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Abstract

Fanconi Anemia (FA) is a rare genetic disorder and patients of FA 
exhibit progressive bone marrow failure, developmental defects and cancer 
predisposition. Mitochondrial dysfunction due to oxidative stress and higher levels 
of Reactive Oxygen Species (ROS) has been well documented in FA. Increase 
in the levels of Reactive Nitrogen Species (RNS) and Nitric Oxide Synthase 
(NOS) activity is often correlated with OS- related disorders which have altered 
mitochondrial function. Biological effects of Nitric Oxide (NO) and nitrosative 
stress depend on the cell type, concentration of NO, the time of incubation and 
cellular homeostasis. NO is known to have both prooncogenic as well as tumour 
-suppressing effects which are a result of regulation of S- nitrosylation, genome 
wide epigenetic changes and posttranslational modification of protein. NO plays 
strategic roles in metabolic and signalling pathways, making NO metabolism a 
key mediator in pathways that are responsible for supporting tumorigenesis. NO 
is also known to have important regulatory roles in the process of autophagy, 
which is an important mediator in the cross-talk with ROS and RNS. In the 
present study, we examined the interaction between ROS and NO, induction 
of apoptosis by NO and the possible role of NO in the pathogenesis of FA. 
Investigating the involvement of NO and NS and their interactions with the 
known hallmarks of FA will give a more comprehensive understanding of 
pathogenesis of FA.
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Introduction
Fanconi anemia is a recessive DNA repair disorder which is 

caused due to a defective FA/BRCA pathway. Bone marrow failure, 
epithelial cancers and myeloid malignancies are a hallmark of this 
disease which are often present along with abnormal pigmentation of 
skin, abnormalities in kidneys, gonads, upper limbs and other organs, 
growth retardation and microcephaly. The phenotypic variation 
displayed by FA patients is reflected at the genomic level by the defects 
in 22 identified genes which correspond to various complementation 

groups [1,2]. The clinical phenotype presented by FA patients often 
overlaps with many other nongenetic and genetic diseases which 
renders the diagnosis of FA based only on clinical manifestations 
unreliable. FA cells display characteristic hypersensitivity to the 
cytotoxic effects of DNA crosslinkers as Mitomycin C (MMC) and 
Diepoxy Butane (DEB) and hence is used as a diagnostic marker for 
the disease [3,4]. 

Oxidative stress and redox imbalances are highly implicated in the 
clinical pathogenesis and cellular defects presented by FA. Nordenson 
reported that superoxide dismutase could decrease chromosomal 
instability in FA [5]. Joenie et al., reported the presence of increased 
oxygen toxicity in FA cells [6]. An increase in Nitric Oxide Synthase 
(NOS) activity and thus, Reactive Nitrogen Species (RNS) is often 
correlated with ROS production in many OS related diseases which 
show abnormal mitochondrial function [7]. Biochemical effects of 
Nitric Oxide (NO) are evident in a wide range of nitrosylated and 
nitrated protein derivatives, DNA and lipids. Though a large number 
of studies point to evident cellular crosstalk between oxidative stress 
and nitrosative stress, the pathophysiological effect of NO and NS on 
FA have not been well studied, though few studies indicate that NO- 
derived species might have important role in FA pathogenesis [8]. 

Inhibiting the activity of NOS in C57BL/6 FancC-/- hematopoietic 
cells lead to an increase in inhibition of growth [9]. An increased 
growth inhibition of FancC-/- hematopoietic cells was observed 
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due to continued treatment with NO donor agents. A significant 
increase in the expression of erythrocyte 3- nitrotyrosine is observed 
in FA patients with marrow transplant undergoing chemotherapy 
suggesting that NS and OS controls are required during transplant 
related therapeutic routines [10]. In the present study we examined 
the interaction between ROS and NO, induction of apoptosis by NO 
and the possible role of NO in the pathogenesis of FA. Investigating 
the involvement of NO and NS and their interactions with the known 
hallmarks of FA will give a more comprehensive understanding of 
pathogenesis of FA.

Materials and Methods
Cell lines

RA1825 FA-C parental (FancC-/-) and RA1825 FA-C wildtype 
cell lines were a kind gift from Dr. Agata Smogorzewska, Rockefeller 
University. RA1825 cells are FA patient derived fibroblasts with 
biallelic deletions in FANCC gene which results in no FANCC protein 
expression. The FANCC WT cells contain vector which restores stable 
expression of FANCC protein. The cells lines have been immortalized 
with human telomerase catalytic subunit (hTERT).

Cell culture
FancC-/- and FancC WT cells were propagated in DMEM high 

glucose medium supplemented with 15% Fetal Bovine Serum (FBS), 
1X Penicillin, 1X Streptomycin and 1X Glutamax (Thermo Scientific, 
USA). The cultures were maintained at 37ºC and 5% CO2 humified 
incubator (FormaTM Steri-CycleTM CO2

 incubator, Thermo Scientific, 
USA). 2µg/ml Puromycin (Himedia, India) was additionally added to 
FANCC WT cells for positive selection.

Nitrite measurement by griess reagent
The levels of nitrite produced by FancC-/- and FancC WT cells 

were measured using Griess reagent. 100 µl spent media was added in 
96- well plates. Then the cells were washed with PBS and lysed by lysis 
buffer (50 mM Tris- HCl, 0.1 mM EDTA, 0.1mM EGTA, 1% Triton 
X and 1% SDS). The cells were scraped and centrifuged at 16000 g for 
5 min and pellet was discarded. 100 µl supernatant was added to 96- 
well plate. 100 µl Griess reagent was added to each well and incubated 
for 5 min following which absorbance was measured at 540 nm.

Cell viability analysis
5000 cells were seeded in 96- well plate and allowed to adhere 

overnight. The cells were then treated with NO donor Sodium 
Nitroprusside (SNP) for 1 hour in light, medium replaced and 
incubated further for 24 hours in dark. After incubation fresh 
media containing increasing concentration of MMC was added and 
incubated in dark for 2 hours. Medium was changed and the cells 
were allowed to grow for 72 hours following which cell viability was 
measured by MTT assay [11].

Acridine Orange-Ethidium Bromide (AO/EtBr) staining
The nuclear and morphological changes induced in FancC-/- and 

FancC WT cells were visualized by AO/EtBr staining by fluorescence 
microscopy [12]. 0.05 X 106 cells were seeded in 24- well plate and 
were allowed to attach overnight. Cells were then treated with SNP 
(0-5 mM). After the incubation, cells were stained with 1:1 AO/
EtBr (Sigma-Aldrich, USA) dye mix (1 µg/ml each) and incubated 
for 15 minutes in dark. Cells were then visualized and photographed 

immediately under fluorescence microscope (Nikon TiE, Japan).

Cell cycle analysis by flow cytometry
1 X 106 cells were seeded in 6- well plates and were allowed to 

attach overnight. Medium was changed and fresh medium containing 
increasing concentrations of SNP (0-5 mM) was added. After 
incubation cells were trypsinized, washed twice with PBS and fixed by 
adding 70% ethanol. The fixed cells were incubated at 4ºC for 1 hour 
following which they were centrifuged at 1500 g and washed twice 
with PBS. 300 µl PBS containing 0.5% Triton X- 100 and propidium 
iodide (PI) (50 µg/ml) and RNAse A (50 µg/ml) and incubated for 30 
minutes at 37ºC in dark. Cells were analysed by BD FACS CANTO II 
flow cytometer, USA [13].

Detection of intracellular Reactive Oxygen Species (ROS)
Intracellular ROS levels in FancC-/- and FancC WT cells was 

determined by using dichlorofluorescein- diacetate (DCFH- DA) 
probe. Cells were treated with different concentrations of SNP for 24 
hours following which cells were harvested. Cells were washed twice 
with PBS and then stained with 10 µM DCFH- DA and incubated 
for 30 minutes at 37ºC in dark. The fluorescence intensity was 
immediately recorded by flow cytometry.

Statistical analysis
Results are shown as mean ± standard deviation. All experiments 

were done in triplicates (n=3) and statistical analysis was performed 
in GraphPad Prism 8.0 using multiple t- test using Holm- Sidak 
method with alpha = 5%. P<0.05 was considered as statistically 
significant and were denoted as the following, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001.

Results and Discussion
Nitrite levels were higher in FancC-/- cells

Nitrite (NO2
-) is a non-volatile, stable and primary products of 

breakdown of NO and hence can provide information about NO 
in the system. Measurement of nitrite by Griess reagent revealed 
that the amount of nitrite in FancC-/- cells was significantly higher 
than FANCC WT cells suggesting a possible role of NO in the 
pathophysiology of FA (Figure 1). Our data supports earlier studies 
that have demonstrated an increase in 3- nitrotyrosine levels in FA 
patients [14] and established the effect of NOS on genomic instability 
in FANCC-/- cells [9].

NO increased the generation of intracellular ROS in 
FancC-/- cells

The effect of NO on intracellular ROS generation was studied by 
using the fluorescent probe DCFH- DA and flow cytometry analysis. 
DCFH- DA is a cell permeable, non- fluorescent dye which in the 
presence of ROS like superoxides or peroxides is transformed to 
fluorescent DCF. A concentration dependent increase in the intensity 
of DCF was detected in FancC-/- SNP treated cells. Treatment with 
increasing concentration of SNP (1, 2, 5 mM) induced 5.8-, 7.3- 
and 7.9-fold increase respectively, in ROS levels when compared to 
FancC WT cells (Figure 2) and 2.128-, 2.66- and 2.89-fold increase 
respectively, when compared FancC-/- untreated cells. A 2.73-
fold change was observed in FancC-/- untreated cells as compared 
to FANCC WT cells. These data suggest that NO leads to an 
accumulation of intracellular ROS in FancC-/- cells.
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NO increased the sensitivity of FancC-/- cells to 
cytotoxicity of MMC

FA cells are hypersensitive to the clastogenic effects of MMC. 
A large body of data suggests that cytotoxicity of MMC in FA cells 
is dependent on oxidative stress [15,16]. Clarke et al; demonstrated 
that MMC could induce apoptosis only under normoxic conditions. 
They also demonstrated that toxicity of MMC is directly correlated 
to ROS in FA-C cells [17]. Overexpression of NO significantly 
increased the cytotoxic effect of MMC. Cell viability gradually 
decreased with an increase in NO concentration and corresponding 
MMC concentration. Percentage cell viability of 1 mM SNP treated 
FancC-/- cells was significantly lower than FancC-/- untreated cells 
across all concentrations of MMC (Figure 3a). Similar reduction in 
cell viability was observed in FancC-/- cells treated with 2 mM (Figure 
3b) and 5 mM SNP (Figure 3c).

NO increases the population of apoptotic cells in FancC-/- 
cells

To determine the effect of NO on the progression of cell cycle, 
FancC-/- cells were treated with 0-, 1- and 5-mM SNP and then 
analysed by flow cytometry. Damaged DNA, for example DNA 

containing a large proportion of double stranded breaks (common 
in apoptotic cells) often leaks out from cells fixed with ethanol during 
staining and constitutes the Sub G0 population in the DNA histogram. 
Treatment of cells with increasing concentration of NO lead to an 
increase in the Sub G0 population in FancC-/- cells. The difference 
in Sub G0 population in FancC WT and untreated FancC-/- cells was 
insignificant. However, the Sub G0 population was increased from 
0.8% to 5.33% for FancC-/- cells treated with 1 mM SNP (p = 0.01) 
and to 9.85% in FancC-/- cells treated with 5 mM SNP (p=0.01). 
The difference between Sub G0 population of FancC-/- cells treated 
with 1 mM SNP and 5 mM SNP was also significant with p = 0.02 
(Figures 4a and 4b). These results indicate that NO induces cell death 
via apoptosis in FancC-/- cells in a concentration dependent manner.

Exposure to NO lead to a concentration dependent 
increase in apoptosis in FANCC-/- cells

AO/EtBr staining was performed on FancC-/- and FancC WT 
cells to examine apoptosis induction by NO. AO is cell permeable and 
can stain both dead and viable cells, however, EtBr can only stain cells 
with diminished membrane integrity [18]. Cells were treated with 
increasing concentration of SNP (1-, 2- and 5-mM SNP). The changes 

Figure 1: Measurement of Nitric Oxide produced by FANC-C WT and FancC-/- (Par) cells by Griess Reagent (a) Intracellular (b) Spent media. Analysis of 
nitrite by Griess reagent revealed that intracellular NO levels in FancC-/- (Par) cells was significantly higher than FancC WT cells.

Figure 2: NO increases intracellular ROS levels in a dose dependent manner. The effect of NO on intracellular ROS generation was studied by using the 
fluorescent probe DCFH- DA. FancC-/- (Par) and FancC WT cells were treated with 1-, 2- and 5-mM SNP for 1 hour and incubated in light. SNP was then removed 
and cells were allowed to grow in fresh medium for 24 hours after which intracellular ROS levels were measured. There was a dose dependent increase in the 
generation of ROS after treatment with NO.
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Figure 3: Exposure to NO increases the sensitivity of FancC-/- (Par) cells to DNA damage by MMC and decreases cell viability. Cell viability was significantly 
decreased with increasing concentration of MMC in FancC-/-  cells treated with (a) 1 mM SNP (b) 2 mM SNP and (c) 5 mM SNP.

Figure 4: Effect of NO on the progression on cell cycle. (a) Cell cycle histograms of FancC WT and FancC-/- cells treated with increasing concentration of 
SNP (b) Graphical representation of the cell cycle distribution of SNP treated FancC-/- (Par) and FancC WT cells. NO increased the SubG0 population of cells in 
a concentration dependent manner.
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Figure 5: The effect of NO on morphological changes in FancC WT and FancC-/- (Par) cells after dual staining with AO/EtBr. (a) Fluorescent microscope 
images showing an increase in the red fluorescence in FancC-/-   cells after treatment with increasing concentration of SNP. Scale bar corresponds to 100 µm. (b) 
Graphical representation of mean red fluorescence of FancC WT and FancC-/- cells after treatment with increasing concentration of SNP. A significant increase in 
apoptosis was observed in FancC-/- cells after treatment with increasing concentration of NO.

in colour of individual cells were indicative of apoptosis. Untreated 
FancC WT and FancC-/- cells live and exhibited bright green colour. 
FancC-/- cells treated with SNP displayed gradual increase in 
apoptotic cell death (orange colour) (Figure 5a). Increase in apoptotic 
cells was evident by the increase in mean red fluorescence (Figure 5b).

Conclusion
Oxidative stress has been established as a major contributor in 

the clinical pathogenesis of FA. Despite strong evidence suggesting 
correlation between oxidative stress and nitrosative stress and 
a clear crosstalk between RNS and ROS, the effect of NS in the 
pathophysiology of FA has been overlooked [19]. The present study 
provides evidence that NS is a key player in FA which is evident 
from the significantly higher levels of nitrite in FancC-/- cells than 
FancC WT cells. It is also established that NO directly increases the 
levels of ROS in FancC-/- cells. NO was also shown to increase the 
sensitivity of FancC-/- cells to the clastogenic effect MMC, which is 
similar to the effect of oxidative stress. Together these data suggest 
that NO might have direct roles in increasing oxidative stress in FA. 
Furthermore, NO was shown to induce apoptosis in FancC-/- cells in 
a concentration dependent manner as is evident from the significant 
increase in the Sub G0 population by flow cytometry as well as increase 
in red fluorescence as observed by fluorescence microscope by AO/
EtBr staining. Thus, it can be concluded from the above results that 
NO might have important regulatory roles in the pathophysiology of 
FA. Further studies are needed in order to conclusively determine the 
correlation between NOS2, ROS generation and apoptosis induction 
by NO.
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