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In 2006 the first histone demethylase dioxygenase was cloned [1,2] 
which provided insight as to the mechanisms by which metals; hypoxia 
and oxidative stress could influence epigenetic programs in cells. In the 
same year oxidative histone demethylase activity was also discovered in 
cell extracts and found to be inhibited by nickel ions [3]. Prior to these 
studies, methylation of histone lysines was thought to be irreversible, 
particularly the trimethylation of lysines, since H3K4 mono- and 
dimethylation was found to be reversed by the lysine oxidase enzymes 
(LSD1, LSD 2, etc.). Later studies demonstrated how nickel ions 
inhibited the dioxygenase enzymes by displacement of Fe from the 
active site, given a 3-fold higher affinity compared to that of Fe [4-7]. 
Recent work on a new class of dioxygenases, the Tet proteins, has given 
insight into a mechanism of active DNA demethylation [8,9]. The Tet 
protein, as well as all other dioxygenases will be inhibited by Ni and Co, 
hypoxia and oxidative stress resulting, in the case of the Tet protein, in 
increases in 5-methylcytosine in DNA. Oxidative stress causes a loss of 
reduced ascrobate, which is required for the dioxygenase to reduce Fe+3 
back to Fe+2 and regenerate the active enzyme after molecular oxygen 
is split during enzyme catalysis. In the case of the proline hydroxylases 
that hydroxylate hypoxia inducible factor (HIF), their inhibition by 
metals, hypoxia and oxidative stress greatly stabilizes and increases HIF 
protein levels which turns off the Krebs cycles genes, turns on glycolytic 
genes and also causes other significant metabolic changes in the cell. 
These metabolic changes, which include increased glucose transport 
and production of VEGF, along with the predominant use of glucose 
via glycolysis, are reminiscent of the changes that occur in a cancer 
cell. In the case of the histone demethylases that are dioxygenases as 
well as the Tet protein, the entire epigenetic program of the cell can be 
altered temporarily if these enzymes are inhibited. With time, this can 
result in the selection of a cell type that has malignant properties if the 
changes in the epigenetic program persist during selection. This may 
be a mechanism by which Ni ions, the ultimate carcinogen of nickel 
compounds, causes cancer, since it is a very potent and broad acting 
carcinogen that is not toxic or mutagenic, allowing cells to survive and 
proliferate with altered epigenetic programs. Nickel also stabilizes HIF 
providing a metabolic profile that is a hallmark of cancer (vide supra). 

Oxidative stress is thought to be very important in carcinogenesis, 
but many of the model systems that we use to study the carcinogenic 
processes utilize tissue culture. This is where there is a perfect storm 
for oxidative stress since most cells in culture are grown at 21% 
oxygen which is not physiological for many cell types (liver, skin, 
etc.). To illustrate how non-physiological this system can be, consider 
why ascorbate is not added to tissue culture media. In the past, I had 
always wondered why tissue culture media did not include ascorbic 
acid. The little ascorbic acid that is present in tissue culture media 
(about 50 uM) comes from fetal bovine serum. However humans 
have 1-2 mM ascorbate present in our cells in vivo, which we obtain 
exclusively from our diet (rats and mice make their own, which may 
be a reason that sometimes they are not good models for humans). 
Thus in tissue culture systems the dioxygenases are very susceptible 
to oxidative stress and there may be above-normal levels of oxygen 
radicals in cells grown at 21% oxygen. However, if 1 mM ascorbate is 

added to primary cell cultures for longer than a few days to a week, 
they undergo senescence while immortal cell lines die by apoptosis. 
Under the 21% oxygen tension, the ascorbate becomes a pro-oxidant 
and induces very high levels of oxidative stress causing senescence or 
apoptosis. Some investigators are aware of these problems, but many 
are not. The alternatives are to create your own oxygen tension in the 
CO2 incubator, which can be expensive if a pressurized gas is used; but 
becomes very economical if run-off N2 form liquid nitrogen is used to 
generate the atmosphere in the incubator. 

Thus research on oxidative stress and in particular with regard to 
ascorbic acid (the dioxygenases are the only enzymes in humans that 
use ascorbate and the only reason it is essential) targets the dioxygenase 
enzyme family initially; but the pro-oxidant effect of ascorbate in the 
presence of 21% oxygen produces an abundance of oxygen radicals 
that induce genes and enzymes that terminate the growth and survival 
of the cell. Although research in this area is not sufficient, it is likely 
that all cells grown at 4-5% oxygen rather than at 21% will be more 
similar to the cells in vivo and thus make tissue culture a more relevant 
model for experimentation. Cells will be healthier, also grow faster 
and probably, in the case of non-immortalized cells, last for more 
passages. Unfortunately, immortalized cells which have been grown 
for many passages for decades may not resemble the cell of origin. This 
is another area of concern and must be considered in the interpretation 
of experimental data.   
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