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Abstract

The heavy metal nickel is a known carcinogen, and occupational exposure to nickel compounds has been implicated 
in human lung and nasal cancers. Unlike many other environmental carcinogens, however, nickel does not directly 
induce DNA mutagenesis, and the mechanism of nickel-related carcinogenesis remains incompletely understood. 
Cellular nickel exposure leads to signaling pathway activation, transcriptional changes and epigenetic remodeling, 
processes also impacted by hypoxia, which itself promotes tumor growth without causing direct DNA damage. One 
of the mechanisms by which hypoxia contributes to tumor growth is the generation of genomic instability via down-
regulation of high-fidelity DNA repair pathways. Here, we find that nickel exposure similarly leads to down-regulation 
of DNA repair proteins involved in homology-dependent DNA double-strand break repair (HDR) and mismatch 
repair (MMR) in tumorigenic and non-tumorigenic human lung cells. Functionally, nickel induces a defect in HDR 
capacity, as determined by plasmid-based host cell reactivation assays, persistence of ionizing radiation-induced 
DNA double-strand breaks and cellular hypersensitivity to ionizing radiation. Mechanistically, we find that nickel, in 
contrast to the metalloid arsenic, acutely induces transcriptional repression of HDR and MMR genes as part of a global 
transcriptional pattern similar to that seen with hypoxia. Finally, we find that exposure to low-dose nickel reduces 
the activity of the MLH1 promoter, but only arsenic leads to long-term MLH1 promoter silencing. Together, our data 
elucidate novel mechanisms of heavy metal carcinogenesis and contribute to our understanding of the influence of the 
microenvironment on the regulation of DNA repair pathways.

Introduction
Nickel and certain other metals, including arsenic, chromium and 
cadmium, are established human carcinogens (1). Exposure to 
nickel primarily occurs via inhalation in industrial workers min-
ing, processing and producing nickel-containing products, though 
exposure in the general population can also occur via oral con-
sumption of contaminated water or skin contact with consumer 
products (2). Occupational exposure to nickel is a significant risk 
factor for cancers of the respiratory system, with epidemiologic 
studies demonstrating 3-fold and 18-fold increases in the rates 

of lung and sinonasal cancers, respectively, in nickel-exposed 
workers (3–5). In animal studies, inhalation of nickel has also 
been shown to cause lung carcinomas, and injection with nickel 
particles leads to the growth of sarcomas and liver tumors (1). 
Nickel exists as water-soluble and water-insoluble compounds, 
which both can enter cells via ion transporters and phagocytosis, 
respectively. In general, the carcinogenicity of nickel compounds 
correlates with the accumulation of intracellular nickel ions 
(Ni2+), which are therefore thought to be the active molecule (2).
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Despite its carcinogenic effects, nickel does not form 
DNA adducts and demonstrates very low or no mutagenic-
ity in most mutational assays. Instead, the carcinogenicity of 
nickel has been largely attributed to its effects on epigenetic 
modifications and gene expression through the inhibition of 
iron- and 2-oxoglutarate-dependent dioxygenases, includ-
ing hypoxia-inducible factor (HIF) prolyl hydroxylases and 
Jumonji-domain-containing histone demethylases (reviewed 
in (6–8)). Nickel ions deplete intracellular iron by blocking 
membrane ion transporters and can also displace iron from 
the active site of dioxygenase enzymes, inhibiting their cat-
alytic activity (9,10). Importantly, iron- and 2-oxoglutarate-
dependent dioxygenases also require molecular oxygen to 
catalyze their oxidation reactions, so hypoxia similarly leads 
to inhibition of their activity. Thus, many of the transcriptional 
and epigenetic changes induced by nickel exposure are related 
to those induced by hypoxic stress, which similarly promotes 
cancer without direct mutagenesis.

HIF prolyl hydroxylases act on the HIF α-subunits, modi-
fying specific proline residues, which allows their recogni-
tion by the von Hippel–Lindau (VHL) protein subunit of an 
E3 ubiquitin ligase complex with subsequent polyubiquit-
ination and proteasomal degradation. Inhibition of the HIF 
prolyl hydroxylases leads to stabilization of HIF α-subunits, 
their dimerization with a constitutively expressed β-subunit, 
and transcriptional co-regulation of hypoxia-response genes. 
Therefore, nickel, like hypoxia, induces the expression of 
genes involved in glucose metabolism, angiogenesis, and cell 
growth (11,12).

The Jumonji-domain-containing histone demethylases 
remove methyl groups from lysine and arginine residues in his-
tone tails, which can promote either transcription activation 
or repression depending on the specific residue. In vitro nickel 
treatment has been shown to lead to global cellular increases in 
methylation at histone H3 lysines 4, 9 and 36 (H3K4, H3K9 and 
H3K36) and decreases in histone lysine acetylation (13–15). In 
vivo, differences in global histone modifications and DNA meth-
ylation have been reported in nickel-exposed workers compared 
to unexposed controls (16–18). Nickel, likely, also induces gene-
specific epigenetic changes, as activating histone marks such as 
H3K4 di- and tri-methylation (H3K4me2/3) and H3K9 acetylation 
(H3K9ac) and repressive histone marks such as H3K9 di-and tri-
methylation (H3K9me2/3) localize to different regions within 
the nucleus (15). Nickel-induced epigenetic changes have also 
been shown to silence a gpt transgene and regulate expression 
of the endogenous Spry2 gene (13,19). Hypoxia similarly leads to 
increased H3K4me2/3 and H3K9me2/3 and decreased H3K9ac, 
with gene-specific modifications correlating with transcrip-
tional regulation (19–21).

Several transcriptional and epigenetic targets of nickel 
have been discovered that may contribute to carcinogenesis, 
including Spry2 and the hypoxia-response genes that promote 
angiogenesis, metabolic reprogramming and tumor growth. 
An additional mechanism by which hypoxia contributes to 
tumorigenesis is the repression of cellular DNA repair path-
ways (reviewed in (22)). Specifically, hypoxic stress leads to 

transcriptional down-regulation of the homology-dependent 
DNA double-strand break repair (HDR) proteins, BRCA1, RAD51 
and FANCD2 and the mismatch repair (MMR) proteins MLH1 
and MSH2 and can generate stable silencing of the BRCA1 and 
MLH1 promoters (23–28). Other high-fidelity pathways of DNA 
repair including nucleotide excision repair (NER) and base 
excision repair (BER) are also reduced under hypoxic condi-
tions by transcriptional or translational mechanisms, while 
the error-prone DNA double-strand break repair pathway of 
non-homologous end joining (NHEJ) is not a regular target of 
hypoxic stress (23,29,30). Hypoxia-induced DNA repair defi-
ciencies generate genomic instability, which leads to more 
aggressive cancer behavior.

The metalloid arsenic, implicated in human lung, skin, 
liver, bladder and prostate cancer, has functional similarities 
to nickel and potentially hypoxia (reviewed in (6–8)). Like nickel 
and hypoxia, arsenic has very low mutagenic activity despite 
its high transforming potential, and it induces global and 
gene-specific changes in histone modifications and DNA meth-
ylation, leading to altered gene expression patterns that are 
believed to drive tumorigenesis (15,31,32). For example, arse-
nic exposure has been shown to lead to promoter hypermeth-
ylation of p53, p16INK4a and RASSF1A tumor suppressor genes 
and, conversely, to transcriptional up-regulation of the FOXM1, 
CDC6, CDC25A and Cyclin D1 oncogenes (33–35). Regarding the 
hypoxia-response pathway, arsenic has been shown to lead 
to up-regulation of HIF-1 and VEGF, likely through the induc-
tion of reactive oxygen species and activation of PI3K/AKT 
and MAPK/ERK signaling pathways (36–41). However, arsenic-
induced VEGF expression has been shown to be independent 
of HIF-1 and arsenic-stabilized HIF-1 may not be completely 
functional, as it was unable to activate transcription of reporter 
constructs (38,41–43), suggesting that nickel and arsenic may 
overlap with hypoxia in different ways.

Given the similar transcriptional and epigenetic changes 
induced by nickel, arsenic and hypoxia, we hypothesized that 
they may regulate DNA repair pathways in a similar manner. 
Of note, several connections between nickel or other metals 
and DNA repair have been reported. Most notably, nickel and 
arsenic can inhibit the repair of UV-induced and oxidative base 
DNA damage by the NER and BER pathways, possibly through 
direct interaction with zinc finger repair enzymes such as 
XPA and PARP (44–50). Nickel can also directly inhibit the DNA 
alkylation repair enzymes ABH2 and ABH3 by replacing iron at 
the catalytic site (7,51). Recently, arsenic was shown to directly 
inhibit a RING finger E3 ubiquitin ligase leading to reduced 
HR and NHEJ repair (52). At the gene expression level, silenc-
ing of the MGMT promoter has been demonstrated in nickel-
transformed cells and could contribute to reduced repair of 
O6-methylguanine lesions (53). In vivo, DNA repair genes were 
found to be overrepresented among differentially expressed 
genes in nickel refinery workers compared to controls, with 29 
under-expressed and 2 over-expressed DNA repair genes in the 
high nickel exposure group (54). Nickel-exposed workers have 
also been shown to have lower levels of the BER glycosylase 
OGG1 with a correlative increase in oxidative base lesions (55). 
Finally, arsenic and chromium have been shown to epigeneti-
cally silence the MLH1 promoter in cell culture and in exposed 
human subjects (56–59). Thus, nickel and other metals are 
clearly implicated in DNA repair, but whether nickel leads to 
coordinated transcriptional and epigenetic down-regulation of 
DNA repair via hypoxia-like pathways remains unknown.

In this study, we have investigated the regulation of DNA 
repair by nickel in tumorigenic and non-tumorigenic human 
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lung cells. We found that cellular exposure to nickel leads to 
reduced expression of the HDR proteins, BRCA1, RAD51, and 
FANCD2, and the MMR protein MLH1 in a dose-dependent man-
ner, without affecting the expression of NHEJ proteins. This 
down-regulation was associated with impaired DNA double-
strand break repair in a plasmid-based host cell reactivation 
assay specific for HDR, as well as persistent unrepaired chro-
mosomal DNA double-strand breaks and reduced clonogenic 
survival following ionizing radiation. Using targeted expression 
analysis and global microarray analysis, we demonstrated that 
nickel-induced repression of HDR and MMR proteins occurs at 
the mRNA level through transcriptional changes that are more 
closely related to hypoxia than to other metals. Finally, we 
investigated whether nickel can lead to MLH1 promoter silenc-
ing, and found short-term inactivation, but not stable silenc-
ing, in our assay system.

Materials and methods

Cell culture
A549 and HeLa cells were grown in high-glucose DMEM supplemented with 
10% FBS (Invitrogen). MCF7 cells were grown in RPMI Medium 1640 supple-
mented with 10% FBS. RKO cells containing the MLH1 promoter reporter 
construct were grown in MEM supplemented with 10% FBS and 0.8 mg/mL 
G418 (American Bio). BEAS-2B cells were grown in Airway Epithelial Cell 
Basal Medium (ATCC) supplemented with Bronchial Epithelial Cell Growth 
Kit (ATCC). BEAS-2B cells were authenticated by short tandem repeat pro-
filing at the Yale DNA Analysis Facility and comparison to the published 
profile. All other cell lines were obtained from ATCC.

Chemicals and hypoxia
Nickel(II) chloride (Sigma) was dissolved in H2O at 250 mM prior to each 
treatment and used at final concentrations of 0–500 μM. Sodium (meta)
arsenite (Sigma) was dissolved in H2O at 100 mM and used at final con-
centrations of 0–10 μM. For exposure to hypoxia, cells were placed in a 
Galaxy R Series 170 R CO2 incubator equipped with an electrochemical 
oxygen sensor, and the oxygen level was reduced to 1% by the controlled 
addition of nitrogen via a two-stage pressure regulator and an inline 
pressure regulator.

Western blot analysis
Frozen cell pellets were lysed in AZ lysis buffer (50 mM Tris, 250 mM NaCl, 
1% Igepal, 0.1% SDS, 5  mM EDTA, 10  mM Na2P2O7, 19  mM NaF) supple-
mented with Protease Inhibitor Cocktail (Roche) on ice for 20 min. Cellular 
debris was cleared by centrifugation and lysate protein concentration was 
quantified using the DC Protein Assay (Bio-Rad). Equal amounts of protein 
were subjected to SDS-PAGE in Mini-PROTEAN TGX gradient gels (Bio-Rad) 
and then transferred to nitrocellulose membrane. Antibodies used for 
western blot analysis are provided in the Supplementary Methods.

HR and NHEJ assays
These assays were performed as previously described (60). Details are pro-
vided in the Supplemental Methods.

Irradiation
Irradiation was performed using an X-RAD 320 Biological Irradiator 
(Precision X-Ray Inc.) set at 320 kV, 12.5 mA, 2 mm Al filter, 20 × 20 cm 
collimator and 50.0  cm SSD (source to sample distance) with dose rate 
2.4 Gy/min. Cells in sterile plastic 6-well culture dishes were irradiated 
at room temperature without removal of media for 2.1 min to achieve a 
total dose of 5 Gy.

Comet assays
Cells were pretreated with NiCl2 for 45  h and irradiated in 6-well for-
mat. Cells were harvested 24 h post-irradiation and resuspended in LM 
Agarose (Trevigen). Neutral single-cell gel electrophoresis was conducted 

using the CometAssay Electrophoresis System (Trevigen) according to the 
manufacturer’s protocol. Data were collected with an EVOS FL microscope 
(Advance Microscopy Group) and analyzed with CometScore software 
(TriTek Corporation). Statistical analyses by Mann–Whitney test were 
performed using GraphPad Prism Version 6.0a for MAC OS X (GraphPad 
Software).

Clonogenic survival assays
Cells were pretreated with NiCl2 for 45 h and irradiated in 6-well format. 
Immediately following irradiation, cells were reseeded in triplicate at 
100–5000 cells/well in 6-well plates. Cells were cultured for 9 days until 
colonies formed, replacing culture media every 3  days. Cells were per-
meabilized with 0.9% saline solution and stained with crystal violet in 
80% methanol. Colonies with >50 cells were counted manually. Statistical 
analyses by unpaired t-test were performed using GraphPad Prism Version 
6.0a for MAC OS X.

Reverse transcription quantitative PCR (RT-qPCR)
Total RNA was prepared using the RNeasy Mini Kit (Qiagen). The optional 
on-column DNase digestion was performed with the RNase-Free DNase Set 
(Qiagen) to eliminate genomic DNA. Complementary DNA (cDNA) was syn-
thesized using 750 ng RNA in the High Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems). The resulting cDNA was diluted 1:5 and used in 
triplicate PCRs containing TaqMan Gene Expression Assay premixed prim-
ers and probes for BRCA1, FANCD2, RAD51, MLH1, NHEJ1, XRCC4, LIG4, and 
18S rRNA and TaqMan Fast Universal PCR Master Mix (Applied Biosystems). 
A  StepOnePlus Real-Time PCR System (Thermo Fisher Scientific) was 
used to measure fluorescence intensity in real-time and to calculate cycle 
thresholds. Ct values were normalized to 18S rRNA and relative expression 
was calculated using the –ΔΔCt method. Statistical analyses by unpaired 
t-test were performed using GraphPad Prism Version 6.0a for MAC OS X.

Expression microarray analysis
Total RNA from BEAS-2B cells treated with 100 μM NiCl2, 5 μM NaAsO2, or 
1% O2 and from untreated control cells was prepared using the RNeasy 
Mini Kit in 3 independent experiments. The optional on-column DNase 
digestion was performed with the RNase-Free DNase Set to eliminate 
genomic DNA. Gene expression profiling was performed at the Yale Center 
for Genome Analysis using a Human HT-12 v4 BeadChip (Illumina). Data 
was analyzed by normalization to control samples and identification of 
genes with mRNA transcripts increased >1.8-fold or decreased <0.5-fold. 
Expression values with coefficients of variance between replicates of >0.5 
were excluded from analysis.

MLH1 promoter silencing assays
The MLH1 promoter reporter construct was originally generated by 
cloning 5 kb of the MLH1 promoter into a modified pDsRed2-N1 vector 
(Clontech) in which the CMV promoter was removed and blasticidin 
resistance (BSR) and thymidine kinase (TK) genes were inserted in-frame 
with DsRed2 (61). RKO cells stably transfected with the MLH1 promoter 
reporter have been previously described (27). BEAS-2B and A549 cells were 
transfected with the MLH1 promoter reporter using FuGENE 6 Transfection 
Reagent (Promega) and Lipofectamine 3000 Reagent (Thermo Fisher 
Scientific), respectively. Stable transfection and functional expression of 
the reporter were selected for with 0.4 mg/mL G418 and 4 μg/mL blastici-
din (Invivogen) or 1 mg/mL G418 and 10 μg/mL blasticidin, in BEAS-2B and 
A549 cells respectively. Integration of the MLH1 promoter plasmid was 
confirmed via PCR with MLH1 promoter and plasmid-specific primers. To 
measure silencing of the MLH1 promoter reporter, cells were seeded in 
10-cm dishes at 105 and 5  ×  105 cells/dish in triplicate under selection 
with G418 and 10  μg/mL ganciclovir (Invivogen). Plating efficiency was 
determined by seeding cells in 10-cm dishes at 500 cells/dish in triplicate 
under selection with G418 only. Cells were cultured for 10 to 14 days until 
colonies formed, replacing culture media and selection agents every 3 
to 4 days. Cells were then permeabilized with 0.9% saline solution and 
stained with crystal violet in 80% methanol, and colonies with >50 cells 
were counted manually. Silencing frequency was determined by normal-
izing the surviving fraction with ganciclovir selection to plating efficiency 
for each condition. Statistical analyses by unpaired t-test were performed 
using GraphPad Prism Version 6.0a for MAC OS X.
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Results

Nickel exposure leads to reduced expression and 
activity of HDR, but not NHEJ, proteins

To investigate the effects of nickel exposure on DNA repair, 
we began by analyzing the expression of DNA repair proteins 
in a panel of human cancer cell lines following treatment with 
nickel(II) chloride (NiCl2). Lung carcinoma A549, cervical carci-
noma HeLa, and breast carcinoma MCF7 cells, were treated with 
0 to 500 μM NiCl2 for 48 h and protein expression was analyzed 
by western blotting. We observed a dose-dependent decrease in 
expression of the HDR proteins, BRCA1, FANCD2 and RAD51, as 
well as the MMR protein MLH1 in all three cell lines (Figure 1A 
and Supplementary Figure S1). In contrast, there was no sig-
nificant change in the protein levels of the NHEJ proteins DNA-
PKcs, KU80, XRCC4 or LIG4 with nickel treatment (Figure  1A 
and Supplementary Figure S1). Because nickel exposure is most 
closely tied to human lung cancer, we wanted to determine 
the effect of nickel exposure in the setting of normal human 
lung cells. We therefore performed western blotting for DNA 
repair proteins in non-tumorigenic BEAS-2B cells, which are an 
immortalized cell line derived from normal human bronchial 
epithelium, after treatment with 0 to 250 μM NiCl2 for 48 h. As 
in the human cancer cell lines, we observed a dose-dependent 
decrease in expression of BRCA1, FANCD2, RAD51 and MLH1 
expression, but no significant changes in NHEJ protein expres-
sion (Figure  1B, lanes 1–3, and Supplementary Figure S1). For 
comparison, we also analyzed expression of these proteins fol-
lowing culture in 1% O2 conditions for 48 h, and similarly found 
reduced expression of BRCA1, FANCD2, RAD51 and MLH1, but 
not of NHEJ proteins (Figure 1B, lane 4).

We next wanted to determine whether nickel-induced 
repression of HDR protein expression leads to a functional 
impairment in homologous recombination (HR). To answer this 
question, we utilized plasmid-based luciferase reactivation 
double-strand break repair assays specific for HR or NHEJ (60). 
The HR reporter plasmid contains a CMV promoter-driven firefly 
luciferase gene with an inactivating I-SceI restriction enzyme 
site and a downstream promoter-less copy of wild type fire-
fly luciferase (Figure 1C). Digestion of this plasmid with I-SceI 
induces a double-strand DNA break within the CMV promoter-
driven luciferase gene, which can be repaired by HR using the 
downstream luciferase gene as a template to allow reactiva-
tion of luciferase expression. Following pretreatment with 0 or 
250 μM NiCl2 for 48 h, A549 and BEAS-2B cells were transfected 
with I-SceI-digested HR reporter plasmid and assayed for reac-
tivation of luciferase activity 48 h post-transfection. We found 
that nickel exposure led to an approximately 50% reduction in 
HR repair in both A549 and BEAS-2B cells (Figure 1C). For com-
parison, we also pretreated BEAS-2B cells with hypoxia at 1% 
O2 for 48 h, and found a similar 50% impairment in HR capac-
ity. To determine the specificity of HR repression by nickel, we 
used an NHEJ reporter plasmid consisting of a CMV promoter-
driven wild type firefly luciferase gene with a HindIII restriction 
enzyme site located between the promoter and the firefly lucif-
erase gene (Figure 1D). Digestion of this plasmid with HindIII 
induces a double-strand DNA break separating the promoter 
from the luciferase gene, which can be repaired by NHEJ in the 
absence of a homologous template. In A549 and BEAS-2B cells, 
we found that pretreatment with 250 μM NiCl2 for 48 h did not 
reduce NHEJ activity and actually stimulated NHEJ in A549 cells 
(Figure  1D). Hypoxia pretreatment similarly did not repress 
NHEJ in BEAS-2B cells.

Nickel inhibits repair of IR-induced DNA double-
strand breaks in tumorigenic and non-tumorigenic 
lung cells

Based on our finding that nickel reduces cellular HDR capacity, 
we hypothesized that nickel treatment would induce cellular 
sensitivity to DNA double-strand breaks induced by ionizing 
radiation (IR). To test this, we measured the persistence of 
IR-induced DNA double-strand breaks in nickel-treated A549 
and BEAS-2B cells using the neutral comet assay. A549 and 
BEAS-2B cells were pretreated with 0 to 500 μM NiCl2 for 45 
h, irradiated with 5 Gy IR, and assayed for DNA double-strand 
breaks 24 h post-IR. In both cell lines, we observed that, at 0 
μM NiCl2, there was no increase in DNA double-strand breaks, 
as measured by the median comet tail moment or % DNA in 
the comet tail, in irradiated cells indicating that cells effec-
tively repaired the DNA breaks within 24 h (Figure 2A–D and 
Supplementary Figure S2A and B). In contrast, treatment with 
NiCl2 in both cell lines led to dose-dependent increases in the 
DNA double-strand breaks persisting 24 h post-IR in irradiated 
cells (Figure 2A–D and Supplementary Figure S2A and B). At 
250 μM and 500 μM NiCl2 in BEAS-2B and A549 cells, respec-
tively, we observed small increases in the median comet tail 
moment in non-irradiated cells (Figure 2A–D), indicating that, 
at high doses, nickel-induced repression of HR may limit 
repair of spontaneous DNA double-strand breaks within cells. 
Of note, there was no increase in two markers of apoptosis, 
activated Caspase-3 and cleaved PARP1, in nickel-treated and/
or irradiated cells 24 h post-irradiation, indicating that the 
increased levels of DNA double-strand breaks detected in the 
comet assay at this time-point are not simply reflecting apop-
totic DNA breakage (Supplementary Figure S3A and B).

The repair of IR-induced DNA double-strand breaks has 
been shown to occur with biphasic kinetics, with NHEJ respon-
sible for fast repair of the majority of breaks occurring in cells 
throughout the cell cycle and HDR responsible for slow repair 
of a smaller subset of complex or heterochromatin-associated 
breaks occurring in S/G2-phase cells (62,63). Therefore, inhibi-
tion of NHEJ blocks repair of IR-induced breaks at early time-
points whereas inhibition of HDR leads to elevated persistent 
breaks only at later time-points. To further explore which 
repair pathways are affected by nickel, we used the neutral 
comet assay to analyze the repair of IR-induced DNA double-
strand breaks over time. In both A549 and BEAS-2B cells, we 
found that nickel pretreatment had no significant effect on 
the level of DNA double-strand breaks induced immediately 
following irradiation, indicating that nickel did not enhance 
radiation-induced DNA damage (Supplementary Figure S2C 
and D). Moreover, we observed that nickel pretreatment had 
little or no effect on repair at early time-points (2 h and 6 h 
post-IR) as treated and control cells demonstrated similar 
reductions in the number of DNA double-strand breaks over 
time (Supplementary Figure S2E and F). However, at later 
time-points (12  h and 24  h post-IR), control cells demon-
strated further reduction in the number of DNA double-strand 
breaks whereas nickel-treated cells demonstrated failure 
to repair remaining breaks in a dose-dependent manner 
(Supplementary Figure S2E and F). Altogether, these results 
strongly support our conclusion that nickel is inhibiting the 
HDR rather than the NHEJ pathway of DNA double-strand 
break repair.

Reduced capacity to repair IR-induced DNA double-strand 
breaks can lead to reduced cellular survival post-IR. We there-
fore performed clonogenic survival assays in A549 and BEAS-2B 
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cells pretreated with 0 to 500 μM NiCl2 and then irradiated with 
0 to 5 Gy IR. In A549 cells, we observed significant radiosensi-
tization at 250 and 500  μM NiCl2 (Figure  2E). Nickel treatment 

in non-irradiated cells did not significantly affect clonogenic 
survival in A549 cells (Supplementary Figure S4A). Similarly, 
we observed reduced clonogenic survival of irradiated BEAS-2B 

Figure 1.  Nickel treatment induces down-regulation of HR, but not NHEJ, protein expression and activity in human cancer cell lines and non-tumorigenic human 

lung cells. (A) Western blot analysis of HR and NHEJ proteins in human cancer cell lines treated with 0, 100, 250 or 500 μM NiCl2 for 48 h. Quantitation of band density 

is presented in Supplementary Figure S1 and uncropped blots are available in Supplementary Figures S7 and S8. (B) Western blot analysis of HR and NHEJ proteins in 

BEAS-2B cells treated with 0, 100 or 250 μM NiCl2 or hypoxia (1% O2) for 48 h. Quantitation of band density is presented in Supplementary Figure S1 and uncropped blots 

are available in Supplementary Figure S9. (C) Relative HR activity determined by reactivation of the HR luciferase plasmid reporter in A549 and BEAS-2B cells pretreated 

with 250 μM NiCl2 for 48 h or BEAS-2B cells pretreated with 1% O2 for 48 h. HR repair is normalized to mock-treated control cells. (D) Relative NHEJ activity determined 

by reactivation of the NHEJ luciferase plasmid reporter in A549 and BEAS-2B treated as in panel C. NHEJ repair is normalized to mock-treated control cells. In panels C 

and D, statistical analyses by one-sample t-test were performed comparing relative repair values to a hypothetical value of 1. Columns, mean of 3 independent experi-

ments; error bars, SEM; **significant at P < 0.01; *significant at P < 0.05; # significant at P < 0.1; ns, not significant.
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cells pretreated with 100 or 250 μM NiCl2 (Figure 2F). Treatment 
with 250 μM NiCl2, by itself, did reduce BEAS-2B clonogenic sur-
vival about 30%, but 100 μM NiCl2 did not (Supplementary Figure 
S4B). Thus, nickel radiosensitizes human lung cells at doses that 
do not directly affect clonogenic survival and acts synergisti-
cally at higher doses.

Nickel-induced repression of HDR occurs via 
transcriptional reprogramming in similarity to 
hypoxic stress

We next wanted to determine the mechanism underlying the 
repression of HDR protein expression and activity induced by 

Figure 2.  Nickel exposure compromises repair of IR-induced DNA double-strand breaks and induces cellular sensitivity to IR. Neutral comet assay in A549 (A) or BEAS-2B 

(B) cells pretreated with 0, 100, 250 or 500 μM NiCl2 for 45 h and irradiated with 0 or 5 Gy, assayed 24 h post-irradiation. Median comet tail moments from analysis of ≥100 

comets/sample are presented as box-and-whisker plots. Statistical analyses were by Mann–Whitney test. Boxes, lower and upper quartiles; middle line, median; whiskers, 

10th to 90th percentiles; ****significant at P < 0.0001; **significant at P < 0.01; ns, not significant. Representative images of comets observed in A549 (C) and BEAS-2B (D) cells 

treated and assayed as in panels A and B. Clonogenic survival in A549 (E) and BEAS-2B (F) cells exposed to ionizing radiation following pretreatment with NiCl2 for 45 h. 

Clonogenic survival was normalized to survival at 0 Gy for each dose of NiCl2. Statistical analyses by unpaired t-test were performed with comparison to 0 μM NiCl2 at each 

radiation dose. Points, mean of six replicates; error bars, SEM; ***significant at P < 0.001; **significant at P < 0.01; *significant at P < 0.05; ns, not significant.
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nickel exposure. Based on the known transcriptional changes 
induced by nickel and their similarity to hypoxia, we hypoth-
esized that transcriptional and epigenetic changes induced 
by hypoxia-like signaling pathways might be responsible. We 
therefore began by measuring mRNA levels of DNA repair genes 
in A549 cells exposed to 0 to 500 μM NiCl2 for 48 h. We found that 
nickel induced dose-dependent decreases in BRCA1, FANCD2, 
RAD51 and MLH1 mRNA levels but little or no decrease in 
expression of several NHEJ genes (Figure 3A). In nickel-treated 
BEAS-2B cells, we similarly found significant decreases in 
FANCD2 and MLH1 mRNA levels, non-significant trends towards 
reduced expression of BRCA1 and RAD51 mRNA, and no change 
in NHEJ gene mRNA levels with nickel treatment (Figure 3B). 
We also obtained comparable results in nickel-treated MCF7 
cells and similar but less significant results in nickel-treated 
HeLa cells (Supplementary Figure S5A and B). These changes 
in DNA repair gene mRNA levels are in concordance with our 
western blot analysis (Figure 1A and B) and indicate that nickel, 
like hypoxia, reduces HR and MMR via transcriptional control.

Arsenic is also thought to induce carcinogenesis in part 
through transcriptional reprogramming (6–8,32); however, we 
have observed different effects on DNA repair gene expres-
sion as compared to nickel and hypoxia. Treatment with up to 
5 or 10 μM sodium arsenite (NaAsO2) for 48 h had no effect on 
BRCA1, FANCD2 or MLH1 mRNA expression in A549 or BEAS-2B 
cells (Figure  3C and D). At the protein level, arsenic exposure 
induced variable changes in DNA repair protein levels across 
different cell lines, but with no discernable significant trends 
(data not shown). Interestingly, in BEAS-2B cells treated with 
100 μM NiCl2 or 5 μM NaAsO2, doses which induce expression of 
the Metallothionein 1 and 2 mRNA transcripts, we observed an 
increase in VEGF mRNA expression comparable to hypoxia with 
nickel but not arsenic treatment (Supplementary Figure S5C). 
We therefore suspected that the acute transcriptional changes 
induced by nickel may be more closely related to hypoxia than 
other metals or metalloids.

To further characterize the connection between hypoxia- 
and nickel-induced transcriptional down-regulation of DNA 
repair, we compared global transcriptional changes via gene 
expression microarray after hypoxia, nickel, or for comparison, 
arsenic exposure. BEAS-2B cells were treated with 100 μM NiCl2, 
5 μM NaAsO2 or 1% O2 for 48 h, and mRNA expression profiles 
were analyzed using an Illumina Human HT-12 v4 Expression 
BeadChip. To compare expression changes induced by nickel, 
arsenic and hypoxia, we analyzed the overlap between the most 
highly up-regulated and down-regulated genes in each sample. 
Using cutoffs of >1.8-fold up-regulation and <0.5-fold down-
regulation, we found many more common genes between the 
nickel and hypoxia samples (5 up-regulated, 11 down-regulated) 
than between the arsenic and hypoxia samples (2 up-regulated, 
1 down-regulated) or between the nickel and arsenic samples 
(0 up-regulated, 1 down-regulated) (Figure 3E). Using hierarchal 
clustering analysis, we similarly found closer clustering of gene 
expression patterns with nickel and hypoxia treatment com-
pared to arsenic treatment (Figure 3F).

Nickel and arsenic repress MLH1 promoter activity, 
but only arsenic generates stable promoter silencing

Chronic exposure to hypoxia and has been shown to lead to 
stable epigenetic silencing of certain DNA repair gene promot-
ers, including the BRCA1 and MLH1 promoters (26,27). Arsenic 
and chromium can also lead to epigenetic inactivation of MLH1 
(57,59). To investigate whether nickel can generate stable silenc-
ing of DNA repair genes, we utilized RKO cells harboring a 

chromosomally-integrated MLH1 promoter reporter construct 
which has previously been utilized to study hypoxia-induced 
gene silencing (27). This construct contains the MLH1 promoter 
upstream of the thymidine kinase (TK) and blasticidin resist-
ance (BSR) genes, allowing selection of cells with an active MLH1 
promoter using blasticidin and cells with a silenced MLH1 pro-
moter using ganciclovir (Figure 4A).

To test the potential epigenetic effects of long-term low-dose 
metal exposure, we treated the RKO cells containing the MLH1 
promoter reporter continuously with 100  μM NiCl2 or 0.5  μM 
NaAsO2, which were the maximum doses that we determined 
to have no significant effect on cell growth with long-term 
treatment. At weekly intervals, we determined MLH1 promoter 
silencing by measuring the frequency of ganciclovir resistance 
in clonogenic assays. After one week of treatment, we observed 
an approximately 2-fold increase in MLH1 promoter inactivation 
with both nickel and arsenic (Figure 4B). However, upon longer 
treatment, enhanced MLH1 promoter silencing persisted only in 
the arsenic-treated cells (Figure 4C). For comparison with pub-
lished data, we grew the RKO cells under hypoxic conditions 
(1%) in parallel and observed increased MLH1 promoter silenc-
ing in hypoxic cells as previously reported (27) (Figure 4C).

We next generated BEAS-2B and A549 cells with stable inte-
gration of the MLH1 promoter reporter construct, in order to test 
our results in human lung cells. These BEAS-2B and A549 cells 
were likewise treated with 100  μM NiCl2, 1  μM NaAsO2 or 1% 
oxygen, and MLH1 promoter silencing was measured at weekly 
intervals. We found that after one week of treatment, nickel, 
arsenic, and hypoxia all increased MLH1 promoter inactivation 
(Figure 4D and Supplementary Figure S6A), but again only arse-
nic and hypoxia led to long-term stable MLH1 promoter silenc-
ing (Figure 4E and Supplementary Figure S6B).

Discussion
In this study, we have identified and characterized a novel mech-
anism of DNA repair regulation by the carcinogenic heavy metal 
nickel. In short, nickel exposure in human tumorigenic and non-
tumorigenic lung cells leads to transcriptional down-regulation 
of the HDR proteins BRCA1, RAD51 and FANCD2 and the MMR 
protein MLH1, without down-regulation of NHEJ factors. This 
DNA repair factor repression appears functionally significant as 
nickel treatment reduces repair of DNA double-strand breaks by 
HDR, but not NHEJ, and acts as a radiosensitizer by preventing 
efficient repair of IR-induced DNA double-strand breaks. Finally, 
nickel initially led to reduced activity of the MLH1 promoter, 
but did not generate stable silencing as we and others have 
observed with hypoxia and arsenic. Together, our findings sup-
port a model in which nickel inhibits high-fidelity DNA repair 
pathways through acute hypoxia-mimetic transcriptional path-
ways, potentially contributing to nickel-induced carcinogenesis.

The gene expression and functional changes in DNA repair 
that we observe in nickel-treated cells have similarities to those 
induced by hypoxic stress. Specifically, hypoxia represses the 
high-fidelity HDR and MMR pathways but not the error-prone 
NHEJ pathway, through multiple transcriptional and epigenetic 
mechanisms (23–28). Given that nickel and hypoxia are known to 
have convergent effects on the iron- and 2-oxoglutarate-depend-
ent dioxygenases leading to activation of HIF-dependent tran-
scription and inhibition of histone demethylation, nickel likely 
regulates HDR and MMR expression through transcriptional and 
epigenetic mechanisms analogous to hypoxia. Arsenic can also 
lead to stabilization of HIF-1, but it does not activate the same 
hypoxia-induced transcriptional response (42,43), and we found 
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Figure 3.  Nickel exposure induces acute transcriptional changes similar to hypoxic exposure and leads to reduced mRNA levels of HR, but not NHEJ genes. (A) qRT-PCR 

analysis of HR and NHEJ gene expression in A549 cells after treatment with 0, 250 or 500 μM NiCl2 for 48 h. (B) qRT-PCR analysis of HR and NHEJ gene expression in 

BEAS-2B cells after treatment with 0, 100 or 250 μM NiCl2 for 48 h. (C) qRT-PCR analysis of HR gene expression in A549 cells after treatment with 0, 1 or 10 μM NaAsO2 

for 48 h. (D) qRT-PCR analysis of HR gene expression in BEAS-2B cells after treatment with 0, 1 or 5 μM NaAsO2 for 48 h. In panels A-D, mRNA expression levels were 

normalized to 18S rRNA expression and presented relative to control samples. Statistical analyses by unpaired t-test were performed with comparison to control 

samples. Columns, mean of three replicates; bars, SEM; ***significant at P < 0.001; **significant at P < 0.01; *significant at P < 0.05; #significant at P < 0.1; ns, not significant. 

(E) Venn diagrams showing genes down-regulated <0.5-fold or up-regulated >1.8-fold in BEAS-2B cells treated in triplicate with 100 μM NiCl2, 5 μM NaAsO2 or 1% O2 for 

48 h, based on mRNA expression profiling using an Illumina Human HT-12 v4 Expression BeadChip. (F) Heat map demonstrating hierarchal clustering of differentially 

expressed genes in BEAS-2B cells treated and analyzed by expression profiling as in Panel E.
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that arsenic did not lead to immediate changes in DNA repair 
gene transcription or protein expression. Interestingly, other 
studies have found that, although most heavy metals induce 
significant changes in transcription, the effects of different met-
als are largely independent (64). In our microarray analysis in 
BEAS-2B cells, we also found greater overlap between the tran-
scriptional effects of nickel and hypoxia than between nickel 
and arsenic. These results support our hypothesis that nickel 
acutely down-regulates HDR and MMR but not NHEJ via tran-
scriptional changes that are possibly more similar to hypoxia 
than other metals.

Although nickel-induced transcriptional down-regulation 
of DNA repair resembles the effect of hypoxia, we did not find 

comparable DNA repair gene silencing effects. In our assay 
using the MLH1 promoter reporter, we found that nickel initially 
increased the fraction of cells with MLH1 promoter silencing, but 
more prolonged treatment with nickel did not generate stable 
silencing. In contrast, we did observe an increase in stable silenc-
ing with hypoxia or arsenic treatment, consistent with previous 
studies (27,58,59). We hypothesize that this difference may be 
due to the potential of these treatments to induce DNA meth-
ylation. Nickel, arsenic, and hypoxia can all increase global DNA 
methylation and induce silencing at specific gene promoters. 
However, nickel is unique in that its effects on DNA methylation 
seem to be limited to regions adjacent to heterochromatin, sug-
gesting that it may act by inducing ‘heterochromatin spreading’ 

Figure 4.  Nickel acutely increases MLH1 promoter inactivation while arsenic induces long-term MLH1 promoter silencing. (A) Schematic of the MLH1 promoter reporter 

silencing construct. The active MLH1 promoter confers ganciclovir sensitivity and blasticidin resistance while MLH1 promoter silencing leads to ganciclovir resistance 

and blasticidin sensitivity. TK, thymidine kinase gene; BSR, blasticidin resistance gene; Neo, neomycin resistance gene; GCV, ganciclovir, Blast, blasticidin. (B) MLH1 pro-

moter silencing frequency in RKO cells after 1 week of treatment with 100 μM NiCl2, 0.5 μM NaAsO2, or hypoxia (1% O2), compared to untreated control cells. (C) MLH1 

promoter silencing frequency in RKO cells over 3 weeks of treatment with 100 μM NiCl2, 0.5 μM NaAsO2 or hypoxia (1% O2), compared to untreated control cells. (D) MLH1 

promoter silencing frequency in BEAS-2B cells after 1 week of treatment with 100 μM NiCl2, 1 μM NaAsO2 or hypoxia (1% O2), compared to untreated control cells. (E) 

MLH1 promoter silencing frequency in BEAS-2B cells over 3 weeks of treatment with 100 μM NiCl2, 1 μM NaAsO2 or hypoxia (1% O2), compared to untreated control cells. 

In panels B–E, statistical analyses by unpaired t-test were performed with comparison to untreated control cells at each time-point. Columns and points, mean of three 

replicates; error bars, SEM; ***significant at P < 0.001; **significant at P < 0.01; *significant at P < 0.05; #significant at P < 0.1; ns, not significant.
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rather than de novo DNA hypermethylation (65,66). The integra-
tion site of the MLH1 promoter reporter construct in our assay 
may have limited our ability to detect nickel-induced gene 
silencing. Thus, by including arsenic in this study, we have 
been able to elucidate some of the similarities and differences 
between the effects of nickel and hypoxia on DNA repair.

Previous studies have suggested that nickel can regulate 
certain types of DNA repair, either through direct enzyme inhi-
bition or through regulation of gene expression. Specifically, 
nickel has been shown to inhibit nucleotide and base excision 
repair, likely through direct inhibition of zinc finger or Jumonji 
domain-containing repair enzymes such as XPA, PARP and 
ABH2/3, thereby sensitizing cells to UV irradiation and alkylat-
ing agents (44–51). Nickel exposure has also been associated 
with down-regulation of a number of DNA repair genes includ-
ing MGMT, OGG1, and other DNA repair genes identified in an 
in vivo study conducted by Arita et al. (53–55). Down-regulation 
of the hypoxia-regulated HDR and MMR genes that we 
observed in our study illustrates an additional way in which 
nickel may regulate DNA repair. Of the DNA repair genes that 
we investigated, three were present in the group of 29 DNA 
repair genes that Arita et  al. found to be reduced in periph-
eral blood mononuclear cells of nickel refinery workers (54). 
These three genes, NHEJ1, XRCC5 and PRKDC, are all involved 
in NHEJ. We did not observe decreased expression of NHEJ1 
mRNA expression or decreased protein expression of KU80 or 
DNA-PKcs (the protein products of XRCC5 and PRKDC), possi-
bly due to the different cell types under study or the differ-
ences in duration of nickel exposure. In addition, it is possible 
that the effects of nickel exposure in vivo, through interactions 
with other environmental exposures or complex endogenous 
factors, may differ from the pure effects of nickel on cells in 
vitro. Further studies will be necessary to determine whether 
nickel-induced repression of HDR and MMR genes occurs in a 
functionally important manner in vivo.

Nickel does not induce mutagenesis in most assays that 
detect direct DNA damage, yet it has been shown to induce 
chromosomal aberrations when cells are treated for longer 
periods of time (2). In addition, nickel can potentiate the 
effects of DNA damaging agents such as cisplatin and mito-
mycin C (45). Cells with reduced repair of DNA double-strand 
breaks exhibit higher levels of baseline genomic instability 
and sensitivity to DNA damaging agents. Thus, our findings 
of nickel-induced down-regulation of HDR are consistent with 
the time course of nickel-induced genetic lesions and the 
co-carcinogenic effect of nickel with DNA damaging agents, 
and together with previous literature, suggest that nickel can 
impact cellular DNA repair on multiple levels, ranging from 
direct enzyme inhibition to modulation of DNA repair factor 
expression. Moreover, our study extends the reach of nickel-
mediated DNA repair regulation to the HDR and MMR path-
ways. One previous study investigated the effect of nickel on 
the repair of IR-induced DNA breaks but used only short-term 
nickel exposure and found inhibition of DNA double-strand 
break repair only with extremely high toxic dose of nickel (67). 
More recently, nickel was shown to sensitize yeast cells to ion-
izing radiation, consistent with our results in human cells (68). 
To our knowledge, our data are the first to demonstrate inhibi-
tion of DNA double-strand break repair and radiosensitization 
in human cells with non-toxic doses of nickel.

In conclusion, our results reveal a potential connection 
between nickel and hypoxia-mediated down-regulation of cel-
lular HDR and MMR DNA repair pathways. Nickel-induced inhi-
bition of HDR and MMR is particularly relevant as a potential 

source of genomic instability that could contribute to nickel-
related lung and nasal cancers. Altogether, our study contributes 
to the molecular understanding of heavy metal carcinogenesis, 
which will ultimately aid in the development of preventative 
and curative cancer therapies.
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