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As solid tumors grow, regions within the tumors often 
experience a deficit in oxygen, known as hypoxia. Hypoxia 
results from an imbalance in oxygen supply and demand. 
There is an increase in oxygen demand as cells proliferate 
or get recruited to build the tumor biomass, while oxygen 
supply becomes limited as the blood vessels within the 
growing tumor are absent and/or become abnormal in 
their structure and function (1,2). In addition to causing 
cell death, hypoxia can also promote tumor progression, 
immunosuppression, and treatment resistance. Indeed, 
tumor hypoxia is associated with poor patient outcome (3). 
This somewhat counter-intuitive relationship is, in part, due 
to the ability of tumors to adapt to and evolve in oxygen- 
and nutrient-deficient microenvironments. A recent report 
by Thienpont et al. demonstrated that one such mechanism 
may be through epigenetic regulation of gene expression 
by the ten-eleven translocation (TET) methylcytosine 
dioxygenases (4). This exciting finding provides another 
rationale to normalize the tumor vasculature to alleviate 
hypoxia and its consequences.

T h e  T E T  e n z y m e s  a r e  a  f a m i l y  o f  o x y g e n - , 
α-ketoglutarate- and iron (Fe2+)-dependent proteins that 
mediate DNA demethylation by catalyzing the oxidation 
of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine 
(5hmC). Aberrant alterations in DNA methylation, in 
particular the hypermethylation of CpG promoter islands, 
result in downregulation of tumor suppressor genes, and 
have been well documented in a variety of cancers (5). 
Reduced levels of 5hmC have also been found in many 
cancers (6). Thienpont and colleagues recently showed that 

such 5hmC loss and DNA hypermethylation in tumors is 
mediated by oxygen-dependent TET activity and have a 
microenvironmental cause—hypoxia (4). Through in vitro 
experiments, high throughput DNA immunoprecipitation 
sequencing (DIP-seq), and RNA sequencing of hypoxic cells, 
they demonstrated that hypoxia causes a reduction of TET 
enzyme activity and 5hmC in many cell lines, resulting in 
DNA promoter hypermethylation and repression of gene 
expression. A series of bioinformatic analyses of data from 
The Cancer Genome Atlas (TCGA) as well as experiments 
with genetically engineered mouse models of breast cancer 
further supported this link between hypoxia, reduced 
TET activity, and DNA hypermethylation (4). These data 
indicated that hypoxia could be associated with up to 48% 
of hypermethylation events in solid tumors. Moreover, 
hypoxia-induced reduction in TET activity seemed to result 
directly from the decrease in oxygen availability and not 
due to cell proliferation or changes in availabilities of the 
other TET cofactors (α-ketoglutarate, Fe2+ and vitamin 
C). Supplementation with cell permeable α-ketoglutarate 
or ascorbate did not rescue the effect of hypoxia on 5hmC 
loss. Importantly, the hypoxia-induced increase in DNA 
hypermethylation occurred in the promoters of tumor 
suppressor genes but not of oncogenes, suggesting an 
association with tumor progression. These results underscore 
the importance of molecular oxygen as a critical factor in the 
cellular biochemical processes involved in oncogenesis.

DNA hypermethylation now joins a myriad of other 
mechanisms by which hypoxia can alter gene and protein 
expression in favor of tumor survival and progression 
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(Figure 1). Hypoxia is already well known to regulate gene 
expression through the stabilization of hypoxia-inducible 
factor (HIF) α-subunits, which results in downstream 
transcription of hundred of genes, including those involved 
in cell cycle progression, apoptosis, angiogenesis, anaerobic 
metabolism, metastasis, stem cell-like phenotype, fibrosis, 
DNA repair and immune evasion [recently reviewed in  
(7-10)]. Independent of HIF, hypoxia also inhibits signaling 
downstream of the mammalian target of rapamycin (mTOR) 
pathway, as well as triggers the unfolded protein response 
(UPR) pathway (11). Since the reduction of TET activity 
in response to hypoxia appeared to be independent of 
HIF pathway activation (4), it would be interesting to see 
if and how DNA hypermethylation due to reduced TET 
activity crosstalks with the other hypoxia response pathways 
in tumors. For example, are the genes that become 
repressed after hypoxia-induced 5hmC loss also part of 
the HIFα, mTOR or UPR signaling pathways? Thienpont 
and colleagues have reported that the hypermethylated 
genes in hypoxic tumors are associated with cell cycle 
arrest, DNA repair, apoptosis, glycolysis, angiogenesis 
and metastasis (4), similar to those downstream of HIF 

signaling. TET inhibition has also been previously shown 
to down-regulate the expression levels of some HIF target 
genes (12). Given the extensive genetic, epigenetic and 
metabolic reprogramming in response to hypoxia, and 
the crosstalk among the molecular players involved in key 
cellular processes, it is possible for hypoxia-induced DNA 
hypermethylation to act both in concert with and as checks-
and-balances against other hypoxia response pathways.

C h a r a c t e r i z i n g  h o w  h y p o x i a - i n d u c e d  D N A 
hypermethylation integrates with other oncogenetic 
and hypoxia response pathways will also help clarify its 
functional significance in tumors. So far, it remains unclear 
if and how the hypermethylation of tumor suppressor genes 
in response to hypoxia contributes to tumor aggressiveness. 
In the MMTV-PyMT mouse models of breast cancer used 
by Thienpont and colleagues, hypoxia-induced 5hmC 
loss and DNA hypermethylation did not seem to affect 
tumor growth, perhaps because the tumor growth was 
strongly driven by the PyMT oncogenic transgene. Reports 
by other groups have actually shown that TET1 and 
TET3 protein expression levels are positively associated 
with tumor malignancy and poor prognosis, and can be 

Figure 1 Effects of hypoxia in the tumor microenvironment. Abnormal vasculature in tumors results in hypoxia, which triggers a myriad of 
changes in molecular and cellular processes that promote tumor progression. HIF1α stabilization and downstream transcriptional regulation 
is the most well recognized pathway that mediates the effects of hypoxia, though the mTOR and UPR pathways are also known to mediate 
cellular responses to hypoxia. Recently, hypoxia has been shown to regulate gene expression epigenetically, by reducing the activity of 
TET enzymes and causing DNA hypermethylation. The alteration in cellular processes induced by hypoxia in turn further fuels aberrant 
intracellular signaling and the development of an abnormal tumor microenvironment.
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upregulated by hypoxia in a HIF1α-dependent manner 
[reviewed in (13)]. Indeed, four out of the fifteen cell lines 
used by Thienpont and colleagues showed an increase 
in TET expression via HIF-mediated transcriptional 
upregulation after hypoxia, resulting in no change or even 
increase in 5hmC levels, in contrast to the general trend 
observed in the other eleven cell lines and in tumor models. 
Furthermore, TET activity may be affected by factors 
other than hypoxia. In a small subset of solid tumors, TET 
expression and activity are inhibited by genetic mutations, 
such as isocitrate dehydrogenase (IDH) gain-of-function 
mutations (14,15), mutations in succinate dehydrogenase 
and fumarate hydratase (12), as well as loss-of-function 
mutations in the TET proteins themselves (16,17). TET 
activity is also regulated by the availability of its metabolite 
cofactors, which are in turn regulated by changes in cellular 
metabolism in response to hypoxia, oxidative stress and 
lack of nutrients (8,18). The effects of hypoxia on DNA 
hypermethylation and repression of downstream gene 
expression, and their subsequent effect on oncogenesis, is 
therefore likely to be highly dependent on the cell- and 
tumor-type as well as the local microenvironment. Of note, 
cancer cells constitute only one of many cell types in a 
solid tumor. Tumor stromal cells such as cancer-associated 
fibroblasts, mesenchymal stem cells, immune cells and 
endothelial cells all experience and respond to hypoxia. 
The role of hypoxia in regulating TET activity and DNA 
methylation status in the tumor stromal cells, and how 
it may contribute to tumor development, remains to be 
determined.

Further complicating this landscape is the fact that 
hypoxia in tumors can be temporally and spatially 
heterogeneous. The tumor vasculature is leaky and 
disorganized. Some regions within the tumor may be 
devoid of functional blood vessels, resulting in chronic 
hypoxia, while other regions may experience acute hypoxia 
as blood flow through the tortuous tumor vessels becomes 
transiently blocked or reversed or deoxygenated (3,19). 
The severity of hypoxia also varies intra- and inter-
tumorally, with both chronic and acute hypoxia triggering 
a host of different cellular adaptation pathways (3,20). 
Similarly, the level of available oxygen can modulate 
cellular hypoxia response in a dose-dependent manner. For 
example, the activity of the TET enzymes is only reduced 
at oxygen levels at or below 2%, but not at mild hypoxic 
levels (2–5% O2) (4,12). Moreover, the abnormal tumor 
vasculature also compromises the delivery of nutrients, 

which places additional stress on cells and limits the 
availability of metabolites that can affect tumor response 
to hypoxia (8). As 5hmC modification is dynamic and 
reversible, it remains to be seen how the distribution of 
DNA hypermethylation events changes in accordance to 
tumor hypoxia over time, and how the changes promote 
tumor progression.

Given the effects of hypoxia on tumors, alleviating 
hypoxia and countering the effects of hypoxia are attractive 
strategies for slowing tumor progression and improving 
cancer treatment (7). The discovery that TET activity loss 
mediates hypoxia-induced tumor DNA hypermethylation 
makes the TET enzymes and their associated pathway 
molecules possible drug targets for countering the effects 
of hypoxia (14,17,21). Nevertheless, the dysfunctional 
tumor vessels that cause hypoxia also lead to poor drug 
delivery into tumors, resulting in treatment resistance (2). 
Furthermore, oxygen plays an important role in response 
to multiple cancer therapies including radiotherapy, 
chemotherapy and immunotherapy (22). Thus, alleviating 
hypoxia by targeting its root cause—the abnormal tumor 
vasculature, represents a rational approach for improving 
the treatment outcome. Strategies to normalize the tumor 
vasculature include the use of anti-angiogenic agents at a 
judicious dosage and schedule, which helps the maturation 
rather than the pruning of blood vessels (2). Treatment 
with high doses and/or long periods of anti-angiogenic 
therapies inhibits blood vessel formation and actually 
creates more hypoxia, which may impair therapeutic 
outcome (7). Because solid tumors often have a high density 
of cancer cells and/or stromal components such as cancer 
associated fibroblasts and extracellular matrix proteins 
that can physically compress blood vessels (23), vascular 
normalization may also involve the use of anti-desmoplastic 
agents to reduce the mechanical stress within tumors (2). 
For example, antagonists of the renin-angiotensin system 
such as angiotensin receptor blockers have been shown to 
decrease the level of collagen I and hyaluronan in tumors, 
allowing for compressed blood vessels to open up and 
become perfused again in mouse models of breast and 
pancreatic cancer (24). There is a growing body of evidence 
that the use of anti-angiogenic and/or anti-desmoplastic 
agents in combination with cytotoxic anti-tumor 
chemotherapy and immunotherapy can produce beneficial 
outcome for cancer patients in both preclinical and clinical 
models (7).

Ultimately, the dynamic heterogeneity of solid tumors 
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necessitates a personalized approach towards treating 
cancer. Biomarkers that predict patient outcome and 
response to therapy are useful for the rational stratification 
of patients and the design of treatment strategies. In terms 
of treatments to alleviate tumor hypoxia, clinical studies 
have revealed that the extent of vascular normalization and 
tissue oxygenation after anti-angiogenic therapy correlate 
with greater progression-free survival and overall survival 
in both newly diagnosed and recurrent glioblastoma  
patients (7). Measuring hypoxia levels in tumors with 
oxygen-sensitive probes (25) or with surrogate markers such 
as blood perfusion via MRI (26) may help identify patients 
who are likely to benefit from treatment. Perhaps TET 
activity and DNA hypermethylation status in tumors or 
circulating DNA may also be used as prognostic markers 
to determine the extent of hypoxia and the risk of tumor 
progression.

The complexity that underlies the effects of hypoxia on 
cancer development and treatment resistance highlights 
the need for a greater understanding of solid tumors at 
the systems-level. Especially with the recent success of 
immunotherapies for cancer, investigations should not only 
continue to dissect the molecular details of the hallmarks 
of cancer, but also seek to integrate information from the 
network of signaling pathways that occurs at the cellular 
level, to the whole tumor level where tumor cells interact 
with a host of stromal cells, extracellular matrices and 
secreted soluble factors, and finally to the whole body level 
where the vasculature, the nervous system and the immune 
system all intersect and play a role. The development of 
experimental tools and bioinformatics analyses methods for 
“-omic” level (i.e., genomics, proteomics, epigenomics and 
metabolomics) research has increased our understanding 
of the systems biology of cancer. A holistic and multi-
dimensional understanding of interactions between cancer 
cells and their microenvironment will aid in finding 
new ways to inhibit tumor progression and therapeutic 
resistance.
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