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Abstract
Hypoxia mimic nickel(II) is a human respiratory carcinogen with a suspected epigenetic mode of
action. We examined whether Ni(II) elicits a toxicologically significant activation of the tumor
suppressor p53, which is typically associated with genotoxic responses. We found that treatments
of H460 human lung epithelial cells with NiCl2 caused activating phosphorylation at p53-Ser15,
accumulation of p53 protein and depletion of its inhibitor MDM4 (HDMX). Confirming activation
of p53, its knockdown suppressed the ability of Ni(II) to upregulate MDM2 and p21 (CDKN1A).
Unlike DNA damage, induction of GADD45A by Ni(II) was p53-independent. Ni(II) also
increased p53-Ser15 phosphorylation and p21 expression in normal human lung fibroblasts.
Although Ni(II)-induced stabilization of HIF-1α occurred earlier, it had no effect on p53
accumulation and Ser15 phosphorylation. Ni(II)-treated H460 cells showed no evidence of
necrosis and their apoptosis and clonogenic death were suppressed by p53 knockdown. The
apoptotic role of p53 involved a transcription-dependent program triggering the initiator caspase 9
and its downstream executioner caspase 3. Two most prominently upregulated proapoptotic genes
by Ni(II) were PUMA and NOXA but only PUMA induction required p53. Knockdown of p53
also led to derepression of antiapoptotic MCL1 in Ni(II)-treated cells. Overall, our results indicate
that p53 plays a major role in apoptotic death of human lung cells by Ni(II). Chronic exposure to
Ni(II) may promote selection of resistant cells with inactivated p53, providing an explanation for
the origin of p53 mutations by this epigenetic carcinogen.
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Introduction
Nickel is an important industrial metal that has long been used in plating and manufacturing
of several large-volume alloys and Ni-Cd batteries. A more recent application of Ni is its use
in the production of carbon nanotubes, which release Ni(II) ions inside the cells causing
toxic effects (Liu et al., 2007). Chronic inhalation of Ni(II) compounds has been associated
with the impairment of pulmonary functions and pathological changes in the lung.
Occupational exposures to Ni(II)-containing compounds have also been linked to the
increased incidence of respiratory cancers (Goodman et al., 2011; Salnikow and Zhitkovich,
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2008). The carcinogenic potential of Ni(II) is further supported by its ability to cause tumors
in experimental animals via inhalation and other routes of administration. Ni(II) also
displayed strong transformation activities in various cellular models (Bierdermann and
Landolph, 1987; Maehle et al., 1992; Miura et al., 1989). However, unlike most other human
carcinogens, Ni(II) showed almost no mutagenic activity in the standard test systems (Costa
et al., 2005; Salnikow and Zhitkovich, 2008) although it has been found to promote the
formation of pre-mutagenic 8-oxo-dG (Huang et al., 1995; Qu et al., 2001). The apparent
lack of mutagenicity along with evidence of chromatin remodeling and gene silencing point
to the importance of nongenotoxic mechanisms in Ni(II) carcinogenicity (Lee et al., 1995;
Costa et al., 2005; Salnikow and Zhitkovich, 2008).

Treatments of cells with Ni(II) led to the activation of several stress-sensitive signaling
processes and transcription factors, such as ATF-1, NF-κB, NFAT and others (Ding et al.,
2006; Gao et al., 2010; Huang et al., 2006; Salnikow et al., 1997). Surprisingly, Ni(II) was
also a very potent inducer of a gene expression program driven by the hypoxia-responsive
transcriptional factor HIF-1 (Salnikow et al., 2000; Salnikow et al., 2003). Similar to
hypoxia, upregulation of hypoxia-sensitive genes by Ni(II) resulted from stabilization of
HIF-1α protein. Blockage of proteasomal destruction of HIF-1α in Ni(II)-treated cells was
attributed to inhibition of HIF-1α-targeting prolyl hydroxylases through Fe(II) displacement
(Davidson et al., 2006) and a depletion of their cofactor ascorbate (Salnikow et al., 2004).
Accumulation of HIF-1α in hypoxic cells is responsible for stabilization of the p53
transcriptional factor (An et al., 1998; Chen et al., 2003). Human lung cancers frequently
harbor mutations in the p53 gene (Pfeifer and Besaratinia, 2009) and Ni(II)-transformed
human cells also contained mutated p53 (Maehle et al., 1992). Thus, p53 is expected to play
a significant role in Ni(II) carcinogenicity. Published data on the ability of Ni(II) to
upregulate p53 are contradictory (Ding et al., 2009; Huang et al., 2006; Salnikow et al.,
1999), which could be related to the use of different cellular models and biochemical
readouts of p53 activation. No studies have yet examined whether p53 is involved in the
manifestation of toxicological responses to Ni(II), such as apoptosis or other forms of
cytotoxicity.

In this work, we conducted a detailed examination of p53 activation by Ni(II) in human lung
cells that have normal p53 responses. We found that Ni(II) ions induced a robust
upregulation of the p53 pathway, which was a major contributor to apoptosis and clonogenic
death. HIF-1α was completely dispensable for the p53 stabilization by Ni(II), pointing to a
major difference in stress signaling for this hypoxia mimic versus hypoxia. Our findings
suggest that p53 inactivation in carcinogenesis by nonmutagenic Ni(II) could result from a
selective outgrowth of apoptosis-resistant cells containing mutated p53.

Materials and Methods
Chemicals

NiCl2•6H2O (BioReagent grade) was obtained from Sigma-Aldrich (St. Louis, Missouri,
USA). Freshly prepared stock solutions of NiCl2 were always used. All other salts and
buffers were also purchased from Sigma. Z-VAD-fmk was from BD Biosciences (San Jose,
California, USA).

Cells and treatments
H460 cells were purchased from the American Type Culture Collection (ATCC, Manassas,
Virginia, USA) and maintained in RPMI 1640 medium supplemented with 10% serum and
pennicilin/streptomycin. IMR90 fibroblasts were obtained from ATCC and propagated in
DMEM medium containing 15% serum. H460 cells were grown in the humidified
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atmosphere containing 95% air and 5% CO2 while IMR90 fibroblasts were kept at 5% O2
and 5% CO2. Cells were treated with NiCl2 in complete growth media.

Knockdowns with shRNA and siRNA
A stable knockdown of p53 expression in H460 cells was created by infection with an
shRNA-expressing pSUPER-RETRO vector. Empty and scrambled shRNA-coding vectors
were obtained from Oligoengine (Seattle, Washington, USA). The supplier's recommended
conditions were followed for the insertion of the desired oligonucleotides. The targeting
sequences was GACTCCAGTGGTAATCTAC. Retrovirus packaging, infection and
purmycin selection conditions have been described previously (Reynolds et al., 2004). A
loss of vector expression in the infected populations was prevented by a continous presence
of 1.5 µg/mL puromycin in the growth media. HIF-1α was downregulated by a transfection
of H460 cells with 50 nM ON-TARGETplus SMARTpool siRNA from Thermo Scientific
(Waltham, Massachusetts, USA). H460 cells were transfected with 50 nM siRNA using
Lipofectamine RNAimax from Invitrogen (Grand Island, New York, USA) one day after
seeding. Ni(II) treatments were done 24 hr after the transfection.

Western blotting
Soluble protein extracts were prepared as described earlier (Reynolds and Zhitkovich, 2007).
Proteins were separated by a standard SDS-PAGE and electrotransferred to ImmunoBlot
PVDF membrane (Bio-Rad, Hercules, California, USA). Primary antibodies: PARP (9542),
pS15-p53 (9284), hexokinase II (2106), cleaved caspase 3 (9661) and caspase 9 (9502) were
from Cell Signaling Technology (Danvers, Massachusetts, USA), p21 (SX118) and HIF-1α
(610958) were from BD Biosciences (San Jose, California, USA), MDM4 (A300-287A)
from Bethyl Laboratories (Montgomery, Texas, USA), p53 (DO-1) from Santa Cruz (Santa
Cruz, California, USA), tubulin (T6557) from Sigma (St. Louis, Missouri, USA).

Cell death
The FITC-Annexin V staining kit from BD Biosciences (San Jose, California, USA) was
used for a simutaneous detection of apoptotic and necrotic cells. Attached and floating cells
were combined and washed twice with PBS and a binding buffer. Cells were then stained
with FITC-Annexin V and 7-aminoactinomycin D (7-AAD) for 15 min at room temperature
followed by immediate FACS analysis (FACSCalibur, BD Biosciences). Leakage of cellular
lactate dehydrogenase (LDH) was measured by a kit from Cayman Chemical (Ann Arbor,
Michigan, USA).

RT-qPCR
RNA was extracted with the TRIzol reagent from Invitrogen (Grand Island, New York,
USA), purified with the RNeasy mini kit from Qiagen (Valencia, California, USA) and
treated with DNase I. RNA samples were assessed for purity by a Nanodrop
spectrophotometer and stored at −80°C. cDNA was produced by the RT First Strand kit
according to manufacturer’s instructions (SABiosciences-Qiagen, Valencia, California,
USA). All PCR primers were obtained from SABiosciences and amplification reactions
were carried out using the ABI 7900HT Real-Time PCR system (Applied Biosystems,
Carlsbad, California, USA). Four housekeeping genes (B2M, HPRT1, RPL13A, ACTB)
were used for normalization purposes. Differences in gene expression were calculated by the
2−DDCt method.

Clonogenic survival
Cells (400–800 per 60-mm dish) were seeded in triplicates per dose and allowed to attach
overnight. The medium was replaced and cells were treated with Ni(II) for 24 hr. At 7–8
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days post-exposure, colonies were fixed with methanol and stained with a commercial
Giemsa solution (Sigma-Aldrich, St. Louis, Missouri, USA).

Results
p53 activation by Ni(II) ions

Many common cell lines, including nontumorigenic immortalized lines, are p53-deficient
genetically or functionally, which can partially explain contradictory findings in the
previous studies on the ability of Ni2+ ions to activate p53 (Ding et al., 2009; Huang et al.,
2006; Salnikow et al., 1999). We have chosen H460 human lung epithelial cells as our
primary cellular model because this cell line displayed normal p53 responses to different
stressors (Reynolds and Zhitkovich, 2007; Wong et al., 2012; Zhang et al., 2006). H460 are
also sensitive to Ni(II)-induced apoptosis (Patel et al., 2012; Pietruska et al., 2011). We first
examined biochemical parameters related to p53 activation after treatments of H460 cells
with Ni(II) for 24 hr, as this metal typically exhibits delayed stress responses. Ni(II)-exposed
H460 cells showed a very strong accumulation of HIF-1α protein, verifying Ni(II) uptake
and confirming the intactness of this important stress response in the selected cell model
(Fig. 1A). Our assessement of p53 included measurements of its Ser15 phosphorylation,
protein levels and induction of its target gene the CDK inhibitor p21 (CDKN1A). Ser15
phosphorylation is important for dissociation of the E3 ligase MDM2 and accumulation of
p53 via stabilization (Kruse and Gu, 2009; Toledo and Wahl, 2006). We found that Ni(II)
was a potent activator of the p53 pathway as evidenced by clear increases for all three
measured parameters (Fig. 1A). Next, we examined mRNA levels for several p53-associated
proteins and their dependence on the presence of p53. Consistent with the stabilization
mechanism for the observed p53 protein accumulation, Ni(II)-treated cells showed no
increase in the amount of the p53 mRNA (Fig. 1B, left panel). The same panel demonstrates
a very efficient, >10-fold reduction in the p53 mRNA concentration in H460 cells stably
expressing p53-targeting shRNA. Expression of two well-known target genes for
transactivation by p53, p21 and MDM2, was increased by Ni(II) in a p53-dependent manner
(Fig. 1B). GADD45A, another commonly induced gene by p53, showed a very strong
upregulation by Ni(II) but this response was similar in cells with normal and shRNA-
depleted p53 levels (Fig. 1B).

Activation of p53 by prolonged treatments with Ni(II) can potentially result from a
nonspecific cytotoxicity-induced stress, which would not be very significant biologically. To
test a potential involvement of cell death processes, we treated H460 cells only for 6 hr and
examined p53-related stress signaling. We found these short treatments with 0–600 µM
Ni(II) were sufficient to strongly increase protein levels of HIF-1α (biomarker of Ni2+

uptake) but they produced no immediate cell death, as evidenced by a complete absence of
the early apoptotic marker, PARP cleavage (Fig. 1C). A long-term viability of cells treated
with 0–600 µM Ni(II) for 6 hr was also very high (Fig. 1D). Despite a lack of cytotoxicity,
these short Ni(II) treatments clearly increased p53 protein levels and its Ser15
phosphorylation (Fig. 1C). Ni(II)-treated cells also showed a depletion of MDM4 (MDMX)
protein, which acts as an inhibitor of transactivation activity of p53. MDM4 mRNA levels
were unchanged by Ni(II) irrespective of p53 status (Fig. 1B, middle panel).
Downregulation of MDM4 after genotoxic stress is caused by its increased proteolysis
(Toledo and Wahl, 2006; Wong et al., 2012). Finally, we determined that activation of p53
was not specific to H460 cells, as normal human lung fibroblasts also showed strongly
increased Ser15-p53 phosphorylation and p21 induction by Ni(II) (Fig. 1E).
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Role of p53 in Ni(II)-induced cell death
Biochemical and gene expression evidence of p53 activation raised a question about its
potential involvement in the engagement of cell death programs in Ni(II)-treated cells. It is
known that the biological effects of transcriptionally active p53 can be suppressed by other
branches of stress signaling (Beckerman et al., 2009; Gottifredi et al., 2001). Our findings on
p53-independence of GADD45A induction by Ni(II) also pointed to a more limited
spectrum of gene upregulation compared to the canonical p53 response to DNA damage by
ionizing radiation (Toledo and Wahl, 2006). The role of p53 in cell fate decisions can
involve activation of either apoptosis (Toledo and Wahl, 2006) or a recently discovered
form of necrosis triggered by opening of the mitochondrial permeability transition pore
(Vaseva et al., 2012). To simultaneously assess both necrosis and apoptosis, we performed
FACS analysis of intact H460 cells stained with Annexin V and 7-AAD. Fig. 2A shows
typical FACS profiles of control and Ni(II)-treated cells co-stained for apoptotic (Annexin
V) and necrotic (7-AAD) markers. Apoptosis was a principal form of cell death by Ni(II), as
evidenced by only marginal amounts of Annexin V-negative/7-AAD-positive cells (Fig.
2A,B). Our assignment of double-positive cells (top-right quadrant) in Ni(II)-treated groups
as late apoptotic cells was based on three considerations: (i) presence of early apoptotic cells
but no early necrotic cells, (ii) a visible track of cells from live to the top-left quadrant (early
apoptosis) to the top-right quadrant, and (iii) the top-right quadrant cells had a significantly
lower forward scattering, which is indicative of apoptotic cell shrinkage. To further
investigate a mode of cell death by Ni(II). we examined a leakage of cellular LDH, which
occurs in all forms of necrosis but also in late apoptosis. We found a dose-dependent
increase in extracellular LDH but this response was completely suppressed by the addition
of the pancaspase inhibitor z-VAD-fmk (Fig. 2C), confirming the absence of necrotic cell
death by Ni(II). Cells with stable knockdown of p53 showed significantly lower levels of
apoptotis by Ni(II) (Fig. 2B). Ni(II) treatments also produced much lower amounts of
caspase-mediated PARP cleavage in p53-depleted cells (Fig. 2D), further supporting the
pro-apoptotic role of p53. The loss of p53 also resulted in a significantly higher long-term
viability of Ni(II)-treated cells (Fig. 2E), indicating that a suppression of p53-dependent
apoptosis did not result in a compensatory upregulation of alternative forms of cell death.
The survival advantage of Ni(II)-treated cells with p53 deficiency was comparable to that of
cells treated with the radiomimetic bleomycin (Fig. 2F).

Mechanism of p53-induced apoptosis
The involvement of p53 in apoptosis can occur via transcription-dependent and -independent
mechanisms (Green and Kroemer, 2009; Mihara et al., 2003), which could trigger a
mitochondrial apoptotic pathway targeting the initiator caspase 9. Activating autocleavage
of procaspase 9 at Asp315 and Asp330 generates p35 and p37 active subunits, respectively
(Li et al., 1997; Zou et al., 1999). We found that Ni(II) treatments of cells with normal levels
of p53 produced both forms of active caspase 9 (Fig. 3A), with a dose-dependence similar to
that of PARP cleavage (Fig. 2C). Caspase 9 activation showed a strong dependence on the
presence of p53, as evidenced by a barely detectable presence of active 35 and 37 kDa
caspase 9 forms in p53 knockdown cells (Fig. 3A). Suppression of caspase 9 processing by
p53 depletion also eliminated activating cleavage of its downstream executioner caspase 3
(Fig. 3B), which plays a major role in PARP cleavage and apoptotic death in general (Gray
et al., 2012).

To assess a potential involvement of the transcription-dependent apoptotic mechanism, we
first examined the effects of the p53 inhibitor, pifithrin-α (Komarov et al., 1999). We found
that the addition of pifithrin-α completely abrogated the formation of the 37 kDA form of
caspase 9 and strongly diminished the levels of the 35 kDa product in Ni(II)-treated cells
(Fig. 4A). Next, we examined expression of 11 apoptosis-related genes by RT-qPCR. We
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found that Ni(II) did not cause any significant changes in mRNA levels for proteins that
form complexes with caspase 9, such as CASP9 itself, its adaptor protein APAF1 or the
inhibitory protein BIRC5 (Fig. 4B). Among the main pro-apoptotic genes that are known to
be p53-responsive, expression of PUMA (BBC3) and NOXA (PMAIP1) showed the
strongest increases following Ni(II) exposure but only PUMA induction was suppressed by
p53 knockdown (Fig. 4C). Another gene with the p53-dependent upregulation by Ni(II) was
BTG2, which promotes apoptotic mitochondrial depolarization (Hong et al., 2005). Among
anti-apoptotic genes, BCL2 and BCL2A1 showed no signifcant changes in response to
Ni(II), wheareas MCL1 levels were moderately higher in Ni(II)-treated shp53 cells (Fig.
4D). Taken together, suppression of caspase 9 cleavage by pifithrin-α and upregulation of
pro-apoptotic PUMA and BTG2 on mRNA level support the importance of the
transcriptional mechanism in the induction of apoptosis by p53.

Independence of HIF-1α and p53 responses to Ni(II)
Activation of both HIF-1α and p53 pathways by Ni(II) raises a question whether these two
stress responses are interconnected. We found that p53 knockdown had no effect on Ni(II)-
induced upregulation of mRNA levels for GAPDH and HK2 (Fig. 5A), which are known
HIF-1α target genes in hypoxic and Ni(II)-treated cells (Salnikow et al. 2003). Upregulation
of HK2 (hexokinase II) on protein level and HIF-1α protein stabilization by Ni(II) were also
unchanged by shRNA-mediated depletion of p53 (Fig. 5B). Consistent with the p53-
independence of HIF-1α responses, time-course studies showed that HIF-1α stabilization
preceeded accumulation of p53 and its Ser15 phosphorylation in Ni(II)-treated cells (Fig.
6A). Despite its earlier upregulation, HIF-1α was dispensable for p53 activation by Ni(II),
as evidenced by normal p53 stabilization, Ser15-p53 phosphorylation and MDM4 depletion
in cells with HIF-1α knockdown by siRNA (Fig. 6B).

Discussion
Biological significance of p53 activation by Ni(II)

Our examination of Ni(II)-treated H460 human lung epithelial cells and normal human lung
fibroblasts found several lines of methologically diverse evidence supporting activation of
the p53 pathway. The biochemical set of evidence includes elevated Ser15-p53
phosphorylation, accumulation of p53 protein and diminished levels of its inhibitor MDM4.
Ni(II) also caused a strong upregulation of the p53 target genes, such as the E3 ubiquitin
ligase MDM2, the CDK inhibitor p21 (CDKN1A) and the proapoptotic factor PUMA
(BBC3). Importantly, the induction of these genes was suppressed by p53 knockdown,
providing a genetic confirmation for the presence of the transcriptionally active p53 in
Ni(II)-treated cells. The activated p53 was also important for manifestation of Ni(II)-
induced cytotoxic effects, such as apoptosis and clonogenic death. Although p53 activates a
necrotic cell death in response to H2O2 and ischemia (Vaseva et al., 2012), we found no
detectable necrosis in H460 cells treated with the hypoxia mimic Ni(II). Ni(II) has been
reported to elevate cellular levels of H2O2 (Huang et al., 2006), however, it appears that
these increases are insifficiently high to induce necrosis.

The p53-mediated apoptosis involved a transcription-dependent apoptotic program resulting
in activation of the initiator caspase 9 and the executioner caspase 3. Caspase 9 is activated
by pro-apoptotic factors released from mitochondria by pores-forming oligomers of
conformationally altered BAX and BAK (Li et al., 1997; Wei et al., 2001; Zou et al., 1999).
Upregulation of PUMA expression probably played a major role in p53-mediated apoptosis
by Ni(II), as this BH3 domain-containing protein alone can cause apoptosis via a
conformational activation of BAX and BAK (Garrison et al., 2012; Jeffers et al., 2003; Ren
et al., 2010). The p53-mediated induction of BTG2 by Ni(II) was more moderate than that
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for PUMA but it can help promote mitochondrial depolarization (Hong et al., 2005) and
release of caspase 9-activating mitochondrial proteins. Unlike ionizing radiation (Oda et al.,
2000), a strong induction of another BH3-only member NOXA was p53-independent for
nongenotoxic Ni(II) and it appeared to have only little if any direct effect on caspase 9
activation. Similarly to other members of the “sensitizers” group of proapoptotic BH3
proteins, NOXA alone is unable to induce BAX/BAK-dependent apoptosis (Green and
Kroemer, 2009), which explains a strong antiapoptotic effect of p53 depletion (no PUMA
induction) despite the remaining high levels of NOXA. The main role of NOXA in apoptosis
involves release of proapoptotic proteins from sequestration by the antiapoptotic protein
MCL1 (Green and Kroemer, 2009; Kim et al., 2009). The observed upregulation of MCL1
in p53-depleted cells would help neutralize pro-apoptotic functions of NOXA. In p53-
proficient human lung cells, Ni(II)-induced apoptosis most likely involves cooperative
effects of both PUMA and NOXA, with the p53-dependent increase in PUMA providing the
apoptotic trigger. Ni(II)-treated rat pancreatic β-cells also showed cleavage of caspases 9
and 3, which was dependent on JNK activity (Wu et al., 2011). However, it is unclear
whether Ni(II) and/or JNK affected Puma or Noxa levels in this cellular model, as this study
examined only Bak and Bid expression and detected very modest ~1.5-fold increases for
both genes by 2.2 mM Ni(II). We found no changes in BID expression in H460 cells treated
with 0.4 mM Ni(II), a dose that caused >10-fold induction of PUMA and NOXA.

Previous studies have reported contradictory findings on the ability of Ni(II) to activate p53.
Salnikow et al. (1999) have found increased levels of p53 protein in Ni(II)-treated human
A549 and MCF7 cells although the toxieologieal role of this response was not established.
Two subsequent studies were unable to detect p53 activation by Ni(II) (Ding et al., 2009;
Huang et al., 2006). We confirmed the earlier observation on p53 stabilization (Salnikow et
al., 1999) and provided genetic and biochemical evidence for transeriptional activity of p53
and its role in apoptotic responses to Ni(II). Our RT-qPCR studies showed that p53
upregulated only a subset of its target genes, which would make it difficult to detect p53
activation using reporter constructs and this can explain negative findings by Huang et al.
(2006). The negative study by Ding et al. (2009) used SV40-transformed BEAS-2B cells in
which p53 is inactivated by binding with SV40 large T-antigen, making p53 completely
unresponsive in this cell line.

p53 activation is independent of HIF-1α
Upregulation of HIF-1α protein and its transeriptional network is a prominent cellular
response to the hypoxia-mimicking Ni(II) ions (Costa et al., 2005; Salnikow et al., 2003;
Salnikow and Zhitkovich, 2008). A rapid and strong stabilization of HIF-1α followed by
increased expression of its target genes was also found in our experiments with Ni(II)-
treated H460 human lung cells. Hypoxia-induced accumulation of p53 has been shown to be
dependent on the presence of HIF-1α (An et al., 1998). Stabilization of p53 protein in
hypoxic cells has been attributed to binding of its E3 ligase MDM2 by HIF-1α, which
inactivates p53 ubiquitylation (Chen et al., 2003). We found that a loss of HIF-1α did not
prevent p53 stabilization by Ni(II), pointing to a mechanistically distinct mode of p53
activation by this hypoxia mimic. The postulated inhibition of MDM2 by HIF-1α binding
(Chen et al., 2003) also cannot explain other p53-stimulating responses, such as Ser15-p53
phosphorylation and lower MDM4 levels in Ni(II)-treated cells. We noticed that the
microarray gene expression data showed a similar induction of the p53 target gene p21 in
Ni(II)-treated wild-type and Hifla-null mouse fibroblasts (Salnikow et al., 2003), further
supporting our conclusion on the HIF-1α independence of p53 activation by Ni(II).
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Implications for Ni-induced carcinogenesis
Chronic exposures to Ni-containing compounds cause lung cancers (Goodman et al., 2011;
Salnikow and Zhitkovich, 2008). A high percentage of human lung tumors contain
mutations in p53 gene (Pfeifer and Besaratinia, 2009), which was also mutationally
inactivated during Ni(II)-induced transformation of human cells (Maehle et al., 1992). Ni(II)
is a potent carcinogen but its mutagenicity is low in both bacterial and mammalian cells
(Costa et al., 2005; Salnikow and Zhitkovich, 2008), which leads to a question how p53
mutations can arise in Ni(II)-dependent carcinogenesis. Our findings on the importance of
p53 in Ni(II)-induced cell death suggest that chronic exposures to cytotoxic doses of Ni(II)
ions could select for resistant lung cells with the pre-existing p53 mutations. Malignant
transformation by Ni(II) is associated with a sustained presence of high cellular
concentrations of Ni(II) ions (Costa and Mollenhauer, 1980; Goodman et al., 2011; Ke et al.,
2007; Munoz and Costa, 2012), which is consistent with the proposed cytotoxicity-based
selection mechanism. The formation of pre-mutagenic DNA lesions (Huang et al., 1995; Qu
et al., 2001) and the proposed selection mechanism are not necessarily mutually exclusive
causes of Ni(II)-transformed cells with mutated p53, as both processes are expected to act
cooperatively by increasing the initial number of the mutated clones and promoting their
expansion, respectively (Fig. 7).
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Highlights

• Ni(II) is a strong activator of the transcription factor p53.

• Apoptosis is a principal form of death by Ni(II) in human lung epithelial cells.

• Ni(II)-activated p53 triggers a caspase 9/3-mediated apoptotic program.

• NOXA and PUMA are two main proapoptotic genes induced by Ni(II).

• HIF-1α and p53 are independent stress responses to hypoxia-mimicking Ni(II).
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Figure 1. Activation of the p53 pathway by Ni(II) in human lung cells
(A) Western blots of protein extracts from H460 cells treated with Ni(II) for 24 hr. (B) RT-
qPCR analysis of mRNA levels in H460 cells expressing nonspecific (sh-SCR) and p53-
targeting (sh-p53) shRNA. Cells were treated with 400 µM Ni(II) for 24 hr. Data are means
±SD for three independent RNA samples (***- p<0.0001 relative to sh-SCR+Ni). (C)
Western blots for H460 cells treated with Ni(II) for 6 hr. (D) Clonogenic survival of H460
cells treated with Ni(II) for 6 hr (means±SD, n=3). (E) Phosphorylation of p53 at Ser15 and
p21 expression in IMR90 fibroblasts treated with Ni(II) for 24 hr.
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Figure 2. Role of p53 in Ni(II)-induced apoptosis
(A) Representative FACS profiles of control and Ni(II)-treated H460 cells stained with
Annexin V and 7-AAD. Attached and floating cells were collected immediately after 24 hr
exposure to Ni(II). (B) Ni(II)-induced apoptosis and necrosis in H460 cells with nonspecific
(sh-SCR) and p53-targeting shRNA (sh-p53). Cells were stained with Annexin V and 7-
AAD and analyzed by FACS. Background-subtracted values are shown (means±SD, n=3,
**- p<0.01 relative to sh-SCR). (C) LDH leakage from H460 cells treated with Ni(II) for 24
hr in the presence or absence of 50 µM z-VAD-fmk (means±SD, n=4, ***- p<0.001 relative
to samples without z-VAD-fmk). (D) PARP cleavage in H460 cells following 24 hr
exposure to Ni(II). (E) Clonogenic survival of H460 cells expressing nonspecific and p53-
targeting shRNA. Cells were treated with Ni(II) for 24 hr. Data are means±SD from three
clonogenic experiments with 3 dishes per dose (**- p<0.01 relative to sh-SCR). (F)
Clonogenic survival of control and p53-depleted H460 cells treated with bleomycin for 3 hr
(means±SD for 3 dishes).
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Figure 3. Effect of p53 knockdown on activation of caspases 9 and 3
(A) Western blot of H460 lysates with antibodies against a full-length caspase 9. Cells were
treated with Ni(II) for 24 hr. (B) Levels of cleaved caspase 3 in control and p53-depleted
H460 cells following 24 hr exposure to Ni(II).
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Figure 4. Role of the transcriptional mechanism in p53-mediated apoptosis
(A) Inhibition of caspase 9 autocleavage in Ni(II)-treated H460 cells by pifithrin-α (PFT).
Cells were treated with PFT and Ni(II) for 24 hr. (B–D) Expression of apoptosis-related
genes in control and p53-depleted H460 cells following 24 hr exposure to 400 µM Ni(II).
Data are means±SD for three independent RNA samples (**-p<0.01 relative to sh-SCR+Ni).
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Figure 5. HIF-1α responses in p53-depleted cells
(A) GAPDH and HK2 mRNA levels in H460 cells expressing nonspecific (sh-SCR) and
p53-targeting shRNA (sh-p53). Cells were treated with 400 µM Ni(II) for 24 hr. Data are
means±SD for three independent RNA samples. (B) Western blot of cell lysates collected
following 24-hr long Ni(II) exposures.
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Figure 6. Activation of p53 in cells with depleted HIF-1α
(A) Western blot of H460 cells treated with Ni(II) for 0–6 hr. (B) Activation of p53 in H460
cells with normal and siRNA-depleted expression of HIF-1α. Cells were treated with Ni(II)
for 6 hr.
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Figure 7. Major steps in p53-mediated apoptosis by Ni(II) and a selection model for p53
mutations in Ni(II)-induced tumors
PUMA is the main pro-apoptotic factor upregulated by Ni(II) via p53 activation. Apoptotic
resistance of Ni(II)-treated cells lacking functional p53 results from their induction of
antiapoptotic MLCl and the inability to transactivate PUMA. Both endogenous and Ni(II)-
promoted mutations can serve a source of resistant cells with inactivated p53 (p53-mut).
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