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Introduction
Faithful replication and transmission of genetic material to 

daughter cells is fundamental to all life forms. To maintain genome 
stability, cells must safeguard the DNA passed onto their daughter 
cells. Thus, the ability to recognize and repair DNA damage 
generated by endogenous or exogenous agents is essential in 
preventing errors from being passed onto daughter cells during 
cell division. This error detection mechanism, known as the DNA 
damage-repair signaling pathway, functions by sensing the DNA 
damage and generating signals to arrest cell cycle progression, 
thereby allowing for the DNA damage lesion to be repaired in a 
timely manner. 

Through modulating a group of protein kinases and sensors, 
the DNA damage-repair signaling network activates a series of 
checkpoints that temporarily halts the progression of the cell cycle 
[1]. This prevents the cell from replicating its DNA or delays mitosis 
until DNA can be assessed and repaired. The sensor proteins in  

 
the DNA damage-repair signaling network include ATM (ataxia 
telangiectasia mutated), ATR (ATM and Rad3-related kinase) and 
NEK1 (Nima A related protein kinase) kinase [2-4]. ATM, ATR, 
and NEK1 work independently and activate similar intersecting 
downstream targets which are important for signaling and 
repairing DNA double-strand breaks. Among these three kinases, 
ATR is thought to be the most crucial upstream phosphatidylinositol 
3-kinase (PI3K) for signaling and repairing UV radiation-induced 
and nucleoside analog-induced DNA damage, both of which cause 
stalled replication forks [5,6]. NEK1 appears to oversee DNA 
damage responses in some ways similar to ATM and ATR, but it 
is unique and independent of both canonical kinases. Like ATM-
deficient and ATR-deficient cells, NEK1-deficient (through mutation 
or silencing by RNAi) cells are much more sensitive to the effects 
of ionizing radiation (IR)-induced DNA damage than the wild type 
cells [3,7]. NEK1-deficient cells do not repair damaged DNA as 
efficiently as control cells and have defective checkpoints [2,3,8,9]. 
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Like ATM and ATR mutant mice, mice heterozygous for NEK1 also 
exhibit increased cancer incidence [8,10]. These NEK1 associated 
cancers have chromosomal instability (CIN) phenotypes, which are 
consistent with the notion that NEK1 mutant cells are defective in 
checkpoint regulation and result in elevated chromosome breaks, 
defective chromatid pairing, and mitotic mis segregation.

Just as DNA damage is a leading cause for cancer, DNA damage 
has also been suggested as a major contributing factor for the 
complications seen in diabetes [11]. Increased oxidative stress 
under hyperglycemic conditions has been well documented [12]. 
When untransformed primary renal epithelial cells were grown 
under hyperglycemic conditions, mutation rates increased. In 
addition, increased H2AX signals, a quantitative marker of DNA 
double strand breaks, can be detected in cells grown in high glucose 
conditions [13]. This implies that cells grown in high glucose 
conditions, like those of untreated diabetic patients, could have 
more DNA double-strand breaks than those maintained in normal 
glucose conditions. In animal models, mice had more DNA breaks 
in pancreas when fed with high sugar/high fat diets than those fed 
with a standard chow diet [14]. Glucose enters the cell through 
GLUT2 glucose transporter [15], so high expression levels of GLUT2 
in the pancreas can begin to explain why DNA breaks are primary 
found in pancreas, as opposed to in other organs.

 In the DNA damage response pathway, both ATM and ATR are 
believed to be crucial proximal signaling molecules in all forms of 
DNA damage sensing and repair [1]. Unlike ATM, ATR and NEK1 
also function as stress response proteins [13]. NEK1, as a general 
stress response protein, responds to hyperosmolar/low glucose or 
high glucose conditions. ATR, on the other hand, is a more selective 
stress response protein which could only be activated under high 
glucose conditions, not hyperosmolar/low glucose conditions. 
Although ATR and NEK1 protein kinases are both activated under 
high glucose conditions, the downstream checkpoint response 
protein, CHK1, is not activated, which results in the failure to 
properly repair damaged DNA [13]. This observation suggests 
there is a defect somewhere between ATR and CHK1 in the DDR 
pathway under hyperglycemic conditions which results in mutation 
accumulation. Identifying the critical cellular and molecular 
factors affected by the high glucose condition will begin to provide 
molecular insights that can pave ways to novel therapeutics.

Unlike ATM and ATR, NEK1 is also involved directly in the 
apoptosis pathway, through the regulation of the mitochondrial 
outer membrane protein VDAC1 [16,17]. Apoptosis is an intrinsic 
cell death mechanism, which removes damaged cells before passing 
genetic mutations onto a subsequent generation of cells, often 
without triggering an inflammatory response in neighboring cells 
[18]. During oxidative injury and DNA damage induced cell death, the 
mitochondrial membrane potential (MPM) is collapsed through the 
opening of the mitochondrial permeability transition pore (MPTP). 

With the loss of MPM, cytochrome C is released from mitochondria 
into the cytosol and activates the caspase cascade to initiate 
apoptosis. MPTP composes of VDAC1, the inner mitochondrial 
membrane protein ANT (adenine nucleotide translocator), and 
the inner mitochondrial membrane protein cyclophilin D (cypD) 
[19]. Through interaction and phosphorylation of VDAC1, NEK1 
regulates the release of cytochrome C from mitochondria in 
the initiation step of apoptosis. In the basal state of a cell, NEK1 
interacts with and phosphorylates VDAC1, and seems to keep the 
mitochondrial transition pore intact [16]. Upon being exposed 
to genotoxic agents, NEK1 dissociates with VDAC1, and VDAC1 
become dephosphorylated, thus inducing the apoptosis pathway. 
Therefore, the expression levels of NEK1 determine the genotoxic 
sensitivity in given cells. Higher doses of DNA damaging agents 
are needed to kill cells with high expression levels of NEK1 [20]. 
Glucose induced up-regulation of NEK1 may not only contribute 
directly to DNA damage response, but also to cell survival. In 
hyperglycemic conditions, cells are more resistant to genotoxic 
agents [13]. This observation is very critical, since it implies that 
hyperglycemia may make cells more resistant to chemotherapy and 
radiation therapy. It also suggests that cells might easily become 
polyploids and transform into neoplastic cells when exposed to low 
doses of genotoxic agents in high glucose conditions.

Animal studies suggest that high glucose conditions can 
trigger a metabolic imbalance due to the downregulation of 
phosphofructokinase, which then leads to genomic mutations 
[14]. The published results reveal the mechanism behind how 
high glucose leads to genomic instability: mitochondrial mediated 
apoptosis/autophagy, DNA damage response/repair signaling, and 
a perturbed sugar metabolism. DNA damage agents have been used 
to treat cancers for decades. Given this new understanding of how 
hyperglycemic conditions influence the efficacy of DNA damaging 
agents, tighter glycemic control may be important for patients 
undergoing chemotherapy and radiation therapy with or without 
surgery for their cancer treatment.

Conclusion
Cancer and diabetes mellitus are two common diseases that 

frequently overlap in patients and account for high mortality 
worldwide. Population studies have established a strong link 
between cancer and diabetes. DNA damage has been suggested 
as a major contributing factor for both cancer and diabetes. Thus, 
as means to prevent DNA damage and maintain genomic stability 
and integrity, multiple surveillance mechanisms, including DNA 
repair, DNA damage checkpoints, and apoptosis, have evolved. 
Understanding how these surveillance mechanisms function and 
how glucose influences them will provide insight into how to design 
better therapeutic strategies for cancer and diabetes.
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