
Primer sequences Restriction  

enzyme
SNP 

sequence
DNA fragment size 

(bp)

rs4898 F: 5’-TTCAGTCTATCAGAAGGCCG-3’
R: 5’-TAGCAAGAGAGATCAGGGAC-3’

T
C

Direct sequencing

rs6609533 F: 5’-CCTCTGGCTATTCTGTGTCC-3’
R: 5’-AGAGCAACAAGCAGATGTGC-3’

Bcl I G
A

312 bp
175 + 137 bp

rs2070584 F: 5’-GTTGCTGATGACCTGGTGTG-3’
R: 5’-TGAGGATGAGGACAGTAACA-3’

T
G

Direct sequencing

*F and R indicate forward and reverse primers, respectively.

Table 3 − Distribution of the tissue inhibitors of metalloproteinase-1 (TIMP-1) genotypes among the 
breast cancer patients and the control women.

Genotypes
Controls Patients

OR (95% CI) P-valuea

n % N %
rs4898

TT 425 34.5% 351 28.5% 1.00 (reference)
CT 505 41.0% 407 33.1% 0.98 (0.81-1.18) 0.8063
CC 302 24.5% 474 38.4% 1.90 (1.55-2.33)* 0.0001*
Ptrend 7.99 × 10-13*

rs6609533
AA 488 39.6% 479 38.9% 1.00 (reference)
AG 373 30.3% 398 32.3% 1.09 (0.90-1.31) 0.4118
GG 371 30.1% 355 28.8% 0.97 (0.80-1.18) 0.8061
Ptrend 0.5361

rs2070584
TT 503 40.8% 488 39.6% 1.00 (reference)
GT 406 33.0% 433 35.1% 1.10 (0.91-1.32) 0.3246
GG 323 26.2% 311 25.3% 0.99 (0.81-1.21) 0.9595
Ptrend 0.5161

aBased on Chi-square test; *P < 0.05.
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with the findings that the homozygous CC genotype of TIMP-1 
rs4898 is associated with increased breast cancer risk, the allele C 
was 55.0% in the patient group, significantly higher than that of 
45.0% in the control group (P = 2.41*10-12).  Again, there was no 
significant difference in the distribution of allelic frequencies for 
rs6609533 or rs2070584 between the control and breast cancer 
patient groups (Table 4).

We are interested in the association of clinicopathologic 
characteristics with TIMP-1 rs4898 genotypes.  Given that dis-
tinct subtypes of breast cancer have different mechanisms of 
carcinogenesis, we analyzed the associations of TIMP-1 rs4898 
genotypes with the age-related and the clinicopathologic char-
acteristics of breast cancer patients, and the results showed no 
differential distribution of the genotype at TIMP-1 rs4898 among 
women who were younger than 55 years or older.  Similarly, there 
was no differential distribution of the genotype at TIMP-1 rs4898 
among women with their first menarche earlier or later than 12.2 
years, or with menopause earlier or later than 49.0 years (data 
not shown).  In addition, the difference in the distribution of the 
genotype among breast cancer patients stratified by other factors,  
including first full pregnancy (data not shown) or Ki67 status (Table  
5), was not statistically significant.  The finding that should be 

highlighted is whether the TIMP-1 rs4898 genotype was differen-
tially distributed among those patients who were triple negative 
or not (P = 5.35*10-5) (Table 5).  Another key finding is that the 
variant genotypes (CT and CC) contribute to an increased risk for 
TNBC (OR = 1.76, 95% CI = 1.10-2.81).

4. Discussion

In the present case-control study, the contributions of three 
TIMP-1 SNPs, rs4898, rs6609533 and rs2070584 to the risk of 
breast cancer was firstly evaluated in a population in Taiwan.  The 
highlight is that as for the rs4898, the CC genotype was signifi-
cantly associated with an increased risk of breast cancer (Table 
3).  However, the heterogeneous CT genotype was not associated 
with a risk of breast cancer (Table 3).  As for the other two SNPs, 
no obvious differential distribution in the genotypes of TIMP-1 
rs6609533 or TIMP-1 rs2070584 was found (Table 3).  The allelic 
frequency analysis suggests that the C allele of TIMP-1 rs4898 is 
associated with an increased risk of breast cancer (4).

It is well known that the MMPs are in charge of the degrada-
tion of the basement membrane and the extracellular matrix.  In 

Table 4 − Distribution of the tissue inhibitors of metalloproteinase-1 (TIMP-1) allelic frequencies among 
the breast cancer patients and the control women.

Alleles Controls % Patients % P-valuea

rs4898
Allele T 1355 55.0% 1109 45.0% 2.41 × 10-12*

Allele C 1109 45.0% 1355 55.0%
rs6609533

Allele G 1349 54.7%  1356 55.0% 0.8412
Allele A 1115 45.3% 1108 45.0%

rs2070584
Allele T 1412 57.3% 1409 57.2% 0.9312
Allele G 1052 42.7% 1055 42.8%

a P-value based on Chi-square test.
*Statistically identified as significant.

Table 5 − Association of TIMP-1 rs4898 genotypes with breast cancer risk stratified by clinicopathologic 
characteristics compared with non-cancer healthy controls.
Characters Genotype, number (%)a OR (95% CI)b P-valuec

TT CT CC
Control 425 (34.5) 505 (41.0) 302 (24.5) 1.00 (Ref.d)
Triple-negative status

No 166 (30.0) 238 (43.0) 149 (27.0) 1.23 (0.99-1.52) 0.1662
Yes 24 (23.1) 34 (32.7) 46 (44.2) 1.76 (1.10-2.81)* 5.35 × 10-5*

Ki67 status
Negative 101 (36.5) 104 (37.5)  72 (25.0) 0.92 (0.70-1.20) 0.5725
Positive 122 (36.1) 116 (34.3) 100 (29.6) 0.93 (0.73-1.20) 0.0538

a Triple-negative and Ki67 status data were available for 657 and 615 patients, respectively.  All data are given as number of patients (%) unless 
otherwise noted.

b OR, odds ratio; CI, confidence interval, variant CT + CC versus TT.
c Based on 3*2 Chi-square test.
d Ref., reference.
*Statistically significant
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normal conditions, MMPs are expressed at a relatively low level, 
and TIMP-1 proteins can bind with MMP-1 to suppress the activity  
of MMP-1 [11, 12].  The dynamic balance between MMPs and 
TIMPs plays a pivotal role in the homeostasis of normal condi-
tions for our cells.  Studies for the genotyping of MMPs seem to 
be much advanced than those for TIMPs.  For example, in 2012 
Liu and his colleagues performed a meta-analysis exploring the 
association between MMP1 promoter -1607 1G/2G polymorphism 
and the risk of several types of cancer, and the results showed that 
an elevated risk of cancer was found regarding breast cancer and 
other types of cancer such as colorectal cancer and genitourinary 
neoplasm [13].  Thus, there is an urgent need for scientists to 
reveal the contributions of genotypes of other MMPs and TIMPs 
to common cancers.  Also, combined analyses of MMP-1 and 
TIMP-1 genotypes may provide further data to evaluate the con-
tribution of said genotypes to each single gene.

In recent years, the Terry Fox Cancer Research group in the 
China Medical University and Hospital has been continuously 
devoted to the genotyping work of breast cancer in Taiwan, and 
their efforts have provided some potential predictive biomarkers 
such as G-1394T (rs 6869366) in XRCC4 [14], K589E (rs1047840) 
in EXO1 [15], G-1401T (rs828907) in XRCC5 [16], Asp312Asn 
(rs1799793) in XPD [17], rs189037 in ATM [18], G14713A and 
T29107A in CAV-1 [19], C-802G (rs14133) in CRYAB [20], 
C677T (rs1801133) in MTHFR [21], and G-765C (rs20417) in 
COX-2 [10].  The systematic analyses of clinicopathologic sta-
tuses have extended our understanding of the contributions of 
genotypes to TNBC [9, 22].  It goes without saying that it is very 
meaningful to identify those potential predictive markers for 
breast cancer and their subtypes, such as TNBC.

In conclusion, the current study provides evidence that the C 
allele of TIMP-1 rs4898 contributes to an increased breast cancer 
risk, especially for those afflicted with TNBC.  These findings 
may be helpful to the revealing of the genomic contributions of 
TIMP-1 in other populations.  The results of this study ought to be 
tested and either confirmed or denied in multi-center and multi-
population studies in the future.
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1. Introduction

Renal fibrosis, including glomerulosclerosis or tubulointersti-
tial fibrosis, may be caused by ischemia-reperfusion (IR) injury 
or some neurotoxicity such as cisplatin [1-4].  Cisplatin (cis-
diamminedichloroplatinum (II)), an effective anti-cancer drug, 
have severe side effects of nephropathy [5-9].  The mechanisms 
of cisplatin in cancer therapy rely on its crosslinking with and 
disrupting DNA, inducing mitochondria damage, oxidative stress, 
cell cycle arrest in G2 phase and cell apoptosis.  Furthermore, 
cisplatin-induced nephrotoxicity is through acute cytotoxic effects 
on tubular epithelial cells, resulting in loss of tubular epithelial 
cells by apoptosis, necrosis and loss of cell adhesion followed by 
inflammatory cell infiltration and fibroproliferative changes [7 
and 9].

The pro-inflammatory cytokines secreted by immune or 
damaged tubular epithelial cells lead resident fibroblasts turning 
to active myofibroblast [10-11].  Active myofibroblasts express 

α-SMA, secrete more collagen I and make other aberrant matrix 
synthesis and deposition.  Although the most of active myofibro-
blasts come from resident interstitial fibroblasts, some reports 
have showed at least 30% of total myofibroblast population origin 
from tubular epithelium [12-16].  The proposed mechanism in-
volved in these phenomena is epithelial-mesenchymal transition 
(EMT).  Loss of epithelial cell adhesive properties and gain of 
fibroblast-like characteristics are the typical process of EMT.  The 
major stimulations of EMT are some kinds of cytokines such as 
TGF-β or FGF.  Once EMT is induced in renal tubular epithelial 
cells, it declines E-cadherin expression, induces the expression of 
fibroblast markers such as vimentin and fibronectin, destroy the 
tubular basal membrane and transmigrate into renal interstitial 
spaces [12-16].  Some studies have reported that EMT of tubular 
epithelium may be involved in cisplatin-induced renal fibrosis [11, 
13, 17, 18].  Cisplatin-elicited ROS stress in damaged epithelial 
cells and pro-inflammatory cytokines secreted by surrounding im-
mune cells are the possible causes of EMT.  Yamamoto et al have 
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ABSTRACT

Cisplatin-induced nephrotoxicity leaded to apoptosis of tubular epithelial cells (ECs) and tubulointerstitial 
fibrosis through ROS stress and inflammatory cytokines.  Tubulointerstitial fibrosis caused by cisplatin 
might be via activation of resident fibroblasts and epithelial-mesenchymal transition (EMT) of tubular ECs.  
Inflammatory niche was crucial for progression of fibroblast activation or EMT.  It had been reported that 
M1/M2 macrophage polarization regulated pro-inflammation or pro-resolving phase in damage repairing.  
However, the role of macrophage polarization on cisplatin-induced EMT of tubular ECs had not been well 
elucidated.  In this study, we used co-cultured cell model and condition medium to examine the interaction 
between tubular ECs, fibroblasts and M1/M2 macrophages.  Our data showed that cisplatin alone induced 
incomplete EMT of tubular ECs, whereas fibroblasts co-cultured with cisplatin-treated ECs could lead to 
fibroblast activation by detection of α-SMA and collagen-1.  Moreover, decrease of iNOS and increase 
of argenase-1 and CD206 expression indicated that macrophages co-cultured with cisplatin-treated ECs 
would turn to M2 phenotype.  Finally, we found that condition medium of M2 macrophages could promote 
complete EMT of cisplatin-treated ECs.  Taken together, cisplatin created an inflammatory niche via tubular 
ECs to activate fibroblasts and stimulated M2 macrophage polarization.  M2 macrophages could turn back 
to promote EMT of cisplatin-treated ECs.  These results revealed the cooperative roles of tubular ECs, 
fibroblast and M2 macrophages to facilitate the progression of renal fibroblasis.
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demonstrated ciaplatin-induced EMT of tubular epithelial cells 
and indicated that PGE2 inhibit epithelial apoptosis and EMT to 
improve epithelial regeneration [17].  Moreover, Benedetti et al 
report that NFκB facilitate cisplatin/TNFα synerge-induced epi-
thelial apoptosis by suppression of EMT [18].

Macrophages are the major immune cells in inflammatory 
niche during inflammation and recovery phase [19-21].  How-
ever, the roles of macrophages have not been well elucidated in 
cisplatin-induced EMT.  Some researches propose that there are 
two subtypes of macrophages, called classical activation type I 
and alternative activation type II macrophages [22-26].  Type I is 
considered as pro-inflammatory macrophages since they secrete 
pro-inflammatory cytokines such as TNF-α and INF-γ.  Type 
II is considered as anti-inflammatory or repaired macrophage 
since they secrete anti-inflammatory cytokines such as IL-10 
and TGF-β [25, 26].  Depletion of macrophages by lipososme 
clodronate significantly attenuated rat renal fibrosis caused by 
ischemia-reperfusion injury (IRI) [27].  Macrophages shifting 
from pro-inflammatory M1 to pro-resolving M2 have been dem-
onstrated to help kidney repair following IRI [28].  Moreover, 
Kim et al have recently demonstrated that M2 macrophages were 
more important than M1 in the development of fibrosis following 
IRI [29].  In this study, we use co-culture cell models in vitro to 
examine the role of M1/M2 macrophage polarization on cisplatin-
induced epithelial EMT.

2. Methods and Materials

2.1. Cell culture

Raw 264.7 cells (from ATCC) and mouse tubular epithelial cells 
(from ScienCell) were routinely cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) and supplemented with 10% fetal bo-
vine serum (Hyclone), 100 U/ml penicillin and 100 μg/ml strep-
tomycin at 37°C in a humidified 5% CO2 atmosphere.  Cisplatin 
were purchased from Sigma-Aldrich.

2.2. Western blot analysis

Western blotting was performed as previously described [30].  
Rabbit monoclonal antibodies against E-cadherin and Snail2 
were from Cell Signaling.  Rabbit monoclonal antibodies against 
vimentin and rabbit polyclonal antibody against fibronectin pur-
chased were from abcam.

2.3. Quantitative real-time PCR (qPCR) analysis

Total RNA was isolated using TRIzol reagent (Invitrogen) accord-
ing to the manufacturer’s instructions.  RNA concentration was 
quantified with a NanoDrop ND-1000 Spectrophotometer (Nano-
drop Technologies) and RNA quality was checked with the ratio of 
260/280.  Quantification of mRNA expression for candidate genes 
was performed by qPCR using ABI One-step Detection System 
Instrument (Applied Biosystems).  Total RNA was reverse-tran-
scribed by using high capacity cDNA reverse transcription kit (In-
vitrogen).  qPCR reactions were performed with the power SYBR 
Green PCR Master mix (Roche) in a MicroAmp optical 96-well  
reaction plate according to the manufacturer’s instructions.  Rela-
tive gene expression levels were normalized to GAPDH expres-
sion.  The primer sequences of each genes for qPCR were as fol-
lows.  Mouse α-SMA: (F) 5’CAGGGAGTAATGGTTGGAAT3’,  

(R) 5’TCTCAAACATAATCTGGGTCA3’; mouse Collagen-1:  
(F) 5’CCTGGTAAAGATGGTGCC3’, (R) 5CACCAGGTTCAC- 
CTTTCGCACC-3’; mouse iNOS: (F) 5’CGAAACGCTTCA- 
CTTCCAA3’ (R) 5’ TGAGCCTATATTGCTGTGGCT 3’; mouse  
arginase-1: (F) 5’AACACGGCAGTGGCTTTAACC3’, (R) 
5’GGTTTTCATGTGGCGCATTC3’; mouse CD206: (F)  
5’CAGGTGTGGGCTCAGGTAGT 3’, (R) 5’TGTGGTGAGCT- 
GAAAGGTGA 3’.

2.4. In vitro induction of macrophages M1 and M2 from 
peripheral blood monocytes (PBMCs)

Fresh peripheral bloods were collected in a defibrinated state from 
mice, diluted with PBS and then Ficoll-Paque added.  Centrifuged 
at 400 g for 30 min at 20°C.  Draw off upper plasma layer and  
collected middle monocyte layer by sterile pipettes.  These isolated  
monocytes were then cultured in Macrophage generation DXF 
(from PromoCell) to develop into general macrophages.  Then 
these macrophages were treated with INF-γ and IL-4 to induce 
into M1 and M2 macrophages respectively.

2.5. Statistical analysis

Differences between groups were analyzed by Student t test.  A P 
value of less than 0.05 was considered statistically significant.

Results

3.1. Tubular epithelial cells treated cisplatin alone underwent 
incomplete EMT

To examine the effects of cisplatin on EMT, we treated tubular 
epithelial cells (ECs), PK, without or with 20 uM cisplatin for 48 
and 72 hours (h), respectively.  Markers of EMT included E-cad-
herin, fibronectin, vimentin and snail2 were detected with western 
blotting.  Cells treated with cisplatin for 48 h displayed no signifi-
cant changes in E-cadherin, fibronectin, vimentin and snail2 (Fig. 
1A-B).  Moreover, 72 h treatment of cisplatin also showed no 
significant changes in E-cadherin and snail2.  Although cisplstin 
induced slight increase of fibronectin and vimentin at 72 h treat-
ments, the statistics of densitometry analysis demonstrated no 
significant changes (Fig. 1A-B).  These results indicated that cis-
platin alone induced incomplete EMT of tubular epithelial cells.

3.2. Fibroblasts co-cultured with cisplatin-treated ECs 
turned to myofibroblast

In addition to EMT of tubular ECs, the other major cause of tubu-
lointerstitial fibrosis is the activation of resident fibroblasts.  To 
understand whether cisplatin had direct effects on fibroblast ac- 
tivation, we treated fibroblasts with cisplatin alone or co-cultured 
with cispltin-treated ECs to mimic the inflammatory niche.  We 
then detected mRNA expression levels of two major markers of 
fibroblast activation, α-smooth muscle actin (α-SMA) and col-
lagen-1.  Fibroblasts treated with ciaplatin alone, no matter how 
long the fibroblasts were incubated (48 or 72 h), both the mRNA 
levels of α-SMA and collagen-1 had no significant changes while 
compared with control (Fig. 1C).  However, while co-cultured 
with cisplatin-treated ECs, fibroblasts turned to activate and both 
the mRNA levels of α-SMA and collagen-1fibroblasts had been 
significantly increased (Fig. 1C).  It implied that an inflammatory 
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niche is more crucial than a toxic reagent alone on activation of 
fibroblasts.  Taken together, cisplatin alone could not lead to com-
plete EMT of tubular ECs but it supported an inflammatory niche 
through ECs to activate fibroblasts.

3.3. Co-culture with cisplatin-treated ECs led to M2  
macrophage polarization

Macrophages played an important role on acute and chronic 
inflammation.  Recently, macrophage polarization had been re-

ported to contribute the fibrosis progression.  However, the role of 
macrophage polarization in cisplatin-induced fibrosis is not clear.  
According to the above data, we wonder if the inflammatory  
niche created by cisplatin via ECs would promote M2 macrophage 
polarization.  Therefore, we co-cultured Raw264.7 cells with 
cisplatin-treated tubular ECs.  After co-cultured with cisplatin-
treated ECs for 48 h, the mRNA level of M1 macrophage marker, 
iNOS, were significantly dropped while compared to ciaplatin 
alone or co-culture with ECs alone (Fig. 2A).  Furthermore, the 
mRNA level of M2 markers, argenase-1 and CD206, were elicited 
significantly in Raw264.7 co-cultured with cisplatin-treated ECs 
(Fig 2B-C).  It demonstrated that cisplatin-induced inflammatory 
niche via ECs could promote M2 macrophage polarization.

3.4. M2 but not M1 macrophages have significant effects on 
promoting cisplatin-induced EMT.

M2 is thought to be pro-fibrotic macrophages due to their secre-
tion of pro-fibrotic cytokine such as TGF-β.  Cisplatin-induced 

Fig. 1 - The effects of cisplatin on epithelial EMT and fibro- 
blast activation.  (A) Tubular epithelial cells treated cisplatin 
alone underwent incomplete EMT.  Mouse tubular epithelial 
cells were treated without and with cisplatin for 48 and 72 h.  
The protein levels of E-cadherin, fibronectin, vimentin and 
snail2 were analyzed by western blot.  TGF-β was treated as a  
positive control.  (B) Densitometry of Western blot in A.  Error  
bars denote mean ± SEM (n = 3).  * indicated a P value of 
less than 0.05 and ** was less than 0.01.  (C) Fibroblasts co-
cultured with cisplatin-treated ECs turned to myofibroblast.  
The mRNA levels of α-SMA and collagen-1 were detected by 
quantitative real-time PCR.  Co-ECs indicated that fibroblasts  
co-cultured with epithelial cells.  Cis 0, 48 and 72 meant with- 
out or with cisplatin for 48 or 72 h.  Error bars denote mean ±  
SEM (n = 3).  N.S was no significance, * indicated a P value 
of less than 0.05 and ** was less than 0.01.  α-SMA, α-smooth 
muscle actin.
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inflammatory niche via tubular ECs drive M1 to M2 switch, 
whether this M1 to M2 switch would turn back to promote the 
EMT of tubular ECs.  We then studied the roles of macrophage 
polarization on EMT using condition medium of in-vitro induced 
M1 and M2 macrophages respectively.  Compared to cultured 
in 48h cisplatin alone, tubular ECs cultured with M1 condition  
medium plus cisplatin had no significant changes in E-cadherin, 
fibronectin and snail2 excepted vimentin (Fig. 3A-B).  TGF-β 
alone induced more amounts of fibronectin, vimentin and snail2 
and suppressed E-cadherin expression significantly than M1 
condition medium (Fig. 3A-B).  However, tubular ECs cultured 
with M2 condition medium plus cisplatin significantly enhanced 
fibronectin, vimentin and snail2 and inhibited E-cadherin while 
compared to cisplatin alone (Fig. 4A-B).  Moreover, compared 
to M2 condition medium, TGF-β alone could not induce more 
amounts of fibronectin, vimentin and snail2 and further sup-
pressed E-cadherin (Fig. 4A-B).  These indicated that condition 
medium of M2 macrophages promoted cisplatin-induced EMT in 
tubular ECs.

4. Discussions

In this study, we demonstrated that cisplatin induced incom-
plete EMT of tubular ECs, but co-culture M2 macrophages, not 
M1, with cisplatin-treated ECs caused complete EMT.  We also 
founded that co-culture with cisplatin-treated tubular ECs would 
stimulate fibroblast activation and promote M2 macrophage po-
larization.

The EMT of tubular epithelial cells was considered as an 
important source of tubulointerstitial fibrosis.  Cisplatin alone or 
cisplatin plus TNF-α synergetic treatments have been reported to 
induce ECs EMT or apoptosis [17, 18].  However, Koesters et al 
have proved that overexpression of TGF-β1, a kind of pro-fibrotic 
cytokine, in renal tubules in vivo induces tubular autophagy, inter-
stitial proliferation and fibrosis, but not EMT of tubular ECs [31].  
These indicated that the cisplatin-induced epithelial EMT should 
be further confirmed.  In present study, we found that cisplatin 
alone induced incomplete EMT of in vitro cultured ECs whereas 
fibroblasts co-cultured with cisplatin-treated ECs led to fibroblast 

Fig. 3 - Cisplatin-treated ECs cultured with M1 condition 
medium could not promote epithelial EMT.  (A) Condition 
medium of M1 macrophages were collected by in vitro dif- 
ferentiation which were stimulated by certain cytokines.  
Cisplatin-treated epithelial cells were cultured without or with  
M1 condition medium for 48 h.  The protein levels of E-cadherin,  
fibronectin, vimentin and snail2 were analyzed by western 
blot.  M1ΦCM denoted the condition medium of M1 macro- 
phage.  TGF-β was treated as a positive control.  (B) Densitome- 
try of Western blot in A.  Error bars denote mean ± SEM (n = 
3).  N.S was no significance and ** indicated a P value of less 
than 0.01.
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activation (Fig. 1).  It implied that cisplatin-treated ECs played an 
important role on inflammatory niche.  We didn’t further deter-
mine the possible cytokines secreted by cisplatin-treated tubular 
ECs, but it had been reported that TGF-β and IL-4, not IL-6, 
would be up-regulated by apoptotic human bronchial epithelial 
cells [32].  This data let us link the cisplatin-treated ECs to M2 
macrophage activation.  Since M2 macrophage polarization was 
stimulated by TGF-β and IL-4, our data showed that macrophages 
co-cultured with cisplatin-treated ECs caused M2 polarization by 
detecting less iNOS and more Agenase-1 and CD206 expression 
(Fig. 2).

Macrophages are the only immune cells involved in both 
inflammatory and recovery phases.  Ko and his colleagues had 
reported that depletion of macrophages by liposome clodronate 
(LC) during recovery phase attenuated fibrosis in ischemia-rep-
erfusion (IR)-induced renal fibrosis [9].  Recently, macrophages 
have been considered as two subtypes, pro-inflammation M1 and 
pro-resolving M2.  Some studies demonstrated that M2 type mac-
rophages would reduce inflammation but improve fibrosis in IR 
injury or adriamycin-induced nephrosis [28, 29, 33].  It had been 
showed that both M1 and M2 macrophages were depleted by LC 
but the M2 was preferential after 7 days of IR [29].  Additionally, 
re-transfer of M2 macrophages following LC treatment would 
reverse the protective effects of LC on renal fibrosis.  All of these 
results showed that M2 macrophages, not M1, played crucial 
roles on fibrosis during the recovery phase of IR.  However, Wise 
et al had demonstrated a different role of M2 macrophages.  They 
reported that human mesenchymal stem cells (hMSC) treatment 
would protect kidney from IR injury and improve renal function 
by detection of BUN, serum creatinine and kidney injury mole- 
cule (kim)-1.  But, co-culture of hMSC and M2 macrophages di-
rectly or indirectly showed that hMSC promote M2 macrophage 
development [34].  Therefore, the roles of M2 macrophages on 
renal fibrosis and functional restoration (regeneration) should be 
further examined.  By detecting several typical marker expres-
sions, our data revealed that cisplatin-treated ECs co-cultured 
with M2 macrophages, not M1, would present more complete 
EMT phenomena (Fig. 3 and 4).  Taken together, we conclude that 
cisplatin-treated tubular ECs stimulated M2 macrophage polariza-
tion and M2 macrophages would turned back to promote EMT of 
cisplatin-treated ECs.
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1. Introduction

Esophageal cancer is the sixth leading cause of cancer deaths 
worldwide, accounting for 406,800 cancer deaths in 2011 [1].  
Most patients with esophageal cancer die from recurrence or me-
tastasis, with the 5-year survival rate ranging from 15% to 25% [2].  
The most common sites of metastasis are the liver, lungs, bones, 
and adrenal glands [3].  A unilateral renal metastasis is extremely 
rare.  Herein, the authors report a case of metastatic esophageal 
squamous cell carcinoma to the kidney mimicking primary renal 
neoplasm in the computed tomography. 

2. Case report

The 53-year-old Taiwanese man that is the subject of this case 
study had a history of hypopharyngeal squamous cell carcinoma 
that was histopathologically diagnosed in November, 2011.  
Complete remission was achieved after three cycles of concur-
rent radiotherapy and cisplatin-based chemotherapy.  The patient 
remained asymptomatic during regular follow-ups in the oto-
laryngology clinic until January, 2013, when he started to have 
progressive dysphagia and dry throat.  An esophagogastroduo-
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ABSTRACT

Solitary renal metastasis of esophageal cancer is rare clinically, with only 14 cases being reported in the 
literature.  The authors here report a case of a 53-year-old man with a metachronous hypopharyngeal and 
esophageal squamous cell carcinoma who developed a solitary renal metastasis after complete chemora-
diotherapy for esophageal cancer, and subsequently received a left nephrectomy.  The metastatic esopha-
geal cancer was indistinguishable from primary renal neoplasm in the computed tomography but showed 
the histopathologic characteristic of esophageal cancer in directly invading the renal artery, and the tumor 
spreading in the kidney.  The patient died of pneumonia two months after diagnosis.  Among the previous 14 
reported cases, 12 occurred in Asians, and their overall survival time ranges from two months to nine years 
after nephrectomy, either with or without adjuvant chemotherapy.  Accordingly, a solitary renal mass in 
patients with a history of esophageal cancer is warranted to differentiate metastatic esophageal cancer from 
primary renal neoplasm, and a reliable therapy needs to be planned early for improving the patient’s chance 
of survival.

denoscopy showed an ulcerative mass in the middle- to-lower 
third of his esophagus, and it was histopathologically diagnosed 
as keratinizing squamous cell carcinoma (Figure 1).  Computed 
tomography (CT) showed this esophageal cancer displayed atrial 
wall invasion, and left paratracheal lymph node and lumbar spi-
nal metastasis.  The patient received concurrent radiotherapy and 
chemotherapy with 5-fluorouracil and cisplatin, with a partial re-
sponse from the esophageal cancer, and neither tumor progression 
nor new metastasis in the follow-up positron emission tomogra-
phy/CT and esophagogastroduodenoscopy.

In June, 2014, the patient visited at the urology clinic com-
plaining of intermittent gross hematuria and left flank pain for 
three weeks.  Laboratory tests revealed renal insufficiency with a 
serum creatinine level of 1.75 mg/dl and glomerular filtration rate 
of 41 ml/min/1.73 m2.  His blood urea nitrogen level was within 
a normal range.  There was mild hyponatremia and normal serum 
levels of potassium and calcium.  A renal sonography showed hy-
dronephrosis and focal hyperechoic area of the left kidney (Figure 
2).  An abdominal CT showed a heterogeneously enhancing mass 
in the left kidney with local extensions to the peri-renal soft tissue 
and left adrenal gland (Figure 3).  The outline of the renal pelvis 
and major calyces was preserved.  Left nephrouretectomy was 
performed under suspicion of invasive urothelial carcinoma.
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Aspiration pneumonia occurred and progressed to septic shock, 
and then the patient expired in November, 2014.

3. Discussion

Metastatic carcinoma of the kidney often appears as a solitary 
tumor or multiple subcapsular tumors infiltrating the renal pa-
renchyma in CT [4].  Urothelial carcinoma of the renal pelvis, 
when in an advanced stage, also appears as an infiltrative tumor 
[5].  However, when the infiltrative tumor extensively involves 
the renal parenchyma, as in the present case, it may be difficult to 
differentiate a metastatic carcinoma from a urothelial carcinoma 
simply via image studies.  In this situation, tumor immunohis-

Macroscopically, the renal tumor measured 14 cm in its larg-
est dimension, involved the renal pelvis and parenchyma, and 
was extended into the adrenal gland and perinephric fat (Figure 
4).  Microscopically, the renal tumor was composed of sheets or 
nests of polygonal cells with pleomorphic nuclei and markedly 
keratinizing cytoplasm (Figure 5a), which was identical to that of 
the previous esophageal cancer (Figure 1).  The urothelium was 
inflamed without evidence of malignancy.  The tumor invaded the 
adrenal gland and renal artery (Figure 5b), leading to focal renal 
infarct.  The tumor showed immuno-positivity for cytokeratin 
(CK) 34βE12 and CK5/6, and negativity for CK7, CK20 and uro-
plakin III.  Accordingly, this renal tumor was judged to be a meta-
static esophageal squamous cell carcinoma.  After surgery, the 
patient was sent to the intensive care unit for close observation.  

Fig. 1 - Esophageal squamous cell carcinoma showing a 
characteristic feature of polygonal tumor cells in nests and  
sheets, with frequent keratin-pearl formation.  (Hematoxylin &  
Eosin stain, 100×)

Fig. 2 - The sonography shows the left kidney with hydro- 
nephrosis (long arrow) and a hyperechoic area in the upper 
calyx (arrow head).

a b

Fig. 3 - Abdominal computed tomography.  (a) Non-contrast tomogram showing an infiltrating huge mass in the left kidney.  
(b) Compared with the non-contrast tomogram, contrast-enhanced tomogram shows the left renal mass that was a diffusely 
infiltrating malignancy with a heterogeneous enhancement.  The low-density area (long arrow) and small enhanced nodules 
(arrow heads) were present in the perinephric soft tissue and left adrenal gland.
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tochemistry and clinical information may be helpful in determin-
ing whether the tumor is metastatic or not [6, 7].

A previous autopsy study  showed that 12-13% of esophageal-
cancer cases involve metastasis to the kidney [8, 9].  However, 
such cases are seldom encountered clinically.  The present case 
and the 14 previously reported cases in the literature are briefly 
listed in Table 1 [3, 9-20].  All subjects were males.  Three cases 
also had concomitant lung or brain metastases.  Additionally, 
twelve cases were of Chinese, Korean, or Japanese ethnicity, and 
two were of French.  Fourteen cases were squamous cell carcino-
mas and one was adenocarcinoma.  The global cancer statistics 
show that esophageal squamous cell carcinoma is prevalent in 

Asia and adenocarcinoma in western countries [1, 21].  More-
over, esophageal squamous cell carcinoma generally has a poorer 
prognosis than adenocarcinoma [22].  Although cancer incidence 
and histologic type show a geographic difference, esophageal 
squamous cell carcinoma seems to have more of a tendency to-
ward renal metastasis than esophageal adenocarcinoma.

The rarity of the detection of renal metastasis is discordant to 
the autopsy study. Because many patients with renal metastasis 
remains asymptomatic, Sun et al. [19] suggest that the asymp-
tomatic manifestation may be attributable to an underestimation 
due to ignorance of the metastatic tumors.  Our literature review 
shows that 6 of the 15 reported cases were asymptomatic and 
found incidentally, which is consistent with the view that renal 
metastasis of esophageal cancer is underestimated.  Patients with 
metastatic disease could benefit from chemotherapy [23].  There-
fore, routine screening of renal metastasis in patients with esopha-
geal cancer may be necessary for early detection.

Histopathologic examination is commonly used to differenti-
ate between primary and metastatic renal tumors.  In the pres-
ent case, the coexistence of the complete absence of urothelial 
precancerous lesions and the presence of arterial tumor thrombus 
was highly suggestive of a metastatic disease; in contrast, primary 
cancer cells usually invade small vessels and then follow a normal 
vascular flow pattern [22].  Although in routine hematoxylin and 
eosin stained slides, both metastatic and primary squamous cell 
carcinomas can be difficult to distinguish from urothelial carcino-
mas with extensive squamous differentiation, thorough sampling 
and careful examination are required in such cases to get clues as 
to the tumor cells’ origin.  Immunohistochemical markers such as 
CK5/6, CK14, CK7, CK20, and uroplakin III have been reported 
and are potentially useful in distinguishing between urothelial 
carcinoma with squamous differentiation and squamous cell car-
cinoma [23-27].  The CK7/CK20 co-negative immunoprofile has 
been considered a characteristic for squamous cell carcinoma; 
however, urothelial carcinoma could also display this immuno-
profile, particularly in the presence of extensive squamous dif-
ferentiation [28, 29].  In the present case, there was a renal tumor 
with extensive squamous differentiation and immunoprofile of 
CK7/CK20/uroplakin III-negative and CK5/6-positive patterns, 
which are supportive of squamous cell carcinoma, but urothelial 

Fig. 5 - Microphotography of the renal tumor.  Keratinizing squamous nests (T) infiltrated the renal parenchyma (a).  The tumor 
cells directly invaded the renal artery, forming tumor thrombosis (b).  (Hemotoxylin & Eosin stain; a, 200×; b, 100×).

Fig. 4 - Gross photography of the left renal tumor.  The tumor 
was gray-white with an infiltrating margin, and 14 cm in its 
greatest dimension.  This tumor occupied almost all of the 
kidney and extended to the peri-renal fat and adrenal gland.



38BioMedicine | http://biomedicine.cmu.edu.tw/ March 2016 | Volume 6 | Issue 1 | e57

carcinoma cannot completely be ruled out with this information.  
Clinical information may be necessary in resolving this diagnostic 
difficulty.

A study by Nakagawa et al. has reported that the median sur-
vival rate is only 16 months if the hematologic metastasis of the 
esophageal carcinoma occurs [30].  Chemotherapy may improve 
the patient’s survival in such cases [23].  Yet it remains to be de-
termined whether or not a nephrectomy is beneficial due to the 
rarity of cases.  In the 15 cases of esophageal carcinomas with 
renal metastases, most patients received a nephrectomy, and 4 of 
the cases received concomitant adjuvant chemotherapy.  Survival 
time after diagnosis was variable, ranging from 2 months to more 
than 9 years. Unfortunately, the efficacy of the adjuvant therapy 
cannot be concluded from the current reported cases.

4. Conclusions

A metastatic tumor should be considered in the differential diag-
nosis of a solitary renal mass in patients with a history of esopha-
geal cancer, and a histopathological examination with the aid of 
immunohistochemistry is highly recommended for all suspected 
cases, since image study alone offers limited discrimination 
between metastatic tumors and primary renal neoplasms.  An 
accurate diagnosis and early detection of a tumor metastasis are 
warranted for a reliable therapeutic plan.
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