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Abstract

The purpose of this review is to stimulate new ideas regarding low-dose environmental mixtures and carcinogens and their 
potential to promote invasion and metastasis. Whereas a number of chapters in this review are devoted to the role of low-
dose environmental mixtures and carcinogens in the promotion of invasion and metastasis in specific tumors such as breast 
and prostate, the overarching theme is the role of low-dose carcinogens in the progression of cancer stem cells. It is becoming 
clearer that cancer stem cells in a tumor are the ones that assume invasive properties and colonize distant organs. Therefore, 
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low-dose contaminants that trigger epithelial–mesenchymal transition, for example, in these cells are of particular interest 
in this review. This we hope will lead to the collaboration between scientists who have dedicated their professional life to the 
study of carcinogens and those whose interests are exclusively in the arena of tissue invasion and metastasis.

Introduction
Tissue invasion and metastasis is one of the six hallmarks of 
cancer originally detailed by Hanahan et  al. (1). In their 2011 
article, Hanahan et  al. (2) noted the enormous advances that 
had been made since their original article. They noted that the 
molecular mechanisms that drive this hallmark are indeed 
complex and present several knowledge gaps in our under-
standing of cancer as a whole. Considering the carcinomas that 
constitute almost 90% of cancers, upon oncogenic transforma-
tion, the process begins with the downregulation of E-cadherin 
that holds the epithelial cells together as a society of cells that 
are well differentiated and otherwise quiescent (3) as depicted 
in Figure 1. Concomitant with this downregulation of E-cadherin 
is the conversion of the epithelial cells to mesenchymal cells 
in a process commonly known as EMT or epithelial–mesenchy-
mal transition (4). Some studies reported in this review intimate 

that low-dose exposure to some environmental carcinogens 
may accelerate this transition (5). The transcription factors that 
control EMT such as snail, slug, Twist and Zeb1/2 are some of 
the best characterized signaling molecules in biology (6,7). It is 
known that this process is also accelerated by chronic inflam-
mation mediated by nuclear factor kappa B (NF-κB) (8). During 
the process of EMT, a number of inflammatory cells are attracted 
to the growing tumor mass (8). Other contributing factors may 
also be low-dose environmental contaminants that drive the 
transcription of NF-κB and exacerbate the process (9,10).

Upon attaining the mesenchymal characteristics, the tumor 
cells are able to move out of the confines of their natural envi-
ronment, aided by cross talk between them and stromal cells 
resulting in the secretion of matrix degrading enzymes such 
as matrix metalloproteinases (MMPs) (11). Naturally, environ-
mental chemicals that mediate the activation of these enzymes 
or drive their synthesis will likewise contribute to the process 
of tissue invasion (12). Other invasion-mediating molecules 
include hepatocyte growth factor secreted mainly by tumor-
associated fibroblasts and signals the metastatic cells to move 
upon their interactions with their cell surface receptors cMet 
(13). The metastatic cells are then attracted by chemokines and 
move to the nearest blood vessel or lymphatic vessel where they 
complete the process of intravasation and are then transported 
to the capillary bed in their colonized site or new home (14). 
Upon reaching this destination, they then undergo extravasa-
tion where they come out of the capillaries or lymphatic ves-
sels, most likely again following the cues emanating from the 
chemokines in their new microenvironments.

To survive in their new home, they may revert back and 
assume the cuboidal morphology of epithelial cells under-
going the reversal of EMT otherwise known as mesenchy-
mal–epithelial transition or MET (15). At this point, they may 
remain dormant for a very long time until such time that 
the conditions for their division and growth are favorable. 
These conditions are currently not well defined. Could it be 
that at this time low concentrations of environmental disrup-
tors and or carcinogens may be required to switch these cells 
from their dormant to proliferative state? Do they at this time 
receive signals from the primary tumors to stop dividing until 
the primary tumor is removed by resection? Lastly, low-dose 
environmental contaminants that can trigger transient or 
sustained increases of intracellular calcium should be consid-
ered as significant drivers of tissue invasion and metastasis. 
Such increases would favor cellular motility and invasion of 
extracellular matrices by the metastatic cells (16). Increases 
in [Ca2+] are connected to rapid secretion of exosomes that 
have been shown to mediate cellular motility and invasion 
(17). Cellular exosomes may also be required in the prepara-
tion of metastatic niches (18). These are fertile areas for future 
cancer research.

This review is structured first with a brief review of chemical, 
biological and physical agents that are known to cause invasion 
and metastasis, secondly, with an overview of several mecha-
nisms including the EMT, the MMPs, the galectins and the aryl 
hydrocarbon receptor (AHR) and the substances that contribute 
to these processes and thirdly, application of these principles to 
cancers in specific organs including the prostate, oral, head and 

Abbreviations: 

AHR  aryl hydrocarbon receptor 
ALDH  aldehyde dehydrogenase 
AP-1 activator protein-1 
BaP benzo(a)pyrene 
BLBC basal-like breast cancer 
BPA bisphenol A 
CD cluster differentiation 
CRD  carbohydrate-binding domain
CSC  cancer stem-like cell 
DEP  diesel exhaust particle 
EGF  epidermal growth factor 
EMT  epithelial–mesenchymal transition 
ER estrogen receptor 
FAK  focal adhesion kinase 
HNSCC  head and neck squamous cell carcinoma 
HPV  human papillomavirus 
IARC  International Agency for Research on Cancer 
IL  interleukin 
MAPK  mitogen-activated protein kinase 
M-CSC  migratory cancer stem cell 
MET  mesenchymal–epithelial transition 
MMP  matrix metalloproteinase 
NF-κB  nuclear factor kappa B 
NNK  nitrosamine 4-(methylnitrosamino)-1-butanone 
OC organochlorine 
OSCC  oral squamous cell carcinoma 
OXPHOS  oxidative phosphorylation 
PAH  polycyclic aromatic hydrocarbon 
PCa  prostate cancer 
PCB  polychlorinated biphenyl
PhIP  2-amino-1-methyl-6-phenylimidazo[4,5-b]  
 pyridine 
ROS  reactive oxygen species 
SO2  sulfur dioxide 
TBBPA  tetrabromobisphenol A 
TCDD  2,3,7,8-tetrachlorodibenzo-p-dioxin 
TGF-β  transforming growth factor-beta 
TIMP tissue inhibitors of MMP.
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neck and breast. Finally, we review the evidence of cross talk 
between the processes of invasion and metastasis and the other 
pathways of tumor progression.

Agents modulating the invasion and 
metastasis pathways
Many cancer researchers who began their careers as graduate 
students in early 1970s to mid-1980s were introduced to the 
field of cancer through the door of ‘Carcinogenesis’. The studies 
mainly revolved around carcinogenic insult to DNA, giving rise 
to DNA adducts followed by promotion of the transformed cells 
(19,20). The preferred cell culture models were rodent fibroblasts 
treated under the two-stage initiation promotion protocols (21). 
Upon the perfection of the techniques for culturing human epi-
thelial cells and the discovery of tumor oncogenes beginning in 
1980s (22–25), the emphasis in cancer research quickly shifted to 
molecular mechanisms of cancer progression. From this point 
onward, carcinogens as mediators of the initiation of mutations 
of ‘proto-oncogenes’ and ‘tumor suppressor genes’ became a 
lower research priority. In this review, we will look at recent data 
showing that low doses of group 1 carcinogens impinge on sign-
aling pathways germane to tissue invasion and metastasis.

Numerous chemical carcinogens, in addition to their tumo-
rigenic properties, may also possess proinvasive and prometa-
static abilities. Taking into account that some of these chemicals 
are associated with the lifestyle and/or ubiquitously represented 
in the environment, such chemical carcinogens have received 
much attention in the last decade.

Polycyclic compounds

Cigarette smoke
One of the achievements of the era of ‘Carcinogenesis’ was the 
realization that cigarette smoke contains many carcinogens that 

initiate lung cancer and other chronic illnesses (26,27). Those 
studies unequivocally informed policy makers in the industri-
alized world to vigorously ban smoking in public spaces (28). 
Whereas it is generally assumed that cigarette-based carcino-
gens only initiate lung carcinogenesis, there are compelling data 
indicating that low-dose tobacco carcinogens such as in second-
hand smoke can exacerbate or promote lung and breast cancers 
(29,30). For example, the tobacco-related carcinogen nitrosa-
mine 4-(methylnitrosamino)-1-butanone (NNK) is a major com-
ponent of cigarette smoke that is derived from nicotine. NNK is 
considered a group 1 carcinogen according to the International 
Agency for Research on Cancer (IARC). Studies by Shen et  al. 
(31) demonstrated that NNK promotes migration and invasion 
of lung cancer cells through activation of cSrc/PKCɭ/focal adhe-
sion kinase (FAK) loop. The carcinogen NNK binds and activates 
α7nAChRs, which in turn activates Src which then phosphoryl-
ates PKC and FAK, signaling molecules that are major regulators 
of tissue invasion and metastasis (32). The activation of PKC by 
NNK could explain why cigarette smoke may drive the metasta-
sis of other malignancies such as breast cancer (30).

Tobacco smoke
Tobacco smoke is considered one of the most widespread 
known carcinogens and is a cause of ~5 million deaths annu-
ally worldwide (33,34). It is a complex chemical mixture that 
contains over 4800 compounds of which at least 70 are known 
carcinogens (35). Tobacco smoke is a primary risk factor for a 
number of human cancers, including lung and breast cancers, 
and is associated with both genetic and epigenetic alterations 
reviewed in refs (34,36). Recent reports also indicate that tobacco 
smoke components may not only be the cause of cancer but 
may also be involved in tumor invasiveness and metastasis. For 
instance, mice injected with mammary tumor cells develop a 
higher number of pulmonary metastatic tumors upon exposure 

Figure 1. Key steps of invasion and metastasis.
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to cigarette smoke (37,38). Nagaraj et al. (38) report that cigarette 
smoke condensate increases the invasiveness of UM-SCC-101A 
and MDA-686Tu oral carcinoma cells by activation of B-, D-, and 
L-cathepsins. Interestingly, suppression of these cathepsins by 
specific chemical inhibitors resulted in significant decrease of 
the invasion process in vitro (38). In epidemiological studies, 
female smokers were reported to be at a higher risk of develop-
ing pulmonary metastatic disease (39).

Benzo(a)pyrene
Benzo(a)pyrene (BaP) is a polycyclic aromatic hydrocarbon (PAH) 
and a known environmental carcinogen found in automobile 
exhaust, food and importantly is one of the major components 
of the tobacco smoke. BaP is capable of causing tumors in exper-
imental models and has been considered a class 1 human car-
cinogen (IARC). Studies indicate that BaP may also stimulate the 
invasive and metastatic potential of tumors. Using the human 
lung adenocarcinoma CL5 cells, Ueng et  al. (40) reported that 
treatment with BaP increases invasiveness by targeting fibro-
blast growth factor-9 (FGF-9). Interestingly, BaP was detected in 
the breast milk, suggesting that it reaches the breast and, thus, 
may exert its effects in this organ (41). Indeed, subsequent stud-
ies indicated that BaP holds a significant metastatic potential 
in breast cancer. For instance, exposure of MDA-MB-231 human 
breast cancer cells to BaP increased the invasive abilities of 
these cells and was primarily associated with increased COX-II 
expression and prostaglandin E2 output (42).

Food preparation
It is generally accepted that carcinogenic heterocyclic amines 
can be produced during food preparation. Of particular concern 
is 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), one 
of the most abundant of these amines that has been shown to 
induce breast, colon and prostate tumors in experimental ani-
mals (43). Epidemiological studies suggest that consumption of 
well-done meat is associated with esophagus, stomach, colon, 
lung and breast cancers (43,44). Recent studies also implicate 
PhIP as a chemical with invasive potential. It has been reported 
that exposure of MCF-7 and T47D human breast cancer cells to 
PhIP can promote the invasive behavior of breast cancer cells 
(45). This phenomenon is thought to be associated with its 
potent estrogenic abilities (45).

Organochlorine compounds

Organochlorines (OCs) are ubiquitous environmental chemicals 
with a long (10–20  years or more) half-life possessing signifi-
cant health threats to the human population. Their persistence 
in the environment and the estrogenic properties that the 
majority of OC possess are of concern regarding their carcino-
genic effects, especially in breast tissue. Indeed, several animal 
studies confirmed that such OC as 1,1-dichloro-2,2-bis(4-chlo-
rophenyl)ethylene can alter cellular proliferation and differ-
entiation in the mammary gland and promote the growth of 
mammary tumors (46,47). Epidemiological studies have also 
confirmed these findings, showing a significant trend between 
the exposure to OC and breast cancer risks (48). Additionally, 
some studies indicate that persistent exposure to OC may also 
result in more aggressive forms of breast cancer. Demers et al. 
(49) report that the probability of lymph-node invasion among 
breast cancer cases significantly increased with exposure to 
1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene. The authors also 
indicate that the 1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene 
exposure was associated with a dose-related increased rela-
tive risk of exhibiting both lymph-node metastasis and large 

tumors. The mechanisms of this invasive and metastatic poten-
tial are not clearly understood but may be chemical dependent. 
For example, the enhanced metastatic potential of polychlorin-
ated biphenyls (PCBs) in breast cancer cells was linked to acti-
vation of Rho-associated kinase (50). Another study, performed 
with widespread OC pesticide hexachlorobenzene, suggested 
involvement of c-Src/HER1/STAT5B and HER1/ERK1/2 signaling 
pathways (51). Further studies are clearly needed to delineate 
the enigmatic mechanisms that underline the invasive and met-
astatic potential of these chemical carcinogens.

Other organic compounds

Alcohol
Alcohol consumption is considered a significant risk factor for 
the development of hepatocellular carcinoma. Acetaldehyde, 
the by-product of ethanol metabolism, has been shown to acti-
vate NF-κB and activator protein-1 (AP-1), JNK/beta-TrCP and 
p38 signaling pathways, resulting in elevation of MMP9 gene 
expression and increased invasive potential in hepatocarci-
noma cells (9). Other studies by Meng et al. (52) demonstrated 
that ethanol stimulated the invasion and migration of a breast 
carcinoma cell line MDA-MB-231 through the downregulation of 
E-cadherin.

Alkylating agents
Alkylating agents are routinely used as chemotherapeutic 
agents particularly for leukemia (53). It was reported in a case 
study that the treatment for chronic myelogenous leukemia 
with the alkylating agent chlorambucil may have initiated and/
or promoted the development of hepatocellular carcinoma in a 
55-year-old man (54). Another case involved the development 
of skin (cutaneous) metastasis of primary gall bladder tumors 
following treatment with chlorambucil for leukemia (55). These 
studies suggest that chlorambucil has the potential to drive 
tumorigenesis of secondary malignancies and so its use in the 
treatment of leukemias should be revisited.

Heavy metals

Hexavalent chromium
Hexavalent chromium [Cr(VI)] is a potent human mutagen and 
carcinogen, widely used in industrial activities and present in 
fossil fuel and cigarette smoke (56–58). Studies by Ding et al. (5) 
have demonstrated that chromium is capable of inducing EMT 
via reactive oxygen species (ROS), hallmarks of tissue inva-
sion and metastasis, subsequent to oncogenic transformation 
in human lung epithelial cells. Other studies by Wang et al. (59) 
demonstrated that arsenic [As(III)] and hexavalent chromium 
promote colorectal tumorigenesis partly through ROS-mediated 
Wnt/β-catenin signaling pathway.

Cadmium
Cadmium has been classified as a group 1 carcinogen and has 
been shown to be directly associated with tumors of the testes, 
prostate, adrenal, lung and hematopoietic system in rodents 
(60). Although the mechanism by which cadmium transforms 
cells are not well established and epidemiologic human studies 
are inconclusive (60), an early event associated with cadmium 
ion nephrotoxicity is the alteration of the properties of adherent 
junctions and tight junctions attributed to Ca2+ displacement 
leading to disruption of E-cadherin (61). Subsequent studies 
demonstrated that Cd2+ induces Wnt signaling in kidney proxi-
mal tubule cells (62). In support of this invasion-related mecha-
nism, in vitro evidence indicates that Cd2+ ions enhance tumor 
progression (63–65).
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Nickel
Nickel is another group 1 carcinogen. In a study conducted using 
Fisher and Hooded rats, intramuscular injection with Ni3S2 induced 
tumors ranging from well-differentiated rhabdomyosarcomas to 
mesenchymal tumors. Interestingly the tumors that developed in 
Hooded rats were more prone to metastasis compared with Fisher 
rats (66). More recent studies demonstrated that nickel chloride 
induced the generation of ROS which in turn induced EMT in 
human bronchial epithelial cells and inhibited E-cadherin expres-
sion by upregulating the hypermethylation of the promoter (67). 
The influence of known carcinogens on pathways relevant to tis-
sue invasion and metastasis is depicted in Figure 2.

Biological agents modulating the invasion and 
metastasis pathways

Helicobacter pylori
It is well established that Helicobacter pylori is one of the key ini-
tiating carcinogens in gastric cancers (68). However, continuous 
exposure to the bacteria is also key in driving the progression 
of gastric cancer (69). Specifically, it has been demonstrated 
that H.pylori activates Ras, NF-κB and AP-1 (10,70). These are 
signaling mechanisms that are involved in tissue invasion and 
metastasis (71,72). Therefore, one of the approaches that may be 
helpful in controlling gastric cancers is to eliminate H.pylori (69). 
Other studies have shown the elevation of metastasis relevant 
enzymes, MMP3 and MMP7, in H.pylori-infected gastric cancer 
patients (73).

Aflatoxins
Aflatoxins (AFs) produced by fungi Aspergillus fluvus and 
Aspergillus parasiticus are well-established liver carcinogens that 
mainly form DNA adducts (74). Contamination due to aflatox-
ins is restricted primarily to developing countries, with children 
known to be more sensitive than adults. A study by Ubagai et al. 
(74) demonstrated the effects of AFB1 on the proliferation, inva-
sion and metastatic capacity during hepatocarcinogenesis. They 
showed that AFB1 exposure led to the elevated gene expression 
of insulin-like growth factor 2 and insulin-like growth factor 
receptor.

Mechanisms of invasion and metastasis
In the following sections, we describe mechanisms that are 
important in the processes of invasion and metastasis. These 
include the EMT, the matrix metalloproteases, the galectins, 
self-renewal pathways of stem cells and the AHR. For each of 

these mechanisms, a series of examples of the ways that chemi-
cal agents disrupt the pathway are described.

The epithelial–mesenchymal transition

The EMT as first described by developmental biologists is the 
morphological change that epithelial cells undergo at specific 
sites during embryonic development, resulting in more migra-
tory cells (75). EMT has also been characterized in epithelial 
cancers, where tumor cells at the invasive front undergo this 
transition to promote invasion, migration and subsequent 
metastasis (76,77). Studies have shown that during EMT, epi-
thelial cells expressing keratin intermediate filaments, des-
mosomes and adherens junction proteins repress genes 
encoding these cell adhesion proteins (such as E-cadherin) 
and modify the type of intermediate filaments expressed 
(76,77). This is accompanied by acquisition of a mesenchymal 
genotype that includes vimentin, N-cadherin and osteopontin 
expression, synthesis of extracellular matrix molecules such 
as fibronectin and certain types of collagen and a flattened 
phenotype. These cells subsequently become more migra-
tory, express gelatinase to become more invasive and traverse 
underlying basement membrane. Following EMT, the cells may 
differentiate into other cell types or revert back to epithelial 
cells (75,76,78). EMT can be induced by extracellular matrix 
molecules such as collagen, soluble factors such as epidermal 
growth factor (EGF), scatter factor/hepatocyte growth factor, 
members of the transforming growth factor-beta (TGF-β) and 
FGF family (79). Certain master genes can regulate the entire 
EMT process. These include Snail and Twist transcription fac-
tors that can downregulate E-cadherin by binding several 
E-boxes located in the promoter region (76,80).

Cigarette smoking is a risk factor for lung cancer and can 
also promote lung cancer aggressiveness (81–84). BaP is a PAH 
released as a by-product of incomplete combustion or burning 
of organic (carbon-containing) items, such as cigarettes, gaso-
line and wood. Studies have shown that BaP induces EMT in 
lung cancer cells and accelerates disease progression in patients 
with lung cancer (85). Specifically, BaP increased messenger 
RNA expression of mesenchymal markers such as Twist and 
decreased expression of E-cadherin in A-549 bronchiol alveolar 
carcinoma cell line, and subsequent removal of BaP was not able 
to reverse these effects (85). Strikingly, E-cadherin expression is 
reduced in 42% of lung cancer patients (86). Another study has 
associated Twist expression as a useful prognostic marker for 
patients with bladder cancer and its expression seems to be cor-
related to the tobacco status of the patients (87).

Nicotine, a constituent of cigarettes that is absorbed into 
the body during smoking, has also been found to induce inva-
sion and EMT and may contribute to the progression of breast 
and lung cancers (88). Additionally, nicotine was shown to 
increase colon cancer cell migration through upregulation of 
α7-nAChR and fibronectin, a mesenchymal marker for EMT (89). 
Furthermore, COX-2 signal was involved in the induction of 
fibronectin (89). Interplay between cancer stem-like cells (CSCs) 
and EMT has been proposed to promote tumorigenesis and 
metastasis in oral squamous cell carcinoma (OSCC). Yu et  al. 
(90) demonstrated that nicotine enhanced the stemness and 
EMT property in oral epithelial cells, which could be reduced 
by targeting Snail, thus suggesting that therapeutic targeting 
of Snail might offer a new strategy for the treatment of OSCC 
patients with smoking habit (91). Therefore, smoking may play 
a role in the progression of several cancers through induction 
of the EMT process.

Figure 2. Tissue invasion and metastatic pathways influenced by group 1 car-

cinogens.
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Heavy metals have been associated with cancer due to their 
abilities to bind DNA, causing mutations and DNA damage. 
Smokers have higher levels of heavy metals such as cadmium 
(Cd) than non-smokers. Cd may also be consumed through con-
taminated food or water. Chronic Cd exposure may induce renal 
fibrosis and/or cancer and it has been reported that Cd induced 
EMT markers Twist, fibronectin and collagen I via upregulation 
of the Wnt pathway in mouse kidney cells (92).

Although the association between heavy metals and EMT is 
scant, there are more studies showing an association between 
radiation and EMT in cancer. Ionizing radiation has been shown 
to induce EMT in cervical, colorectal, lung and breast cancer cells 
(93–96). For example, irradiation of cervical cancer cells with 
accumulative dose of 75 Gy induced EMT mediated by p65 (93). 
Furthermore, doses as low as 2 Gy induced EMT in six different 
cancer cell lines from different human organs, via upregulation 
of TGF-β (94). Additionally, irradiation of non-malignant human 
mammary epithelial cells with 2 Gy and cotreatment with TGF-β 
led to EMT mediated in part by mitogen-activated protein kinase 
(MAPK) activation (97). Therefore, it may be important to look 
into suppressing EMT markers in patients that undergo chemo-
radiotherapy or who have been exposed to low doses of ionizing 
radiation.

Pesticides have also been associated with cancer progression. 
One study showed that human hepatocytes cultured with the 
pesticides, OC or 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 
underwent EMT, which may account in part for the carcinogenic 
and/or fibrogenic nature of pesticides (98).

It is well recognized that human cancer development is asso-
ciated with chronic inflammation, and ROS released by inflam-
matory cells may result in DNA damage (99,100). It has also been 
reported that spontaneous generation of the ROS, hydrogen 
peroxide, in tumor tissue was associated with clinical stage in 
small cell lung cancer and squamous cell carcinoma patients 
(101). ROS, particularly superoxide and hydrogen peroxide, are 
not only harmful metabolic by-products of oxidative stress but 
are also intracellular signaling molecules. For example, ROS 
can lead to the activation of NF-κB and AP-1 transcription fac-
tors, which play a role in cell proliferation, differentiation and 
morphogenesis (102). Additionally, ROS has been associated 
with EMT; TGF-β was shown to induce EMT via upregulation of 
hydrogen peroxide and MAPK signaling in proximal tubular epi-
thelial cells (103). It has been published that Snail can induce 
ROS (hydrogen peroxide and superoxide) in prostate cancer 
(PCa) cells (104). Certain compounds and natural products that 
antagonize ROS have been reported to revert EMT. Prostaglandin 
D2 was shown to exhibit antioxidant property and inhibit TGF-
β1-mediated ROS production and EMT in Madin–Darby canine 
kidney epithelial cells (105). Antioxidants such as epigallocat-
echin-3-gallate, the bioactive polyphenol component of green 
tea, was also able to revert EMT in breast and oral cancer cells 
(106,107), whereas resveratrol, a polyphenolic compound of 
grapes and red wine, could also revert EMT in breast, melanoma 
and lung cancer cells (108–110).

MMPs in tumor progression and metastasis

MMPs are a class of primarily extracellularly targeted zinc-
dependent endopeptidases that were initially characterized by 
their ability to proteolyze various components of the extracel-
lular matrix (111). MMPs are associated with a variety of normal 
and pathological conditions including tumorigenesis (112,113). 
MMP activity first identified was that of collagenolytic activity 
associated with absorption of a tadpole tail during metamorpho-
sis (114). However, MMPs have long been associated with tumor 

progression (115). Although MMP levels are typically low in non-
diseased, quiescent tissue, MMPs levels increase and correlate 
with disease progression. A role for MMPs in tissue invasion was 
initially proposed following studies demonstrating cleavage of 
basement membrane by those MMPs with gelatinolytic activity 
(MMP2 and MMP9). Due to the association of MMP upregulation 
correlating with increasingly progressed tumors, a function for 
MMPs as removal of extracellular matrix barrier to facilitate cel-
lular invasion and metastasis was proposed (112,113). Over time, 
the discovery of non-extracellular matrix MMP substrates grew, 
documenting MMP-dependent regulation of growth factor avail-
ability, adhesion factors and chemokine gradients (112). This led 
to an appreciation of additional MMP roles throughout tumo-
rigenesis, from regulation of tumor cell growth and survival to 
influence over tumor stromal events such as angiogenesis and 
inflammation (116). On the other hand, current studies that 
importantly include the use of mice with genetic ablation of sin-
gle MMP family members has revealed both pro- and antitumo-
rigenic roles for MMPs during tumorigenesis (117). In retrospect, 
this is unsurprising as MMPs are important regulators of normal 
processes such as wound healing and tissue repair and remode-
ling (113). Indeed, many of the same processes upregulated dur-
ing wound healing are exploited during tumorigenesis, which 
is why tumors are at times referred to as non-healing wound 
pathologies (118). This section focuses on the influence of envi-
ronmental chemical pollutants on regulating MMP expression 
and/or activity. As chronic exposure to low-level chemicals is 
more apt to work as a promoter of tumorigenesis, the regulation 
of MMPs by chemical pollutants in a variety of inflammation 
and tissue damage models is included.

MMPs are a subset of the family of metal-dependent pro-
teases, the metzincins (111,119). MMP activity is highly regu-
lated. All MMP family members share a conserved catalytic 
domain (HEXX-HXX-GXXH) that coordinates a zinc ion at the 
active site to achieve hydrolysis (111,119). An N-terminal leader 
sequence directs the MMPs for either extracellular secretion or 
as a membrane bound molecule. MMPs are formed as inactive 
zymogens. A conserved sequence in the prodomain (PRCG(V/N)
PD) contains a cysteine residue that binds to the zinc ion in the 
catalytic domain and maintains enzymatic latency (111,119,120). 
Proteolytic processing of the prodomains opens the catalytic site 
for substrate binding. Activity is then downregulated through 
interactions with endogenous inhibitors. The majority of MMPs 
also contain a hemopexin domain that provides additional 
protein–protein contacts and facilitates substrate specificity 
and interactions with naturally occurring inhibitors, the tissue 
inhibitors of MMPs (TIMPs) (121). A cysteine within TIMP forms 
a non-covalent interaction with the zinc ion in the catalytic site 
of the MMP. This strategy is the basis of many synthetic inhibi-
tors of MMPs. In addition, plasma α-2 macroglobulin serves as a 
non-specific inhibitor of MMPs (111). Likewise, MMP activity can 
be reduced through interactions with serine protease inhibitors, 
such as α1-antitrypsin. Some MMPs can be inhibited by reverse-
inducing cysteine-rich protein (RECK) (122). Furthermore, MMPs 
can be modified by ROS (120).

MMP expression is another important regulatory control 
mechanism (123,124). Most MMPs are expressed at low levels, if 
at all, in quiescent tissues. During times of active tissue remod-
eling, MMP expression can be rapidly induced. Most MMPs are 
extracellularly secreted enzymes. However, some can be stored 
in secretory vesicles, for example, MMP9 in macrophages and 
MMP8 (neutrophil collagenase) in mast cells. MMP expression 
can be induced by a variety of growth factors or cytokines, such 
as EGF, platelet-derived growth factor, keratinocyte growth 
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factor (KGF), vascular endothelial growth factor, tumor necrosis 
factor alpha, bFGF, hepatocyte growth factor and TGF-β (123,124). 
The promoters of the various MMP family members contain a 
number of transcriptional binding sites including AP-1 and AP-2, 
PEA-3, NF-κB, STAT and TCF sites (124). The various combina-
tions of response elements in individual MMP family members 
confer some specificity of gene regulation, with coregulated 
MMPs tending to share similar promoter elements. Overall, any 
perturbation of regulatory processes, either signaling processes 
governing expression of MMP or modifying native inhibitors of 
MMP, will impact the overall balance of active MMP to act on its 
downstream substrates and influence cellular processes.

MMPs and environmental pollutants
Air particulates and gas pollutants have wide spread effects 
on lung and the cardiovascular systems. Some of the resultant 
inflammation and subsequent tissue damage may be linked 
to deregulated MMP expression either through initiating MMP 
expression and/or recruitment of inflammatory cells with gran-
ular release of MMPs at the tissue site. Ozone exposure has been 
reported to initiate an inflammatory response in a rat model by 
increasing alveolar macrophages and MMP2 and MMP9 levels 
and in a mouse model by increasing neutrophil infiltration and 
MMP9 levels in bronchoalveolar lavage fluid (125,126). In another 
mouse model study, MMP2 expression was increased only when 
lungs were coexposed to urban air pollutant (EHC93) and ozone, 
but not to single exposure of either alone (127). Furthermore, 
iNos-deficient animals show an even greater sensitivity to ozone 
inhalation resulting in even higher levels of neutrophil infiltrate 
and MMP9 levels over wild-type counterparts (125). However, 
MMPs are a part of normal wound repair processes. A protective 
role for MMP9 in response to ozone-induced lung injury comes 
from work with MMP9-deficient animals. MMP9 null animals 
increased lung tissue damage in response to inhalation of ozone 
and with enhanced proliferation and alveolar epithelial thick-
ening and alveolor vacuolization (128). Furthermore, absence 
of MMP9 led to an increase in ozone-induced inflammation as 
measured by infiltrating neutrophils in lavage fluid. However, 
absence of MMP7 resulted in no change in ozone-dependent 
inflammation or lung injury (128). On the other hand, deregu-
lated MMP12, also known as macrophage elastase, may play a 
more lung tissue damaging role in response to air pollutants. 
Extensive repeated exposure to ozone of 6 weeks, but not 3 
weeks, led to a chronic inflammation accompanied by epithe-
lial damage and alveolar enlargement. This tissue damage was 
associated with an increase in caspase-3 and MMP12 expres-
sion (129). This relationship is not surprising, as MMP12 has 
been implicated in other chronic obstructive pulmonary disease 
models, and importantly absence of MMP12 abrogates murine 
emphysema induced by cigarette smoke (130).

Other types of combustion materials impact lung and cardio-
vascular health. In a wood-smoke-induced emphysema guinea 
pig model, increased levels of MMP1, MMP2 and MMP9 were 
noted in lung tissue (131). Inhalation of gasoline engine exhaust 
by ApoE null mice induced vascular remodeling and increases 
in MMP2, MMP9 and TIMP-2 and of endothelin-1, a mediator of 
atherosclerosis (132). These effects translated to humans since 
human volunteers exposed to whole diesel emissions had ele-
vated MMP9 and ET-1 in plasma (132). Using this same mouse, 
the vascular effects in a side-by-side comparative study using a 
large panel of air pollutants (whole combustion emissions, sec-
ondary organic aerosols, single gas contaminants in spent fuels) 
were examined (133). Contrary to the wood-smoke-induced 
emphysema guinea pig model, no effect on MMP9 expression 

was noted following wood smoke inhalation of ApoE null ani-
mals, although there was an increase in aortic gelatinolytic 
activity. It should be noted that the Campen et al. study chal-
lenged mice for 1 week, whereas Ramos et al. challenged animals 
up to 7 months with wood smoke (131,133). Likewise, particulate 
matter had no effect in this study (133). Gasoline exhaust and 
monoxide gas products CO and NO elicited increases in MMP9, 
TIMP-2, endothelin-1 and also to an increase in aortic gelatino-
lytic activities (133).

Diesel exhaust particles (DEPs) are a major contributor to 
air particle pollutants. DEP has been shown to induce MMP1 in 
human lung epithelial cells in vitro and in vivo using a mouse 
model (134,135). DEP-dependent MMP1 induction initiates a ras-
raf-ERK1/2 signaling cascade that is dependent on scaffolding 
by B-arrestin (135) and has also been shown to upregulate NOX4, 
a homolog of reduced nicotinamide adenine dinucleotide phos-
phate oxidase (134). Reduction of NOX4 or β-arrestin using RNAi 
knockdown blunted DEP-induced MMP1 expression (134,135). 
In contrast, Doornaert et al. (136) showed a decrease in MMP1 
expression in human bronchial epithelial cells challenged with 
DEPs; however, this study used levels of DEP that were cytotoxic 
to cells. In addition to DEP effects on airway epithelium, the 
methanol extract of DEP can activate neutrophils leading to an 
upregulation of MMP9 (137).

Sulfur dioxide (SO2) is a common contaminant in auto-
mobile fumes. SO2 dampened mucocillary clearance in a frog 
palate injury model challenged with sodium metabisulphite, 
which forms SO2 upon contact with water. Furthermore, this 
SO2 injury model was accompanied by an elevation in MMP9 
(138). Following the ban of lead from gasoline, other oxygenates 
have been added to gasoline to increase the octane rating and 
to reduce carbon monoxide. Methyl tert-butyl ether, a commonly 
used stabilizer, has been banned from some states due to con-
taminating drinking water. Using a zebrafish model, animals 
were challenged with low levels of the related ethers, ethyl tert-
butyl ether and tertiary amyl methyl ether. Both chemicals led 
the developmental abnormalities including effects on vascular 
and craniofacial development (139). The alterations were asso-
ciated with reduced transcriptional levels of WNT ligands and 
MMP9, with ethyl tert-butyl ether and tertiary amyl methyl ether 
exposure and additionally reduction in MMP2 transcripts with 
tertiary amyl methyl ether exposure (139).

In addition to reactive chemical pollutants, there are also 
particulates that damage tissue. Amorphous silica (i.e. non-
crystalline) has been regarded as a less toxic form of crystal-
line silica; however, growing evidence suggests that it can 
induce lung inflammation and initiate lung tumors in rats (140). 
Male A/J were exposed by intratracheal instillation to ultrafine 
amorphous silica. Amorphous silica induced a dose-dependent 
short-term fibrosis that was reversible (141). This fibrosis was 
accompanied by an increased expression of the inflammatory 
cytokines, interleukin (IL)-4, IL-10, IL-13 and interferon-γ and 
also MMP2, MMP9, MMP10 and TIMP-1. The induced cytokine 
and MMPs levels were reversible as well except for continued 
upregulation of MMP2 and interferon-γ (141).

Other chemical pollutants find their way into waterways. 
Tetrabromobisphenol A  (TBBPA) is a brominated flame retard-
ant identified as an endocrine disruptor that is commonly 
found accumulating in the atmosphere and in water environ-
ments. Toxicity of TBBPA and its metabolites were assessed in 
an embryonic zebrafish model. TBBPA exposure was embryonic 
lethal resulting in developmental alterations such as tail mal-
formations, edema and reduced heart rates (142). This TBBPA-
dependent developmental defects were accompanied by MMP2, 
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MMP9 and MMP13 expression with a concomitant increase in 
the ability to degrade gelatin and collagen type I (142).

From these studies, it is clear that chemical pollutants in air 
and water enhance MMP expression, a result that is not unex-
pected as these chemicals induce inflammation and tissue 
damage. What is less certain is whether MMP expression is a 
cause or consequence of subsequent tissue damage and more 
importantly for the focus of this review, the supporting role 
that these MMPs play in invasion and metastasis. More focused 
attention in this area is needed to elucidate the role of MMPs in 
this important health arena.

Galectins

Galectins are a family of animal β-galactoside lectins charac-
terized by conserved sequence elements in their carbohydrate-
binding domain (CRD). They have emerged as key players in 
inflammation and tumor progression by displaying intracel-
lular and extracellular activities. Galectin family consists of 
three types of proteins: the ‘prototypical’ galectins (galectins 1, 
2, 5, 7, 10, 11, 13, 14 and 15) have a single CRD and are capable 
of homodimerization. The second subclass of galectins (4, 6, 8, 
9 and 12)  contains tandem repeats in which two homologous 
CRDs are separated by a ‘linker’ within a single protein. The third 
class, represented by galectin-3, is characterized by a proline-
rich collagen-like domain near the N-terminal domain in addi-
tion to the CRD (143). Galectin-3 is currently the most reliable 
marker for thyroid cancer progression (144). Galectins also play 
significant roles in signal transduction, inhibition of cell recep-
tor internalization, induction of T-cell apoptosis and induction of 
angiogenesis (145–150) due to their ability to bind to glycosylated 
proteins such as EGFR, integrins, Neural Cell Adhesion Molecule 
(NCAM), fibronectin and laminin extracellularly (145,151–153). 
Galectins also play significant roles when expressed intracellu-
larly. For example, galectin-1 and galectin-3 bind to members of 
the serine (S)-rich and arginine (R)-rich splicing factor family (SR 
proteins) and form spliceosome complexes within the nucleus 
(154,155). Deregulation of galectins has been found in multiple 
cancers such as breast, thyroid, colorectal and melanoma, where 
they inhibit tumor cell apoptosis, promote angiogenesis, tumor 
growth and enhance metastasis (150,156–158).

NNK, a potent tobacco carcinogen, most likely contributes to 
the induction of human lung cancer in combination with PAHs 
and is strongly related to human pulmonary adenocarcinoma. 
NNK is known to be well activated in the lung, with production 
of methylating and pyridyloxobutylating agents that attack DNA 
and cause mutations (159). The incidence of NNK-induced lung 
cancer was significantly reduced in gal3−/− compared with gal3+/+ 
mice. The differences between the NNK-induced lung tumors in 
both wild-type and knockout mice showed alteration in genes 
related to cellular growth and differentiation, immune response, 
Wnt/β-catenin and platelet-derived growth factor/EGF signaling 
pathways (160). These results suggest that disrupted galectin-3 
may attenuate lung carcinogenesis due to its regulatory role 
in B-cell receptor, ERK/MAPK and peroxisome proliferator-acti-
vated receptor (PPAR) signaling pathways.

Mendonça et al. (161) used 4-nitroquinoline-1-oxide-treated 
galectin-3+/+ and galectin-3−/− mice as models of oral carcinogen-
esis. Their findings suggested that malignant transformation of 
tongue epithelium is associated with increased p-GSK3β-Ser9 
expression in galectin-3+/+ animals, but not in galectin-3−/− mice.

PAHs are a large group of ubiquitous environmental contam-
inants formed by the incomplete combustion of carbon com-
pounds such as automobile exhaust, tobacco smoke and coal 
tar. PAH adducts have been associated with carcinogenesis due 

to multiple alterations in gene expression. Hooven et  al. (162) 
have shown altered expression of heat shock proteins, cytoskel-
etal proteins, DNA-associated proteins and glycolytic and mito-
chondrial proteins in breast cancer cells MCF-7 treated with BaP, 
dibenzo[a]pyrene and coal tar extract. Interestingly, expression 
of galectin-3 was also increased in these treatments.

Synthetic pyrethroids are the most prominent insecticides 
for treatment and control of indoor pests such as cockroaches, 
houseflies and mosquitoes. In humans and animals, pyrethroid 
uptake occurs mainly through the skin, eyes, by inhalation or 
by ingestion. Cypermethrin is classified as a possible human 
carcinogen with limited evidence of carcinogenicity in animals, 
but no evidence of carcinogenicity in humans. George et al. (163) 
reported an increase in the expression levels of cancer-related 
proteins carbonic anhydrase 3, heat shock protein-27, galec-
tin-7, S100A9 and A100A11 and downregulation of superoxide 
dismutase in the skin of mice treated with cypermethrin.

In a study conducted by Kayser et al. (164), asbestos fiber con-
centration in the lung parenchyma as a result of exposure to 
asbestos was studied in a lung cancer cohort. An increased asbes-
tos concentration resulted in alteration of glycol-histochemical 
features of alveolar lining and reduced survival. Presence of 
increased asbestos was correlated to galectin-1-binding and the 
presence of epitopes for natural immunoglobulin G subfractions 
with selectivity to alpha-galactisides and alpha-mannosides.

Chromium VI is a known human carcinogen. Its exposure 
occurs via inhalation or ingestion in drinking water. The sources 
of its release in the environment include tanning, corrosion inhi-
bition, plating, glassware cleaning solutions, wood preservatives, 
safety match manufacture, metal finishing and pigments (165). 
In a study by Tsao et al. (166), rats were fed with Na2Cr2O7 at con-
centrations ranging from 250 to 1250 p.p.m. Expression of c-myc 
and galetin-1 increased, whereas the expression of p53 and Rho-
GDIα decreased in the stomach and colon of treated rats.

Self-renewal pathways of stem/progenitor cells

The biological effect of low-dose chemicals on human physiol-
ogy and its association with the emergence of disease in utero 
and/or postnatal life is now accepted as a known phenomenon 
(167,168). Also widely accepted is the concept of adult stem cells 
being involved in maintaining tissue hemostasis throughout life 
(169). Recent advances in stem cell research suggest that normal 
stem and early progenitor cells may be a direct target of carcino-
gens, therefore becoming the ‘cells of origin’ for cancer initia-
tion and progression during all phases of one’s life from the in 
utero stage to neonatal, adolescent, adult and geriatric phases 
(170,171). It is hypothesized that short or chronic exposure of 
low-dose carcinogens may alter the self-renewal pathways of 
stem cells preventing them to enter the quiescent state that 
follows the regeneration process, thereby enhancing the prob-
ability of multistage oncogenic events that result in transformed 
stem cells. This may involve genetic mutation and/or epigenetic 
alterations of adult tissue-specific stem cells leading to the 
transformation of a small number of progenitor cells, which by 
repeated asymmetric division would yield progenies of daugh-
ter cells destined either toward differentiation or self-renewal 
(169,172,173). This process could result in the formation of a het-
erogenous tumor consisting of a bulk of differentiated cells, and 
a small population of cancer cells possessing properties of dif-
ferentiation and self-renewal, commonly known as CSCs (174). 
The CSCs have been shown to have the ability to initiate and 
sustain cancer growth (175). Several developmental pathways, 
including Notch, Wnt, Hedgehog, Janus kinase and activation 
of transcription factor (JAK/STAT) and TGF-β, have been shown 
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to be crucial for the regulation of the self-renewal and mainte-
nance of CSCs (176). Recent data suggest that CSCs are plastic as 
their expression changes with tumor progression and depends 
on the signals received from the tumor microenvironment (175). 
Although conventional therapies used for cancer treatment 
eradicate the majority of cancer cells within the tumor, most 
patients eventually develop drug-resistant recurrent cancers 
that remain incurable by the current treatment strategies. It is 
now becoming increasingly evident that most recurrent cancers 
are the by-product of residual CSCs that survive therapy and 
continuously seed and maintain the growth of new tumors (175).

The presence of low-dose carcinogens in the form of inorganic 
arsenic in drinking water (170), pesticides (177–179), benzene 
(from cigarette smoke, gasoline vapors, automobile exhausts and 
contaminated water and soil) (180), endocrine-disrupting com-
pounds such as bisphenol A (BPA) and thalate, a synthetic mon-
omer present in plastic containers, linings of food and beverage 
cans, dental materials, cosmetics and numerous other household 
products (172,181,182) have been linked to urogenital, prostatic, 
endometrial, breast and male and female genital neoplasms (183). 
Although the role of the above low-dose carcinogens in the emer-
gence of CSCs has not been shown in humans, their involvement 
has been documented in experimental animals (172,181–183). One 
such example is arsenic-induced cancer. A  series of studies on 
different strains of mice exposed to inorganic arsenic via mater-
nal drinking water have demonstrated dose-related increases 
in lung adenocarcinomas, ovarian tumors, uterine and oviduct 
preneoplasia in female offsprings, whereas male offsprings dem-
onstrated similar dose-related increases in hepatocellular carci-
noma and adrenal adenomas (184). In this context, arsenic has 
been shown to affect the stem cell dynamics and differentiation 
in various cell lines and animal models (170,185–187). For exam-
ple, in vitro exposure of epidermal cells to low doses of arsenic 
maintained the proliferative potential of epidermal keratinocytes, 
thereby decreasing their exit from the germinative compartment 
under conditions that promote differentiation of untreated cells 
(188). Chronic in vitro exposure of prostate epithelial stem cells to 
low doses of arsenic resulted in the transformation into a pluripo-
tent CSC phenotype due to early depletion resulting from aberrant 
differentiation and subsequent reactivation of self-renewal-asso-
ciated genes such as Oct4, BMI-1, ABCG2, Notch-1, p63 and sonic 
hedgehog (186). This alteration in self-renewal pathways occurred 
concurrently with the loss of tumor suppressor phosphatase and 
tensin homolog (PTEN), which was important for the acquisition 
of a malignant phenotype, leading to tumors enriched in CSCs in 
nude mice (189). This suggests that arsenic exposure has the abil-
ity to trap stem cells in an activated state of self-renewal forcing 
an abundance of CSCs with an acquired malignant phenotype 
(170). This is particularly relevant during the course of organogen-
esis in an in utero state when stem cells are generally greater in 
number and are more active, increasing the probability of onco-
genic events occurring in stem cells (170). These data support the 
concept that low-dose chemical exposure of carcinogens repro-
gram and/or transform tissue-specific stem cells, providing them 
with abilities to initiate, develop and sustain tumor growth. Hence, 
under the in utero scenario, an increased number of transformed 
stem/progenitor cells in response to low-dose carcinogens would 
increase cancer risk by the shear presence of more cells avail-
able for transformation. These transformed, slowly proliferating 
stem cells may remain dormant in utero but get activated by an 
unknown secondary stimulus during the childhood, adulthood or 
geriatric phases of human life resulting in cancer.

In addition to arsenic-induced cancer, benzene toxicity 
has recently been proposed to develop through interactions 

of benzene metabolites with hematopoietic stem cells (180). 
Moreover, both animal experiments and epidemiological data 
suggest that fetal exposure to endocrine-disrupting com-
pounds (a class of environmental toxicants that interfere with 
the endocrine signaling pathway that include BPA, phthalate, 
pesticides, PCBs, dioxins, etc.) increase the incidence of adult 
breast and PCas in the general population (181,182). It has been 
hypothesized that epigenetic reprogramming of endocrine sen-
sitive, tissue-specific adult stem cells may be the direct targets 
of endocrine-disrupting compounds, therefore resulting in the 
predisposition to cancer in adult life and/or upon aging (182). In 
addition to exposure to carcinogens, CSC-like phenotypes have 
also been observed in tumors exposed to radiotherapy (190) 
and chemotherapy (191). This could indicate the acquisition of 
stemness genes in tumors in response to environmental stress-
ors/carcinogens (192).

CSCs and epithelial plasticity
The mere definition that CSCs are the only self-renewing pop-
ulation in the tumor that are capable of seeding a new tumor 
suggests that CSCs could also be responsible for initiating 
metastasis (175). This notion has been further strengthened 
by the link between CSCs and EMT and identification of simi-
lar pathways that regulate CSCs and EMT (193,194). Tumor cells 
undergo EMT to disseminate from the primary tumor mass (195) 
and MET to colonize at remote sites (196). During EMT and MET, 
putative CSCs embedded in primary and\or metastatic tumors, 
become ‘migratory cancer stem cells’ (M-CSCs) when stimu-
lated by environmental signals (175,197). These M-CSCs are 
thought to be responsible for tumor invasion, metastasis and 
drug resistance (197). Acquisition of EMT in cancer cells may 
occur to induce motility in response to adverse environmental 
changes, and this phenomenon only occurs in a population of 
cancer cells adaptive to the changed microenvironment after 
the facilitation of stem cell-like characteristics. In the M-CSC 
concept, a decisive step for tumor cells to migrate to the tumor–
host interface may trigger aberrant signals that may also lead 
to the induction of EMT (192). According to this concept, most 
of the M-CSC-like cells are located at the invading edge of the 
tumors or in the circulation. In this context, few studies have 
demonstrated a distinct population of migratory stem cells 
coexpressing stem cell and motility markers at the invasive 
front of tumors, and patients with tumors with the CSC and 
motility phenotypes were shown to have an increased incidence 
of the metastatic disease (198,199). In addition, frequent expres-
sion of CSCs and EMT markers in the circulating tumor cells of 
cancer patients have also been reported (200). In this context, it 
should be mentioned that OC and endosulfan that are present 
in pesticides have been shown to induce EMT in human primary 
cultured hepatocytes and HepG2 liver cells (98,201), suggesting 
that these environmental carcinogens have the ability to dedif-
ferentiate hepatic cells.

Conclusions
From the practical perspective, it is evident that human cells are 
predisposed to malignant transformation in response to short 
or chronic exposure to environmental carcinogens and that epi-
genetic changes that occur either in in utero or in tissue-specific 
adult stem cells may have future roles in the developmental 
process of CSCs and their associated tissue-specific cancers. 
However, additional efforts are required in defining and estab-
lishing the role of CSCs in response to low-dose carcinogen-
associated cancers in utero and/or postnatal life. The potential 
pathways leading to the prospective events that occur during 
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low-dose carcinogen-induced malignant transformation and 
the involvement of CSC-like cells are depicted in Figure 3.

The aryl hydrocarbon receptor

In order for dormant benign tumor to progress to invasive can-
cer with more malignant characteristics such as invasion and 
distant metastasis, the cells of origin undergo major transfor-
mation that includes alteration of their epithelial cells into a 
more motile fibroblastic shape, EMT and increase their expres-
sion and secretion of proteases that degrade their surrounding 
extracellular matrix. Both of these processes are multifacto-
rial and involve regulation of expression of multiple genes and 
their protein products. Since the triggers for these processes are 
largely unknown, it is possible that exposure to environmental 
chemicals either singly or in mixtures is capable of inducing 
invasive properties. There is a substantial body of literature that 
links these processes with a group of environmental chemicals 
that include PAH and halogenated aromatic hydrocarbon.

PAH are ubiquitous by-products of combustion and they 
include benzopyrene, 3-methylcholanthrene, dimethyl benzo 
anthracine, etc. Halogenated aromatic hydrocarbons are by-
products of incineration, manufacturing processes and vehicle 
exhaust that have contaminated the food supply (including crops, 
meat, sea food and dairy products). They include polychlorin-
ated dibenzodioxins, polychlorinated dibenzofurans, planar PCBs 
and polybrominated biphenyls. The majority of these chemicals 
are linked to causing cancers in addition to disruption of many 
other biological processes (e.g. endocrine disruption), and some 
of them are regulated by IARC and US Environmental Protection 
Agency (USEPA) as known human carcinogens.

Many of these chemicals invariably function through an 
intracellular receptor protein, the AHR (202). Binding of these 
chemicals to AHR leads to its activation to a transcription factor 
that enhances the expression of multiple genes, including those 
encoding for cytochrome P450 enzymes (CYP1A1, CYP1A2 and 
CYP1B1). These enzymes metabolize PAH and some endogenous 
substrates (e.g. estrogens) into mutagenic intermediates, thus 
leading to cancer initiation (203–205).  The AHR is historically 
known for mediating cancer initiation by DNA damage through 
its role in inducing these enzymes.  Current evidence suggest 
major roles in promoting normal and neoplastic cell growth 

(206–209) and in malignant progression (210–216); however the 
exact mechanisms for these effects are poorly understood.

TCDD is most often utilized as it is the most potent non-
genotoxic AHR agonist. TCDD has been extensively studied as 
a tumor promoter, which functions by expanding preneoplastic 
lesions (217), but it can also influence the stage of initiation by 
facilitating survival of genotoxically injured cells (218).

Role of chemical-activated AHR on the stage of cancer 
progression
The predominant findings across multiple cancer sites reveal that 
exposure to many of these persistent AHR ligands leads to increase 
in cancer progression by enhancing tissue invasion and metastasis 
(219,220). However, there are some reports that indicate contradic-
tory findings. Here, we will examine the reports on the influence of 
the AHR on factors regulating cancer invasion and metastasis, both 
in the presence and absence of exogenous AHR ligands.

Activation of AHR by TCDD induces expression and activi-
ties of MMP1, MMP2 and MMP9 in transformed A2058 melanoma 
cells and increase invasiveness in cell culture, but not in the 
normal human melanocytes (213). TCDD has also been shown to 
increase MMP1 expression in keratinocytes (221).

Studies using immortalized mouse mammary fibroblasts from 
AHR-null mice have shown that they had decreased migration 
in culture, which was associated with an increase in stress fiber 
formation and low efficiency to induce lamellipodia (212). Lack 
of AHR in these cells inhibited signaling pathways that regulate 
cell migration, including lower activation of FAK, protein kinase 
B/AKT (PKB/AKT), mitogen-activated kinase, ERK1 and Rac-1.

The involvement of the ligand-activated AHR in cell plasticity 
and mobility is supported by studies using TCDD. Treatment of 
mammary carcinoma MCF-7 cells with TCDD resulted in cell scat-
tering, increased cell surface, appearance of lamellipodia-like pro-
trusions and subsequent higher cell motility. These changes were 
associated with cytoskeleton reorganization, mainly through 
vinculin and actin redistribution and were accompanied by 
changes in the expression of several genes, especially, a decrease 
in E-cadherin. Concomitantly, TCDD activates c-Jun N-terminal 
kinases (JNKs), which is found to be required for dioxin-medi-
ated effects on cell morphology and mobility (222). The metas-
tasis marker HEF1/NEDD9/CAS-L was implicated as an essential 
player in AHR-regulated cell plasticity (223). HEF1/NEDD9/CAS-L 
is a multifunctional docking protein involved in integrin-based 
signaling that notably affects cell motility and oncogenic trans-
formation (224,225). HEF1 interacts with FAK and the Src family 
of tyrosine kinases, two critical regulators of focal adhesion (226). 
As a result, HEF1/NEDD9/CAS-L regulates migratory processes as 
demonstrated in a melanoma cell line (227); moreover, in sev-
eral human cancers such as melanoma, glioblastoma (228) and 
lung tumors (229), increased HEF1/NEDD9/CAS-L expression was 
found to correlate with the metastasis potential of those tumors.

Closely relevant studies showed that PCB treatment of MCF7 
and MDA-MB23 human breast cancer cell lines increased the 
Rho-associated kinase activity leading to increased cell motil-
ity in both the non-metastatic and metastatic cells line. In 
xenograft mouse model, PCBs significantly advanced disease 
progression, leading to enhanced capability of metastatic breast 
cancer cells to metastasize to bone, lung and liver (50).

Testing whether exposure to chemical could disrupt 
endothelial integrity and increase the transendothelial migra-
tion of tumor cells, investigators exposed human microvascular 
endothelial cell 1 to PCB 104, a representative of highly ortho-
substituted non-coplanar PCB congeners, and tested their effect 
on the endothelial permeability and transendothelial migration 

Figure 3. Modulation of cancer stem cells and epithelial plasticity by low dose 

environmental carcinogens.
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of MDA-MB-231 breast cancer cells. They reported that PCB 104 
induced endothelial hyperpermeability and markedly increased 
transendothelial migration of MDA-MB-231 cells. These effects 
were associated with overexpression of vascular endothelial 
growth factor through PI3K, but independent of NF-κB path-
ways (230). In a follow-up study, this team also reported that 
PCB exposure of endothelial cells stimulated transendothelial 
migration of tumor cells through upregulation of MMP3. The 
study provided evidence that PCB can activate EGFR and JAK3 
in a closely coordinated and cross-dependent fashion. Activated 
EGFR and JAK3 stimulate in concert kinases c-JNK and ERK1/2 
as well as increase DNA-binding activity of AP-1 and polyoma 
virus enhancer activator protein 3, leading to transcriptional 
upregulation of MMP3 expression (231). Dimethyl benzo anthra-
cine, a genotoxic PAH mammary carcinogen, was tested for its 
ability to promote a more invasive mesenchymal phenotype. 
The dimethyl benzo anthracine-treated mammary tumor rel-
3983 cell line exhibited an increased rate of proliferation, dis-
played growth to a higher cell density and acquired the ability 
to grow in soft agar and in Matrigel compared with control cells. 
The cells lost E-cadherin expression, reflecting their mesenchy-
mal phenotype, and they exhibited increased NF-κB binding and 
higher levels of the NF-κB-transactivating subunits c-Rel, RelA 
and RelB, which seemed functional as judged by induction of 
c-Myc and vimentin, products of two NF-κB target genes (210).

As discussed above, TCDD was shown by many laboratories 
to promote invasion and metastasis; however, in this interesting 
report, it was shown that TCDD does that through a completely 
different mechanism from what was established previously. In this 
report, it is shown that TCDD induces mitochondrial dysfunction, 
stress signaling and tumor invasion by a mechanism similar to 
that described for mtDNA-depleted cells. Treatment of C2C12 cells 
with TCDD disrupted mitochondrial transmembrane potential in a 
time-dependent fashion and inhibited mitochondrial transcription 
and translation. TCDD also increased cytosolic [Ca2+]c and RyR1-
specific Ca2+ release. These changes were associated with increased 
calcineurin levels and activation of calcineurin-sensitive NF-κB/Rel 
(IκBα-dependent) factors. These findings reveal that TCDD may pro-
mote tumor progression in vivo by directly targeting mitochondrial 
transcription and induction of mitochondrial stress signaling (232).

Exogenous ligand-independent regulation of cancer progression 
by AHR
The AHR appears to play a role in modulating cancer progres-
sion, independent of ligand activation.

In the absence of environmental chemical ligands, antag-
onism of high constitutively active levels of AHR in cells 
isolated from patients with head and neck squamous cell car-
cinoma (HNSCC) blocked the constitutive activation of the 
AHR. Treatment of these cell lines with the AHR antagonists 
6,2′,4′-trimethoxyflavone, or the more potent GNF351, decreased 
migration and invasion of HNSCC cells (233). This antagonism 
approach has the potential for inclusion in the strategies for 
combating the effect of complex chemical mixtures.

Independent of exogenous ligands, the loss of AHR in normal 
keratinocytes increased migration, reduced levels of epithelial 
markers E-cadherin and β-catenin and increased expression of 
mesenchymal markers Snail, Slug/Snai2, vimentin, fibronectin 
and α-smooth muscle actin (234).

Contradictory effects of TCDD and related chemicals on cancer 
progression
The majority of these reports are on breast cancer and they stem 
from the original finding examining long-term feeding of TCDD, 

where female rats developed tumors in multiple organs except 
in mammary glands, which appeared protected by TCDD treat-
ment. Later investigations using breast cancer cell lines uncov-
ered that this was due to antiestrogenic effect of TCDD and is 
AHR dependent. One group observed that in the presence of 
dioxin, the AHR inhibits proliferation in mammary tumor cells 
and suppresses the ability of these cells to invade normal tissue 
(235). In a more recent report, it was observed that activation 
of AHR by various environmental and natural ligands inhibits 
invasive and metastatic features of human breast cancer cells 
and promotes their differentiation (236). Activation of the AHR 
by TCDD inhibits mammary tumor metastasis in a syngeneic 
mouse model of breast cancer (237). In addition, the activation 
of AHR by the flavonoid, β-naphthoflavone, suppressed invasion 
of esophageal squamous cell carcinoma cell lines (238).

In summary, the AHR appears to be capable of promoting 
and inhibiting carcinogenesis depending on the tissue and the 
level of tumor progression examined. Clearly, additional in vivo 
studies are needed to examine whether the AHR can be utilized 
as a target for cancer treatment. In particular, different classes 
of ligands will need to be examined for their effects on tumor 
growth and survival.

Insights and perspectives
Most of the doses of chemicals used in the studies discussed 
above are relatively high doses and usually single exposure. 
Therefore, one has to consider the environmental relevance, 
where ideally we are exposed to low doses and cumulative 
exposure. However, this should be easily managed since in the 
case of this group of chemicals we are dealing with a single 
receptor protein that mediates the toxic (carcinogenic) effects 
for all these chemicals.

Effects of chemicals on mechanisms of 
invasion and metastasis in specific organs
Next, we review the evidence for the role of exposures to envi-
ronmental contaminants in various organs including the breast, 
prostate and oral, head and neck.

Breast cancer

Increasing incidence of early stage breast cancer in high-fre-
quency regions, due in part to detection of early in situ lesions 
through widespread population mammographic screening (239), 
presents new challenges for the medical oncologist. Better treat-
ment and detection and improvements in breast reconstruc-
tive surgery have paradoxically led to an undesirable situation 
where women get treated for a disease they may never actually 
develop. This is due to our current inability to distinguish those 
in situ lesions that will progress to invasive cancer from those 
that will remain confined or never metastasize. Some are of the 
opinion that the most effective strategy to reduce breast cancer 
incidence is simply to stop mass screening (240). Since Beatson’s 
observation in 1896 (241), estrogen has been known to be instru-
mental in progression of breast cancer and may also be an ini-
tiating factor. Its pharmacological antagonism has been at the 
forefront of therapeutic efforts. However, although many other 
risk factors have since been identified in addition to the influence 
of physiological circulating estrogen, relatively little importance 
has been placed on exposure to ‘environmental estrogens’ as a 
significant factor. This includes compounds such as BPA in hard 
plastics and lining of cans, nonylphenol in cleaning products, 
benzophenones found in sunblocks, perfumes, soaps and printer 
toner and pesticides such as dichlorodiphenyldichloroethylene. 
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Although difficult to establish clear causal associations between 
breast cancer risk and exposure to these and many other sub-
stances, nevertheless, they have been detected in significant 
amounts in breast cancer patients (242). Ibarluzea et  al. (243) 
found an increased risk in postmenopausal women to be associ-
ated with total effective xenoestrogen burden (TEXB-alpha) as 
well as with pesticides aldrin and lindane. Another study (244) 
demonstrated that BPA can induce neoplastic transformation in 
cells. In a recent editorial, Darbre et al. (245) made the interest-
ing observation that an estrogenic stimulus could be reached by 
multiple combinations (from diverse lifestyle exposures) in the 
absence of a high level of any one particular compound. They 
highlight various issues of low-dose chronic effects, synergism 
and timing of exposure, as well as complementation of mecha-
nistic effects of these agents, reflected in the complex nature 
of carcinogenesis. Phytoestrogens are another source derived 
from plant foods such as soybeans, tofu, whole grains, fruits and 
vegetables and certain spices and herbs. Paradoxically they may 
have anticancer properties. Genistein, for example, appears to 
have biphasic effects in vitro, stimulating growth at low concen-
trations and inhibiting at higher levels (246).

For the majority of women with high levels of tumor estro-
gen receptor (ER), endocrine therapy has been the mainstay of 
breast cancer treatment for several decades (247,248) but resist-
ance to antiestrogens (249), briefly compensated by use of aro-
matase inhibitors (250,251) to reduce extraovarian peripheral 
estrogen production, poses significant problems.

Several mechanisms have been postulated to account for 
both de novo and acquired resistance, some of which involve 
activation of alternative growth factor pathways (252,253). In 
efforts to address this issue, we also established cellular models 
with functional loss of ER, which display insensitivity to estro-
gen/tamoxifen (254). In these cells, we observed a phenotypic 
change corresponding to an EMT, a phenomenon that has been 
increasingly reported to be associated with tumor progression, 
invasion and metastasis (255–259) but for the first time here 
linked to endocrine resistance (260). Meantime several groups 
have also established associations between EMT and acquisition 
of stem cell characteristics (261). The concept of stem cells pre-
sent in adult tissues with capacity for self-renewal by asymmet-
ric division as well as potential to differentiate into replacement 
cells has a number of attractions and has been extrapolated into 
a functional role in the progression of cancers. It is already well 
established that heterogeneity of tumors facilitates their drug-
resistant properties (262). EMT and the reverse process of MET 
(operative in reestablishment of extravasating tumor cells at 
secondary sites) could be akin to the developmental programs in 
embryogenesis. Moreover, wound healing following tissue injury 
involves recruitment of mesenchymal stem cells that could be 
acquired through MET. Could cancer be viewed as an abnormal-
ity of tissue repair?

In 1994, Lapidot et al. (263) demonstrated that transplanting 
a rare population of immature CD34+CD38− leukemic cells could 
generate tumors in SCID mice. Since then several studies have 
shown the presence of a very minor component of solid malig-
nancies that have a capacity for regeneration (264–268) of fur-
ther neoplasms that subsequently assume the heterogeneity of 
the parent tumors from which they originated. This small popu-
lation, possibly numbering only in hundreds, is characterized by 
a variety of cell surface markers as well as pluripotent embry-
onic cell markers including the transcriptional activators Klf-4, 
Oct 4, Nanog and Sox2 (269) and several cluster differentiation 
(CD) markers. The identification of CSCs by distinct marker pro-
files could be of clinical utility. Subpopulations of CD133+ cells (a 

hematopoietic stem cell marker) in brain tumors (265) as well as 
colon and pancreatic cancers (198,267) possess tumor-initiating 
capability. Other characteristic CSC markers include epithelial 
cell adhesion molecule and aldehyde dehydrogenase 1 (ALDH1) 
in hepatocellular, breast and ovarian cancer (270,271).

The first cancer-initiating cells with CSC-like properties that 
were identified were isolated from breast tumors; these exhib-
ited a CD44+,CD24−/low phenotype (272). Xenotransplantation of 
just 100 such cells into NOD/SCID mice could generate tumors, 
whereas tens of thousands of cells with other phenotypes 
failed to do so. Breast cancer cell lines with high CD44+/CD24− 
and expressing basal/mesenchymal or myoepithelial but 
not luminal markers were selectively more invasive in nude 
mice (273); however, this was restricted to only a subset of 
such cells, as similarly reported for a minor fraction of CD44+/
CD24−-enriched cells isolated from mammospheres of breast 
cancer cells (274). Clearly the phenotype needs further defi-
nition; just 20 cells with the CD44+/CD24−/ALDH+ phenotype 
were more tumorigenic than CD44+/CD24− or ALDH+ only cells 
(256). Coexpression of genes involved in cell motility, chemot-
axis, angiogenesis, migration and invasion has been observed 
in CD44+/CD24− or ALDH+ cells (which overexpress IL-8 recep-
tor CXCR1) and also in CD44+/CD24− cells that express the cell 
surface protein C receptor, CD201 (275–279). A variety of other 
signals that promote a metastatic CSC phenotype are exten-
sively discussed in a recent review (280). It would seem that 
having a phenotype similar to stem cells confers metastatic 
ability.

A characteristic feature of metastatic tumors is the loss of 
critical cellular adhesion proteins. The complex signaling net-
work that leads to EMT, involving Snail, Slug and Zeb1, Zeb2/
SIP1, Twist, E47 and others, that interact with histone deacety-
lase and other corepressors on the E-box elements of its pro-
moter, ultimately lead to repression of E-cadherin transcription, 
and thence to dissolution of cellular junctions, thereby pro-
moting metastasis. Many lines of such evidence point toward 
a remarkable similarity between processes of metastasis, 
EMT and those characteristics of stem cells during embryonic 
development and particularly of CSCs. Several reports have 
observed that cells undergoing EMT have a CSC-like behavior 
(261,281,282). Upstream initiators of EMT such as TGF-β, Wnt 
and Notch are also instrumental in the transformation to the 
CD44+/CD24− state resembling CSCs. The question arises as to 
whether differentiated epithelial cells revert to CSCs or whether 
it is CSCs that acquire EMT traits. Alternatively, Lim et al. (283) 
have proposed that mesenchymal-like tumors originate from a 
mesenchymal progenitor cell. This is based on their observation 
that (the more aggressive) basal subtype breast cancers (which 
exhibit a mesenchymal gene expression profile) (284) with a 
BRCA1 mutation actually have a profile similar to that of normal 
luminal progenitor cells. In this scenario, it is not necessary to 
hypothesize the de- or transdifferentiation of epithelial cancer 
cells into the migratory type via EMT. However, preponderance 
of evidence favors the emergence of CSCs through EMT as pre-
requisites for metastasis.

Interestingly, CSCs derived from triple-negative (i.e. 
ER−PR−erbB2−) human breast tumor samples implanted into 
mice mammary fat pads gave rise, in all animals, to lung metas-
tases (with similar expression profile to parental cells) (279). 
ER-silenced cells that are endocrine resistant, with increased 
propensity for invasion and an EMT signature with the mes-
enchymal characteristic phenotype of CD44+/CD24− (254), also 
suggest a link between EMT, CSCs, metastasis and loss of ER 
function and chemoresistance, although a capability to form 
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increased metastases in vivo has not yet been demonstrated. 
Other studies also suggest a link between acquisition of chem-
oresistance and stem cell features (285). Thus, even the less 
aggressive luminal breast cancers with HER2/neu amplifica-
tion and CSC characteristic of high CD44, low CD24 show drug 
resistance (286), with chemotherapy actually increasing the high 
CD44, low CD24 population in resistant tumors.

Certainly there appears to be some common underlying fea-
tures between these various processes (287) and in all cases they 
refer to a very small but obviously highly relevant population of 
cells that logically would seem to be the most optimum thera-
peutic target. Exploiting molecular differences from the bulk 
tumor cells, CD133, CD44 or epithelial cell adhesion molecule 
could be targets of antibody-directed cell killing (288). Another 
interesting approach is the strategy of reversing EMT either to 
restore endocrine sensitivity/susceptibility or to inhibit cancer 
metastasis (289) with reexpression of E-cadherin being a princi-
pal objective. Similarly, it should also be possible to push tumors 
with CSCs into a more differentiated epithelial type less prone 
to metastasis and vulnerable to cell killing with agents such as 
salinomycin (290) or histone deacetylase inhibitors such as tri-
chostatin A  or vorinostat that are already undergoing clinical 
trials (291).

Another interesting observation concerns the antidiabetic 
drug metformin, which is reported to repress CD24 in a triple-
negative breast cancer cell line (292) and, in combination with 
doxorubicin, to eliminate CSCs and repress breast tumors in 
mice (293). Moreover, CD44+CD24− CSCs in trastuzumab-resist-
ant HER2+ breast cancer cell lines display selective sensitivity 
to low doses of metformin, which also acts synergistically with 
trastuzumab to repress proliferation and survival of CSCs (294). 
Furthermore, metformin effectively delayed acquisition of EMT-
induced stem cell phenotype as well as blocking formation of 
self-renewing mammospheres through inhibition of Zeb1, Twist, 
Slug and TGF-β, the prototypic mediators of EMT. This is another 
use of a drug that is proving to be very ubiquitous. It may lead 
the way to a new strategy of specifically targeting the cells within 
the bulk of tumors that are destined to be the progenitors of new 
cancers (295) surviving through the therapeutic net whether it 
be by developing endocrine resistance, undergoing EMT or aris-
ing out of the cancer stem cell niche—or indeed all three.

Breast cancers are divided into five biological subtypes based 
on gene expression profiles: luminal A, luminal B, ErbB2, nor-
mal-like and basal-like (296). Basal-like breast cancer (BLBC) 
has similar gene expression patterns with myoepithelial/basal 
cells, which is preferentially negative for the expression of ER, 
progesterone receptor (PR) and human epidermal growth fac-
tor receptor 2 (HER2) and positive for basal markers (EGFR, 
CK5/6 and CK14) (297,298). BLBC contains many EMT markers 
and possesses abundant stem cell-like traits (193,299,300) and 
associates with an aggressive clinical history, development of 
recurrence, distant metastasis and shorter survival (298,301). 
However, BLBC does not respond to the targeted therapy, such 
as anti-ER and anti-HER2 (302,303), and has poor response to 
chemotherapy. Therefore, identification of the relevant molecu-
lar targets in BLBC is urgently needed before meaningful thera-
pies could be achieved.

The molecular drivers that are responsible for the aggressive 
phenotype of BLBC remain unclear. With analysis of the gene 
expression pattern of BLBC, many molecules that may serve as 
specific therapeutic targets have been investigated. Here, we will 
highlight recent discoveries that have led to new insights into 
the role and mechanism of BRCA1, p53 and Snail in aggressive 
basal-like subtype of breast cancer.

BRCA1 and BLBC.
BRCA1 as tumor suppressor plays a central role in maintaining 
genome integrity (304). Women with inactivating mutations in 
BRCA1 have high rate of developing breast cancer in their life-
time. BLBC is particularly related to BRCA1 mutations, and about 
three-quarters of BRCA1-mutated cancers display basal-like 
phenotype (305). In sporadic basal-like cancers, somatic muta-
tion of the BRCA1 gene has rarely been found (306). However, 
decreased levels of BRCA1 in messenger RNA and protein have 
been widely observed in BLBC. Recent studies have demon-
strated that suppression of BRCA1 is associated with transcrip-
tion regulation in sporadic BLBC. For example, inhibitor of DNA 
binding 4, which functions as a dominant-negative regulator of 
basic helix-loop-helix transcription factors, leads to the down-
regulation of BRCA1 expression (307). Significantly, a higher 
expression of inhibitor of DNA binding 4 is observed in BLBC 
with mutant BRCA1 (308). In addition, epigenetic regulations 
also play important roles in BRCA1 silencing in sporadic BLBC. 
Aberrant methylation of BRCA1 promoter is found in 11–14% 
of sporadic breast cancer (309). Metaplastic breast cancer (a 
rare subtype of BLBC) has an extremely high BRCA1 promoter 
methylation rate of 63% (308). The expression profile of spo-
radic tumors with BRCA1 methylation has a very similar profile 
with BRCA1-mutated tumors (305), indicating the importance of 
BRCA1 methylation in BLBC.

BRCA1 plays a critical role in normal mammary gland devel-
opment and is required for the conversion of ER-negative cells 
to ER-positive. BRCA1 regulates cell fate and is involved in stem 
cell regulation, indicating that BRCA1 silencing may be required 
for the differentiation of ER-negative stem/progenitor. This 
speculation is supported by findings in a mouse model that 
demonstrated somatic loss of BRCA1 and p53 cause highly pro-
liferative, poorly differentiated, ER-negative mammary tumor 
and show increased expression of basal-like markers.

p53 and BLBC
Mutant p53 is present in 82% of BLBC (310). Recent studies have 
shown that mutant p53 contributes to EMT, which is a process 
by which epithelial cells lose intercellular adhesion and cellular 
polarity, gain plasticity in cell migration and invasion (311,312). 
Several possible mechanisms are elucidated for mutant 
p53-mediated EMT. First, mutant p53 induces EMT by enhanc-
ing the function of EMT inducers, Twist1 and Slug (313,314). 
Second, mutant p53 can bind to and sequester the function of 
p63, thus facilitating TGF-β-induced EMT and metastasis (315). 
Third, mutant p53 overrides wild-type p53-mediated inhibition 
of hyaluronic acid receptor (CD44) (316).

Tumor cells preferentially utilize anaerobic glycolysis to 
generate energy, a process called Warburg effect, which pro-
vides potential survival advantages conferred by increased 
glycolytic flux and decreased oxidative phosphorylation (317). 
Interestingly, BLBC are more glycolytic than other subtypes 
(318). Mutant p53 promotes differentiating cells to survive by 
inducing a metabolic shift toward glycolysis. p53 is involved in 
many points in both glycolysis and oxidative phosphorylation 
(OXPHOS). p53 influences glycolitic flux by regulating glycolysis-
related molecules (PGM, GLUT1, GLUT4 and TIGAR) (319,320) and 
promotes mitochondrial activity by activating OXPHOS path-
way (321). For example, on one hand, p53 protein induces the 
expression of TIGAR, which lowers the level of fructose-2,6-bi-
sphosphate and thus decreases glycolysis (319). On the other 
hand, p53 facilitates the rate of oxygen consumption through its 
downstream mediator, SCO2, a critical cytochrome c oxidase for 
regulating oxygen utilization in cells (321). Loss of p53 switches 
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OXPHOS to glycolysis through the disruption of TIGAR and COX 
functions and thus significantly enhances the Warburg effect. 
Mutant p53 contributes survival and proliferation by this meta-
bolic alteration, which at least partially accounts for the vulner-
ability to therapeutic intervention in BLBC.

Snail and BLBC
As a key transcriptional repressor of E-cadherin, Snail—which 
controls EMT, stem cell phenotypes and therapeutic respon-
siveness (322,323)—is highly expressed in BLBC (318,324–326), 
making it a candidate master regulator of the BLBC phenotype. 
Recently, the epigenetic regulation mediated by Snail in EMT 
has been intensively studied. Snail recruits several chromatin-
modifying enzymes, including LSD1, G9a, Suv39H1, DNMTs, 
HDAC1/2 and PRC2 to the E-cadherin promoter for transcrip-
tional silencing. These studies strongly demonstrate the central 
role of Snail on epigenetic silencing of E-cadherin by recruit-
ing multiple repressor complexes to the E-cadherin promoter. 
Importantly, these Snail-mediated epigenetic modifications, 
such as H3K9me2/3 and DNA methylation, are enriched at the 
E-cadherin promoter in BLBC (324,327).

E-cadherin is a known transcriptional target of Snail. 
However, other targets, particularly those in regulating meta-
bolic process, remain unclear. Our recent study shows that 
FBP1, a rate-limiting enzyme in gluconeogenesis, is a direct 
target of Snail. Snail binds to the FBP1 promoter to shut down 
its expression (318). Clinically, FBP1 is specifically lost in BLBC 
but not in other subtypes of breast cancer (318). Loss of FBP1 
expression enhances the Warburg effect by enhanced glyco-
lysis, increased glycolytic intermediates for biosynthesis and 
decreased mitochondrial activity, which is consistent with 
the notion that the Warburg effect positively correlates with 
aggressive behaviors seen in BLBC (318). In addition, our study 
also demonstrates that loss of FBP1 synergizes with loss of 
E-cadherin to facilitate the conversion from luminal to basal-
like phenotype (318).

Snail not only induces EMT but also contributes to the 
acquisition of CSCs properties. However, how Snail-induced 
EMT contributes to the CSC trait in BLBC remains unclear. 
Loss of FBP1 by Snail repression results in the increased CSC 
characteristics (318). Our study demonstrates that loss of 
FBP1, which promotes metabolic switch from OXPHOS to the 
Warburg effect, causes decreased mitochondrial ROS (318). 
The low level of ROS shifts the interaction of β-catenin toward 
TCF4 instead of FOXO3a, which is consistent with the conten-
tion that BLBC cells contain β-catenin activation signature 
(328). Together, these data provide new insight into the cross 
talk of the Snail-FBP1 axis-mediated metabolic reprogram-
ming with CSC-like phenotypes that associated with the clini-
cal aggressive BLBC.

Perspective
Molecular subtyping in breast cancer has generated impor-
tant impetus to deepening our understanding of the molecu-
lar characteristic of BLBC. At present, significant advances have 
been made in our understanding of the molecular mechanism 
of BLBC, such as dysfunction of BRCA1, mutant p53 and over-
expression of Snail. These molecular specificities provide new 
candidates for therapeutic targets of BLBC. However, a number 
of fundamental questions, such as screening of targeted mol-
ecule inhibitors and evaluation of therapeutic effect, remain to 
be explored before arriving at novel treatment strategies that 
can target these molecules to achieve more efficient and selec-
tive killing of BLBC cells.

Prostate cancer

PCa is the second leading cause of cancer-related deaths 
in American men over the age of 60 and also the most com-
monly diagnosed cancer in Western men (329). In 2013, there 
were ~238 590 new cases diagnosed with 29 720 deaths in the 
USA. The formation and development of PCa normally proceed 
from the enlargement of prostate gland, invasive adenocar-
cinoma around tissues to distant metastasis in other organs. 
Surgery and radiation therapy are the two main modalities for 
the treatment of PCa patients with local adenocarcinoma at the 
early stages, whereas chemotherapy, including androgen-dep-
rivation therapy, is used for PCa patients with distant metasta-
sis at advanced stages. Tremendous advancements have been 
made by clinicians and scientists to reduce the incidence and 
mortality of PCa; however, many PCa patients still die of cas-
tration-resistant PCa. Two main questions still remaining to be 
addressed: (i) the exact driving mechanisms of initiation and 
development of PCa, including castration-resistant PCa and (ii) 
the impact of environmental factors including chemical car-
cinogens in the mechanisms that drive PCa. Understanding the 
roles of environmental factors including chemical carcinogens 
in PCa will certainly help us know the malignant effects or the 
correlations.

Roles of oncogenic signaling pathways in PCa
Several reports have shown that aberrant regulation of mul-
tiple oncogenic signaling pathways play essential roles in the 
initiation, development and progression of PCa (330). Deletions 
and mutations of tumor suppressors and activations of onco-
genes are frequently found in PCa specimens. In vitro and in 
vivo animal models have shown that PCa can be induced by 
deletions and mutations of tumor suppressors and/or activa-
tions of oncogenes. As such, it is well accepted that the genetic 
alterations of tumor suppressor and oncogene genes drive PCa. 
Synergistic collaborations of tumor suppressors with onco-
genes significantly accelerated PCa progression. For example, 
loss of tumor suppressor p53 accelerates Pten-deficient tumo-
rigenesis (331), activation of K-Ras accelerated Pten-deficient 
tumorigenesis (332) and NF-κB accelerates c-Myc tumorigene-
sis (333). Furthermore, emerging evidence reveals that cancers, 
including PCa, are driven by sustained dysregulation of multi-
ple signaling pathways including tumor suppressors and onco-
genes at genetic and epigenetic levels. Currently, most studies 
are focused on defining the functional roles and mechanisms 
of tumor suppressors and oncogenes in PCa using genetics and 
molecular biology approaches. The information from these 
studies indeed reveals the oncogenic impact of these essential 
genes in given biological systems when they are deleted and 
mutated in an aberrant manner. The knowledge is very impor-
tant and valuable, which certainly provides us with the solid 
bases to develop potent anticancer drugs to control PCa. Many 
effective chemotherapies have been generated to target andro-
gen receptor, Akt/mTOR and MET signaling pathways in PCa. 
Despite these great advancements, it is still unclear about the 
exact causes on alterations of tumor suppressors and onco-
genes in human PCa at genetic and epigenetic levels. Emerging 
evidence revealed that aberrations of histone modifications 
play critical roles in advanced PCa including distant metastasis 
and castration-resistant PCa (334,335). It is unclear whether and 
how environmental factors contribute to epigenetic alterations 
including histone modifications. Needless to say, the informa-
tion will be important and helpful in driving down the inci-
dence PCa.
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Effects of environmental factors on PCa
Reports from various sources including environmental studies, 
epidemiology and laboratory experiments support the fact that 
environmental factors play important roles in the incidence of 
various forms of cancers including PCa (336–338). For example, 
PCa incidence in World Trade Center rescue and recovery workers 
was significantly increased compared with non-registered pop-
ulations, suggesting that exposure to hazardous substances and 
carcinogens induces PCa (339,340). Elevated incidences of  PCa 
were also found in fire fighters, chimney sweepers and pesticide 
workers (341–343). Recent studies indicated the consumption of 
fat and red meat significantly increased the risk of PCa malig-
nancy (344–346). Heterocyclic amines and PAHs generated from 
frying, grilling and barbecuing contribute to advanced PCa (347), 
likely through DNA mutagenesis (348). PhIP induced an increase 
in phosphorylation of both MAPK/ERK kinase 1/2 and ERKs to 
promote PCa progression. These results indicate that chemical 
carcinogens are also contributing to PCa through regulation of 
essential signaling pathways (349). In addition, environmental 
factors and chemical carcinogens can cause chronic inflamma-
tion in prostate glands, which also plays a promoting role in PCa 
development (350). Despite these important observations, the 
defined impact of specific chemical carcinogens in etiological 
relevance to PCa in humans is still unclear. A big experimental 
challenge is that the prostates of animal models are inaccessi-
ble to direct administration of chemical carcinogens. Chemical 
carcinogens administered via routine routes such as gavage and 
IP are rarely detected in prostate glands (351). So far, few groups 
have successfully demonstrated the effects of chemical carcino-
gens on prostate carcinogenesis in rat models (352). N-nitrosobis 
(2-oxopropyl)-amine and N-nitrosobis (2-hydroxypropyl) amine 
can induce PCa in rats (353). Certainly, additional investigations 
will provide more insights into understanding roles of chemical 
carcinogens in PCa.

PCa prevention
Since PCa is the combined consequence of genetic alterations 
and environmental factors, it is possible that the incidence of 
this malignancy can be reduced with appropriate approaches to 
neutralize the environmental effects, at least. Studies showed 
that many natural products in plants and vegetables display their 
anticancer and chemoprevention potentials for various cancers 
including PCa (354,355). Their anticancer and chemoprevention 
functions are normally executed through suppression of cell cycle, 
inhibition of oncogenic activation and anti-inflammatory activity 
caused by chemical carcinogens. For example, the consumption 
of soybeans is beneficial due to the isoflavones that reduce PCa 
risk by inhibiting the cell proliferation and transformation (356). 
Green tea has cancer prevention potentials as it contains poly-
phenols that may mediate androgen receptor activity and signal-
ing pathways (357). Due to the variations of bioactivities of these 
anticancer compounds in plants, standardized applications may 
be developed to achieve the chemoprevention effects for PCa con-
trol (358). Furthermore, additional studies should be performed to 
further define the chemoprevention mechanisms.

Taken together, we have demonstrated that low levels of 
carcinogens and other environmental disruptors can modu-
late pathways that are relevant in tumor invasion and metas-
tasis in tumors ranging from breast to prostate. Certainly more 
work is needed in this line of investigation since there are more 
questions than answers as depicted in Figure 4. Little is known 
regarding the impact of low-dose environmental contaminants/
disruptors on tumor stem cells that are responsible for seeding 
metastatic tumors.

Oral, head and neck cancer

HNSCC and metastasis
HNSCC continues to be a disfiguring and deadly disease. It is the 
most common malignancy of the upper digestive tract, affect-
ing ~48 000 individuals in the USA annually with a 5-year dis-
ease-specific survival of a dismal 56%, which has not improved 
over the past three decades (Surveillance, Epidemiology, and 
End Results, SEER, National Cancer Institute). This high mor-
tality associated with HNSCC is considerably worse than rates 
for breast, cervical, prostate and colorectal cancers (American 
Cancer Society, 2011). HNSCC are marked by their aggressive-
ness and invasiveness and despite improvements in the local 
control of HNSCC, many patients continue to die due to the 
metastatic disease (359). Metastatic behavior is critical to sur-
vival, since patients with distant disease have a 5-year survival 
rate that is three times less than those with nodal metastases 
(360,361). Therapeutic options for advanced metastatic HNSCC 
are limited and unsuccessful (362,363). Elucidation of the molec-
ular mechanisms controlling HNSCC metastasis is critical to 
improving clinical outcomes.

Oral cancer and metastasis
Approximately two-thirds of the oral cancer occur in the oral 
cavity (lip, tongue, floor of mouth, palate, gingival and alveolar 
mucosa, buccal mucosa), whereas the remainder occurs in the 
oropharynx (360). OSCC is the most prevalent and aggressive 
epithelial tumor of the head and neck region, with the poorest 
clinical outcome: in the USA alone, ~100 new cases are daily 
diagnosed, while one person dies from oral cancer every hour 
of every day (359,364–366). Worldwide the problem is far greater 
with new cases annually exceeding 640 000 (oralcancerfounda-
tion.com). Primarily a men’s illness, affecting six men for every 
woman, over the past 10 years that ratio has alarmingly become 
2:1 (367). Traditional risk factors such as tobacco use and alcohol 
consumption have a greater multiplicative effect and account 
for the majority of HNSCC (368). However, these established 
risk factors do not account for ~40% of oral cavity cases. It has 
been suggested that yet unknown genetic, occupational, or 
nutritional factors could influence risk in this age group (369). 
Interestingly, large epidemiological studies have found that age 
(<45 years) correlates with the development of distant metasta-
sis in patients with HNSCC (370). Even younger age (<40 years) 
has been found relevant in oral cancer (371). OSCC displays a 
wide range of metastatic behavior that cannot be predicted by 
tumor size, standard histology or even individual gene or pro-
tein expression/activity (360,372). Despite the clinically obvious 
heterogeneity of OSCC, there are currently no means of predict-
ing individual tumor behavior (372). Even small primary tumors 
of the oral cavity have a propensity to metastasize to cervical 
nodes, mandating that the majority of patients, even those 
with no clinical or radiographic evidence of nodal metastases, 
undergo some form of neck treatment either for staging or ther-
apeutic purposes. Accurate prediction of metastasis in OSCC 
would have an immediate clinical impact through avoidance of 
unnecessary treatment of patients at low risk with appropriate 
direction of resources toward aggressive treatment of patients 
at high risk of having metastatic disease.

Genetic, antigenic and phenotypic changes in HNSCC 
metastasis
Deregulation of several pathways has been implicated in meta-
static dissemination in head and neck area (372–377), making 
HNSCC a complex malignancy not yet fully understood. There is 
strong evidence that pathways’ activation may occur in response 
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to tobacco, alcohol, stress, dietary agents, obesity, infectious 
agents, irradiation and environmental stimuli and that some 
transcription factors are constitutively activated in HNSCC 
(72,377). The mechanism underlying the invasion of carcinoma 
cells leading to tumor dissemination involves the EMT of cells 
with high tumorigenic potential (378,379); it is also known that 
EMT endows epithelial cells with invasive and stem cell prop-
erties (193). Cancer stem cells seem to localize at the invasive 
fronts of the HNSCC in the proximity of the blood vessels (380). 
We have recently shown that CSCs are important to the develop-
ment of metastasis from oral, head and neck tumors (381,382). 
It has been hypothesized that CSCs may be relatively resistant 
to conventional chemotherapy and radiotherapy, owing to high 
expression of drug transporters, relative cell cycle quiescence, 
high levels of DNA repair machinery and resistance to apoptosis 
(363,383). The squamous epithelium covering the oral mucosa 
relies on epithelial stem cells for tissue renewal (384). CSCs and 
normal stem cells share similarities. The deregulation of path-
ways that control the self-renewal of normal stem cells, includ-
ing Wnt, Notch and Hedgehog, leads to tumorigenesis in rodent 
models and also plays an important role in human carcinogen-
esis including HNSCC (385–390). Being long-lived, both CSCs and 
stem cells of normal tissues can be the targets of environmental 
carcinogens leading to the accumulation of consecutive genetic 
changes although several protective mechanisms have evolved 
to ensure the genetic integrity of the stem cell compartment in 
any given tissue (383).

Chemical carcinogens and environmental factors in HNSCC/
OSCC
The head and neck region is an environment challenged by a 
large variety of insults, including pathogens and viruses, foods 
and chemicals. The significant increase in global industrializa-
tion and urbanization has changed the characteristics of our 
environment particularly over the past few decades and it is 
estimated that as many as two-thirds of all cancer cases are 
now linked to environmental causes (National Cancer Institute 
and National Institute of Environmental Health Sciences, 2003). 
The IARC has identified intake of alcoholic beverages, betel 
quid chewing with tobacco and cigarette smoking as human 

carcinogens, with various target organs from the head and neck 
area, including the oral cavity, pharynx, larynx and esopha-
gus (374,391–398). Several chemicals have been recognized to 
increase human cancer risk in various subtypes of HNSCC, e.g. 
esophageal cancer (PAHs contamination of the food); oral can-
cer and esophageal cancer (exposure to heavy metals includ-
ing arsenic, chromium, nickel and cadmium); oral, naso- and 
hypopharyngeal cancer (exposure to formaldehyde) (395,399–
411). It is also known that radium, via oral exposure, can cause 
bone, head and nasal passage tumors in humans reviewed by 
Brugge et al. (412). Emerging evidence indicates iron as potential 
causative agent of various types of cancers with a proven role 
in tumor metastasis; high dietary iron seems to increase cancer 
risk via a mechanistic link with signaling in cancer cells, par-
ticularly the Wnt pathway (413). High levels of various metals 
including iron have been detected in the serum, hair and nails 
of patients with head and neck cancer (414). Chemical carcino-
genesis involves a complex series of events, the earliest of which 
typically includes DNA damage. Evolution of DNA methylation 
has allowed cells to respond to environmental cues in a flexible, 
yet stable manner, by properly regulating the response at the 
molecular level. However, dysregulation of DNA methylation can 
lead to hyper- or hypomethylation of the promoters of critical 
genes, contributing to various diseases including HNSCC. Several 
reports have identified hypermethylation or hypomethylation in 
the promoters of key genes involved in oral, head and neck can-
cer (415–418) and have also demonstrated unequivocally that 
the vast majority of human HNSCC tumors contain multiple 
mutations (419,420). It has been shown that variability in DNA 
methylation exists within subtypes of HNSCC and is influenced 
by environmental factors such as diet (421,422). The potential 
interactions of chemical carcinogens and other environmental 
factors with the metastatic pathways that are altered in OSCC/
HNSCC are under investigation (423). Promising epidemiologic 
studies, basic research and clinical investigations indicate that 
a diet rich in cruciferous vegetables and micronutrients may 
increase carcinogen metabolism, induce apoptosis and reduce 
the risk of developing head and neck tumors (424,425).

Pathogens and viruses in HNSCC/OSCC
A growing body of evidence implicates human oral bacteria 
(over 700 bacterial species inhabit the oral cavity) in the etiology 
of oral cancers and epidemiological studies consistently report 
increased risks of these cancers in patients with periodontal 
disease or tooth loss; furthermore, oral bacteria may activate 
alcohol and smoking-related carcinogens locally or systemati-
cally through chronic inflammation (426). Human papillomavi-
rus (HPV) has recently emerged as the primary etiologic factor 
particularly for tumors developed in the tongue and oropharynx 
that are also associated with younger age at diagnosis; 65–85% 
of the oropharyngeal cancers diagnosed this year in the USA 
are HPV related with 3-year failure rates of 30–36% (427–434). 
The incidence of HPV(+) oropharyngeal cancers has increased 
by 225% from 1988 to 2004 in the USA; their annual number is 
expected to surpass the annual number of cervical cancers by 
the end of this year, 2014 (World Health Organization—IARC 
report, 2007). Consequently, unique pathologic profiles have 
emerged that are consistent with the changing incidence of 
HNSCC (435–437). Patients with HPV(+) head and neck cancer 
have a distinct risk profile, associated with a less remarkable 
history of tobacco and alcohol use (438,439), a more beneficial 
micronutrient profile (440) and improved survival compared with 
those with HPV(−) tumors (441–444). Notably, a significant subset 
(20–30%) of HPV(+) tumors fails to respond to treatment, recur 

Fig.  4. Potential impact of environmental disruptors on the key pathways of 

tissue invasion and metastasis. The disruptive pathways supported by experi-

mental evidence are denoted by +, whereas those for which there are no strong 

experimental evidence are denoted by ? +.
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locally or spread distantly. Studies conducted at the University 
of Michigan have made significant contributions for the under-
standing of the impact of HPV infection on the pathobiology of 
HNSCC and response to therapy (442–444). However, the mecha-
nisms involved in these processes are not understood, and given 
the evolving epidemiology, there is a growing controversy over 
the optimal strategy for oropharynx cancer treatment (443,445).

Challenges to the integrity of the oral mucosa
The mucosal lining of the oral cavity and esophagus functions 
to protect the underlying tissues and organs against mechani-
cal and chemical insults, including microorganisms and toxins 
that may be present in the oropharynx, or ingested antigens and 
carcinogens (446). There is an effective barrier in their strati-
fied squamous epithelia and materials with various chemical 
properties cross this barrier by different routes; the intercellu-
lar compartment of the surface layer of the epithelium is the 
predominant route that can be rapidly saturated; subsequently, 
the absorbed materials will diffuse into the deeper layers at a 
rate that is more dependent on the reservoir capacity of load-
ing than on the duration of surface exposure, suggesting that 
significant amounts can be absorbed through oral mucosa even 
after short exposure. Remarkably, the epithelium is constantly 
replaced with a rapid clearance of surface cells, which therefore 
may act as a protective mechanism (446).

Of the total surface of the oral lining, ~25% is keratinized 
resembling that of the epidermis covering the skin in regions 
subject to mechanical forces (masticatory mucosa of the gin-
giva and hard palate), 60% is the non-keratinized lining mucosa 
in the regions requiring flexibility to accommodate chewing, 
speech or swallowing (floor of the mouth, buccal regions, esoph-
agus, etc.), with the remaining 15% as the specialized mucosa 
(dorsum of the tongue) that can be represented as a mosaic of 
keratinized and non-keratinized epithelium (447). The turnover 
of the oral mucosa is faster in the lining than in the masticatory 
regions, thus challenges to the integrity of the oral mucosa will 
affect in particular the more rapidly proliferating areas and the 
lining regions will suffer first (448–450). DNA is most vulnerable 
during mitosis, and it has been shown that mitotic activity can 
be affected by a number of factors, such as time of day, stress 
and inflammation (446,449). It is also becoming evident that the 
association between non-keratinocytes and keratinocytes in 
skin and oral mucosa represents a finely balanced relationship 
in which cytokines represent the controlling factors (451). There 
is an increasing wealth of data in support of a molecular cross 
talk between inflammation and tumor progression with several 
inflammatory mediators that have also been shown to mediate 
metastatic development (452). Recent in vitro and clinical studies 
at the University of Michigan have identified various proinflam-
matory and tumor-promoting soluble cytokines as good indi-
cators of metastatic progression and survival in OSCC/HNSCC 
(453,454). The microenvironment is increasingly recognized as 
relevant in the process of metastasis as it is the immunity (455–
457). Several studies indicated that HNSCC is strongly associated 
with alterations in the immune system, leading many to pos-
tulate that progression of HNSCC tumors is linked to immune 
evasion or failure of the immune system to fight the cancer 
(458–462). Other immunological host factors have been shown to 
be relevant to the process of metastasis, e.g. deficiency in natu-
ral killer (NK) T cells that has been reported to result in poorer 
outcomes in HNSCC, along with other immune system dysfunc-
tions that have been described in HNSCC, including reduced 
circulating dendritic cells and reduced HLA-DR expressing in 
circulating tumor cells, diminished NK and NK-T activity and 

numbers in peripheral blood, etc. (458,463,464). Furthermore, it 
is known that incidence of some cancers is increased in immu-
nocompromised patients and in the elderly owing to immunose-
nescence (465,466); the age-accumulative effects of exposure to 
carcinogens and environmental factors could also count against 
it (404).

Circadian rhythms and HNSCC/OSCC
Poor sleep pattern, poor dietary habits, stress and a sedentary 
lifestyle have been early recognized as able to increase cancer 
risk and to modify carcinogenic potency in HNSCC patients 
(368,467–470). In industrialized societies, changes in lifestyles 
lead to frequent disruption of endogenous circadian rhythm 
(sleep duration, pattern and quality, meals timing and charac-
teristics, less direct social interaction) in ~50% of the human 
population, which contributes to increased cancer development 
worldwide (471). Disruption of circadian rhythms in animal 
models confirmed increased tumor development (410). Recent 
literature suggests key roles of clock genes in cancer progression 
in humans. Expression of critical cancer-related genes such as 
c-myc and p53 has been reported to follow a circadian rhythm in 
vivo (472–474). Loss of function of circadian genes leads to deregu-
lated DNA damage and neoplastic growth resulting in oncogenic 
activation, uncontrolled cell proliferation and increased tumor 
development in mice; notably, beta-catenin, the key player of 
the Wnt pathway, has been identified as direct target gene of the 
clock genes (474). It has been demonstrated that there is a clear 
circadian rhythm for buccal epithelium (449). Despite the scar-
city of data in regard with the implications of clock genes in oral 
epithelium homeostasis (449), overall the existing findings sug-
gest that detection of the asynchronous regulation of clock genes 
and their targets might allow for a more accurate assessment of 
cancer risk or monitoring of tumor progression. Additional stud-
ies have confirmed p53, cyclin D1 and NF-κB as direct targets 
of the circadian clock genes (472,474,475) as well as increased 
incidence of cancers in people with disrupted circadian rhythms 
(476); however, the direct links between aberrant circadian 
clock gene expression and human malignancies remain largely 
unknown. It has been postulated that these disturbed circadian 
rhythms in people doing shift work is rather associated with 
the downregulation of tumor suppressor genes during wake 
times, and thus, it is more likely that the tumorigenic factors 
exert their impact during vulnerable (of low protective genes) 
phases of diminished tumor suppressor gene regulation, which 
could persist even if the individual sleeps regularly during night 
times again (477). Limited data are available in regard with the 
clock genes disturbances in oral, head and neck carcinogenesis 
(379,478,479). Downregulation of several circadian clock genes 
has been recently reported in patients with HNSCC that cor-
related with more advanced cancer stages, larger tumor size, 
deeper tumor invasion and poor patient survival, providing the 
first evidence of a possible association of circadian clock genes 
with HNSCC pathogenesis (480). These emerging clinical evi-
dences showed promise for more effective chronobiology-based 
individualized treatment strategies in HNSCC patients (481,482). 
It will be interesting to explore if diurnal versus nocturnal expo-
sure to carcinogens and environmental factors may have differ-
ent biological consequences. Our head and neck cancer group 
at the University of Michigan have begun characterization of 
the biology of the subset of patients who die of distant metas-
tases using molecular biomarkers, cellular immune parameters, 
nutritional and health behavior and epigenetic-based studies, 
in parallel with the investigation of new chemopreventive regi-
ments that particularly target the metastatic dissemination as 
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foundation for novel mechanism-based therapies (379,440,483). 
Recent investigations have tried to determine the predictors of 
poor quality sleep in patients with head and neck cancer (484) 
and how healthy behaviors (a proper daily life routine including 
physical activity, diet, sleep, etc.) influence inflammatory media-
tors and affect survival in these patients (453,485,486). Future 
studies focused on better understanding of the consequences 
of exposure to chemical carcinogens and environmental factors 
as it relates to oral, head and neck carcinomas are needed. Such 
knowledge will positively impact the assessment of cancer risk, 
cancer prevention, early detection and clinical management of 
HNSCC in the future.

Cross talk between tissue invasion–
metastasis and the other hallmarks 
of cancer
Given that the carcinogenicity of low-dose exposures to chemical 
mixtures in any given tissue will likely depend on simultaneous 
instigation of several important tumor promotion mechanisms 
and the disruption of several important defense mechanisms, it 
was felt that a better way of visualizing the potential synergies 
of combinations of chemicals will ultimately involve a thorough 
review of disruptive actions across the full range of mechanisms 
that are known to be relevant in cancer biology. Accordingly, we 
undertook a thorough cross-validation activity to illustrate the 
importance of the prioritized target sites for disruption that 
this team has identified (i.e. across multiple aspects of cancer’s 
biology) and to illustrate the extent to which the prototypical 
chemical disruptors that we identified (i.e. also disruptive to 
other mechanisms that are also relevant to carcinogenesis). The 
validation data are summarized in Tables 1 and 2.

Metastasis is a complex process that is defined as the abil-
ity of cancerous cells to migrate to and reside in tissues distant 
to the primary site. In almost all cancers, metastasis capacity 
is what defines their aggressiveness. The metastatic process 
is complicated and involves many key steps and the dysregu-
lation of many pivotal cellular pathways. Although invasion is 
a hallmark of all cancers, metastatic capabilities vary between 
different cancers and within each type of cancer. For example, 
although basal cell carcinoma is known for its invasiveness, its 
ability to metastasize is limited, whereas other cancers like lung 
and pancreatic attain an aggressive metastatic phenotype more 
rigorously. Previous work has shown that metastasis is an inher-
ent characteristic of most cancers, which paved the way for the 
detection of metastatic capabilities by analyzing the genetic 
and epigenetic profiles of the primary tumor. Therefore, metas-
tasis is not all or non-phenomenon; it represents a continuum 
where some cells may be very proficient at it, to others, perhaps 
within the same tumor, which metastasize poorly. In its basic 
characteristic, a metastatic cell has to dissociate from the pri-
mary body of cancer, invade its surrounding normal cells, invade 
through lymphatic and vascular channels, survive the hostile 
circulation, extravagate, occupy and survive within foreign tis-
sues. This multistep process constitutes the hallmark of cancer 
metastasis and it involves several conserved and pivotal cellular 
capabilities such as deregulated metabolism, replicative immor-
tality, tumor-promoting inflammation, resistance to cell death, 
evasion of antigrowth signaling, angiogenesis, genetic instabil-
ity, immune system evasion, sustained proliferative signaling 
and the tumor microenvironment (Tables 1 and 2).

To illustrate our cross-validation, we have selected cycloox-
ygenase expression and stimulation of calcium signaling in 
migration (Table  1), which have been proposed as a priority Ta
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mechanism of interest in tumor invasion and metastasis, were 
found complementary in genetic instability (610), angiogenesis 
(611), evasion of antigrowth signaling (611–613), sustained pro-
liferative signaling (614), resistance to cell death (615), immune 
system evasion (497,616), tumor-promoting inflammation 
(499,500,614) and tumor microenvironment (501). No known rela-
tionship is reported in deregulated metabolism. Interestingly, 
calcium is believed to bind to telomerase complex and inhibits 
its activity with a contrary role through replicative immortality 
pathways (617,618). The selected prototypical disruptor influ-
encing tumor invasion and metastasis BPA is striking (Table 2). 
Treatment of cell lines with BPA has been shown to result in a 
number of cellular and molecular changes across tissue types, 
which are also concentration dependent. However, there is no 
one clear molecular target of BPA and the role of BPA in human 
disease is controversial. In our validation, BPA resulted comple-
mentary in most of the hallmarks like angiogenesis (568), eva-
sion of antigrowth signaling (563), replicative immortality (561), 
tumor-promoting inflammation (562), genetic instability (567), 
deregulated metabolism, sustained proliferative signaling (569) 
and partial complementary in resistance to cell death (564–566). 
No known studies with BPA were found in immune system eva-
sion and tumor microenvironment.

The cases of cyclooxygenase expression and stimulation of 
calcium signaling and BPA reveal a significant degree of synergy 
between tumor invasion and metastasis and most of the hall-
marks in carcinogenesis. Nevertheless, the validation process 
showed frequently not known relationship for the other targets/
pathways influencing tumor invasion and metastasis (Table 1). At 
this stage, the identification of solid correlations between these 
environmental chemicals, tumor invasion and metastasis and 
the network of cancer hallmarks is indeed a challenging process. 
Nevertheless, these data suggest that more studies are needed 
to understand the mechanism of tumor invasion and metasta-
sis. Finding a way to block these pathways would be a great step 
toward new therapeutic approaches (single or in combination).
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