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ABSTRACT Fanconi anemia (FA) is a unique DNA damage repair pathway. To date,
22 genes have been identified that are associated with the FA pathway. A defect in
any of those genes causes genomic instability, and the patients bearing the muta-
tion become susceptible to cancer. In our earlier work, we identified that Fanconi
anemia protein G (FANCG) protects the mitochondria from oxidative stress. In this
report, we have identified eight patients having a mutation (C.65G�C), which con-
verts arginine at position 22 to proline (p.Arg22Pro) in the N terminus of FANCG.
The mutant protein, hFANCGR22P, is able to repair the DNA and able to retain the
monoubiquitination of FANCD2 in the FANCGR22P/FGR22P cell. However, it lost mi-
tochondrial localization and failed to protect mitochondria from oxidative stress. Mi-
tochondrial instability in the FANCGR22P cell causes the transcriptional downregula-
tion of mitochondrial iron-sulfur cluster biogenesis protein frataxin (FXN) and the
resulting iron deficiency of FA protein FANCJ, an iron-sulfur-containing helicase in-
volved in DNA repair.

KEYWORDS DNA damage, ICL cross-link, FANCG, FANCJ, iron-sulfur cluster,
mitochondria, genomic instability, DNA damage

The imbalance between DNA damage and the damage repair rate influences
genomic instability, a common phenomenon and a prerequisite for cancer. The

amalgamation of DNA damage by different agents (endogenous or exogenous) and
lacking a DNA repair ability can augment the genomic mutation rate. It can cause the
loss of heterozygosity (LOH), which in turn may activate the proto-oncogenes, deacti-
vate the tumor suppressor gene, or both: therefore, it can act as a precursor for the
deregulation of genes associated with cell cycle and cellular signals (1–3).

Under normal circumstances, when the extent of DNA damage in a cell is irrepara-
ble, these cells undergo mitochondrion-controlled apoptotic death (4), thereby pre-
cluding cellular anomaly. Oxidative radicals are the most abundant endogenous DNA-
damaging agents, primarily produced by mitochondria, and studies have established
the empirical relationship between the genomic instability and the overproduction of
reactive oxygen species (ROS) resulting from mitochondrial dysfunction (5–7). Previous
study of yeast has shown an association of mitochondrial function with genomic DNA
integrity (8), whereas, recently, Ichim’s group has shown that under certain conditions,
mitochondrial caspase may lead to nuclear DNA damage and genomic instability (9).
Therefore, the role of mitochondria in malignancy is irrefutable because mitochondria
significantly act as an essential bridge between cell survival and death and are not
limited to energy production and metabolism.

Several studies have reported the alteration of both the mitochondrial and nuclear
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genomes in different types of cancers (10–12). While the mitochondrial stability and
nuclear genomic stability complement each other, the precise underlying mecha-
nism of mitochondrion-mediated nuclear genomic stability is vaguely comprehen-
sive. Loss of mitochondrial membrane potential causes multiple anomalies, includ-
ing downregulation of iron-sulfur cluster (ISC) biogenesis, an essential mechanism
for the Fe-S domain-containing proteins involved in nuclear genomic stability (13).
Daniel E. Gottschling’s group further substantiated the essential role of iron-sulfur
cluster synthesis in genomic stability by using a specific mutant strain of Saccha-
romyces cerevisiae (3). Although the above observation is compelling with regard to
mitochondrial participation in genomic integrity, the involvement of a human-
pathogenic mutant study in this process will further accentuate the underlying
mechanism of mitochondrion-mediated nuclear genomic stability.

In this report, we explore the hypothesis by describing the mutation of a Fanconi
anemia (FA) patient cell, FA subtype G (FANCG). FA is a rare, hereditary, genomic
instability and cancer susceptibility syndrome. Congenital disabilities and bone marrow
failure are the prominent features of FA patients. After consecutive bone marrow
transplantation (BMT), patients suffer from BMT-associated problems and undergo
increased cancer risk, including hematological malignancies and head and neck cancer
(14). To date, FA has 22 genes that are primarily involved in interstrand cross-link (ICL)
repair, caused by exogenous alkylating agents such as mitomycin C (MMC) or endog-
enous metabolites such as formaldehyde and acetaldehydes (15). Upon damage, out of
22 proteins, eight (FANCA, -B, -C, -E, -F, -G, -L, and -M) form a FA core complex (16). The
FA core complex formation initiates the monoubiquitination of the ID2 complex, which
in turn binds the damaged part of the chromatin and, in association with other FA
proteins and non-FA proteins, repairs the ICL damage via a homologous recombination
pathway (16). The repair complex mostly consists of several exonucleases, endonu-
cleases, and helicases, including FANCJ.

FANCJ is an ATP-dependent DEAH superfamily 2 helicase that unwinds the duplex
DNA or resolves G-quadruplex DNA structures (17) and is the part of the subfamily of
Fe-S cluster-containing helicase-like proteins, including XPD, RTEL1, and CHL1 (18, 19).
The study of FANCJ pathogenic mutation shows that the iron-sulfur (Fe-S) cluster is
essential for FANCJ helicase activity but not for its ATPase activity (20). FANCJ cells are
highly sensitive to ICL agents, and mutation studies suggest its association with cancer
(21). Thus, FANCJ has an essential role in ICL damage repair and in maintaining genome
stability.

The earlier observation of distorted mitochondrial structure and loss of mitochon-
drial membrane potential in FANCG-compromised cells due to elevated ROS highlights
the sensitivity of the FA cell to oxidative stress (22). Hence, many groups, including our
own, have debated the role of FA proteins in mitochondria (23, 24). Our previous
studies show that FA subtype G (FANCG) localizes to mitochondria and alleviates the
mitochondrial oxidative stress by preventing degradation of the calpain protease-
mediated mitochondrial protein peroxiredoxin 3 (PRDX3) and protects its peroxidase
activity (22). This information suggests that FA proteins are involved in oxidative stress
metabolism.

In this report, we have identified the N-terminal 30 amino acids, which are unique
to humans, of the mitochondrial localization signal (MLS) of FANCG. Human mutation
studies confirmed both the nuclear and mitochondrial roles of FANCG. The objective of
the current study was to identify the defect of FANCJ in FANCG mutant cells
(FANCGR22P) due to oxidative stress-mediated mitochondrial dysfunction. In conclu-
sion, we show that specific mutation in the mitochondrial localization signal of FANCG
results in mitochondrial dysfunction, which thus results in genomic instability.

RESULTS
Identification of mitochondrial localization signal of human FANCG. While FA

proteins are known for their role in the nuclear DNA damage repair (DDR) regulation,
our earlier studies show that human FANCG (hFANCG) protein protects the mitochon-
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drial peroxidase PRDX3 from calpain cleavage and eventually protects the mitochon-
dria from oxidative stress (22). Hence, this brings up the question of how the FANCG
protein migrates to mitochondria. Of the thousands of nuclear proteins that migrate to
mitochondria (25), some have a mitochondrial localization signal. However, many of
them do not have an identifiable signal peptide. Generally, proteins migrate to mito-
chondria through the interaction of TOMs (mitochondrial outer membrane protein) and
TIMs (mitochondrial inner membrane protein), and some proteins enter with the help
of carrier proteins (26). Human FANCG contains a tetratricopeptide repeat (TPR) motif,
which is known to facilitate protein-protein interaction (27). Initially, we thought that
FANCG might interact with some TPR-containing TOM proteins. However, immunopre-
cipitation (IP) studies did not support this idea (data not shown).

There are several online tools available for the identification of the signal peptide
sequence in proteins for cellular localization, including mitochondrial localization sig-
nals (MLSs) (28). In silico analyses (see Table S1 and Fig. S1 in the supplemental material)
confirmed our previous observation of mitochondrial localization of hFANCG (22).
Specifically, iPSORT analysis identified the N-terminal 30 amino acids of hFANCG as an
MLS or mitochondrial targeting peptide (mTP) (Fig. 1A). The MLS is unique in hFANCG
because it is absent in other species (Fig. 1B and Table 1). Earlier, we confirmed the
mitochondrial localization of hFANCG by both biochemical analyses (cellular fraction-
ation) and cell biology (22). Here we have confirmed the in silico prediction of the MLS
of FANCG by cell biology (expression of the protein in a mammalian cell line). Therefore,
we performed the colocalization study with C-terminal enhanced green fluorescent
protein (EGFP)-tagged N-terminal deletion FANCG constructs (05DEL, 09DEL, 18DEL,
24DEL, and MLSDEL [where the number in front of “DEL” represents the number of
amino acids deleted and MLSDEL has 30 amino acids deleted]) containing ATG se-
quences as a start codon along with the mitochondrial marker MitoTracker (Mito-
DsRed2) (Fig. 1C). All of these deletion constructs were sequenced, and the open
reading frame was confirmed. Each deletion construct, as well as a wild-type control,
was transiently expressed along with MitoTracker in HeLa cells and was analyzed by a
deconvolution microscope (Axio Observer.Z1 [Carl Zeiss] with Axiovision software and
ImageJ). While the wild-type FANCG fused with EGFP showed perfect colocalization
with MitoTracker in mitochondria of HeLa cells (Fig. 1C), the deletion constructs showed
a reduction in colocalization with MitoTracker (Fig. 1C) that was ultimately lost follow-
ing the deletion of 18, 24, and 30 amino acids (MLSDEL) (Fig. 1C). The scatter plot (Fig.
1C) and comparative study of Pearson’s correlation coefficient (PCC) (Fig. 1D) further
bolstered the microscopic colocalization study both graphically and statistically. These
colocalization studies corroborate the in silico-predicted N-terminal 30 amino acids of
FANCG as a mitochondrial targeting peptide (mTP) that determines the mitochondrial
localization of human FANCG.

Human mutant FANCGR22P has lost mitochondrial localization but not nuclear
localization. We further looked for pathogenic mutations in the MLS of hFANCG. We
identified eight FA patients with a single-nucleotide polymorphism (SNP) of hFANCG
reported in the Fanconi Anemia database of Rockefeller University (http://www.rocke-
feller.edu/fanconi/; also see the Leiden Open Source Variation Database [LOVD v.3.0]
and Catalogue Of Somatic Mutations In Cancer [COSMIC] database). A single nucleotide
missense mutation (C.65G�C) resulted in the conversion of arginine presented at
position 22 of the MLS of hFNACG into proline (Arg22Pro). The iPSORT analysis
predicted the loss of mitochondrial migration of this mutant protein (R22P) (see Fig.
S2A and B in the supplemental material). During the initial structural study, the
secondary structure prediction suggested that the MLS of hFANCG has an alternate
stretch of coil and helix and incorporation of the mutation (C.65G�C: Arg22Pro) has
resulted in the disruption of the helix (marked by a green box) due to the formation of
the coil in the secondary structure of mutant FANCGR22P (marked by a red box) (Fig.
2A). Since the crystal structure of hFANCG is unknown, we modeled the tertiary
structure of both wild-type hFANCG and the hFANCGR22P mutant. The modeled
tertiary structure of mutant hFANCGR22P also confirmed the secondary structure
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FIG 1 Identification of the mitochondrial localization signal of human FANCG. (A) iPsort analysis of the human FANCG (highlighted sequences were
predicted as MLS); (B) analysis of the conserved amino acids among the N-terminal region of the FANCG. (C) Colocalization studies of hFANCG-EGFP and
MitoTracker in HeLa cells. Blue (DAPI) represents the nucleus, green represents the hFANCG-EGFP, red represents mitochondria, yellow represents the merged

(Continued on next page)
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prediction of helix disruption compared with the wild-type hFANCG (Fig. 2B). While the
structural study shows the effect of the SNP on the folding pattern of hFANCG protein,
it does not vouch for the iPSORT prediction of loss of mitochondrial translocation of the
hFANCGR22P mutant. Therefore, we made a C-terminal EGFP-tagged hFANCGR22P
mutant construct and transiently expressed it in HeLa cells along with MitoTracker. The
colocalization study suggested the complete loss of migration of R22P into mitochon-
dria (Fig. 2C). The intensity plot shows only one co-occurrence area for hFANCGR22P
and MitoTracker (marked by the black box), and the PCC value is also very close to 0
(PCC, 0.214). It further strengthens the claim of the mislocalization of hFANCGR22P into
mitochondria both graphically and statistically compared with the wild-type hFNACG
(PCC, 0.817) (Fig. 2C). The further extension of the colocalization study with different
passages of HeLa cells as well as in FANCG knockout (KO) fibroblast cells strengthened
the iPSORT prediction of the hFANCGR22P mutant’s inability of mitochondrial localiza-
tion (Fig. S2C and D). There were few FA patients with an SNP reported in the LOVD and
COSMIC databases that causes the substitution of serine into phenylalanine (S07F)
present at position 7 of FANCG. We suspected that phosphorylation of this serine might
have an impact on the FANCG translocation into the mitochondria, as phosphorylation
at serine 7 of FANCG plays a crucial role in the FA pathway (29, 30) that mediates the
formation of BRCA2/D1-FANCD2-FANCG-XRCC3 complex (D1-D2-G-X3 complex), inde-
pendent of FA core complex and D2 monoubiquitination (27). Therefore, we made the
C-terminal EGPF-tagged pathogenic mutant of FANCG serine 7 (S07F) and transiently
expressed it into the HeLa cells along with MitoTracker. The colocalization study
showed that FANCGS07F mutant protein could localize into the mitochondria, which is
further supported by the intensity plot and the PCC value (Fig. 2C). These results
collectively suggest that the arginine at position 22, but not the serine at position 7, of
the MLS is essential for mitochondrial localization.

FANCG, as a member of the FA core complex, remains associated with chromatin
upon nuclear DNA damage, and therefore, we searched whether the mutant protein
R22P can migrate to the nucleus. The cell biology studies in HeLa cells suggest that the

FIG 1 Legend (Continued)
image, and white represents the colocalized point. (D) The graph represents the Pearson’s correlation coefficient for colocalizaion of wild-type and truncated
hFANCG-EGFP and MitoTracker in HeLa cells. The values of Pearson’s correlation coefficient (PCC) for colocalization of wild-type and N-terminal deletion FANCG
constructs (05DEL, 09DEL, 18DEL, 24DEL, and MLSDEL) in mitochondria of HeLa cells were 0.859 � 0.04, 0.72 � 0.04, 0.559 � 0.07, 0.53 � 0.07, 0.418 � 0.06, and
0.398 � 0.06, respectively (***, P � 0.0001). For panels C and D, “WT” represents the wild type, and in 05DEL five amino acids were deleted, in 09DE nine amino
acids were deleted, in 18DEL 18 amino acids were deleted, in 24DEL 24 amino acids were deleted, and in MLSDEL the entire MLS was deleted.

TABLE 1 Localization of FANCG in mitochondriaa

SL
no. Species name Amino acid sequence Entry name(s) Gene name

iPSORT prediction
for mitochondrial
localization

1 Homo sapiens (human) MSRQTTSVGSSCLDLWREKNDRLVRQAKVA C9JSE3_HUMAN FANCG Yes
2 Mus musculus (mouse) MSSQVIPALPKTFSSSLDLWREKNDQLVRQ FANCG_MOUSE,

A4QPC9_MOUSE,
Q8OX51_MOUSE,
Q8VHS1_MOUSE

Fancg No

3 Mus musculus (mouse) MSSQVIPALPKTFSSSLDLWREKNNQLVRQ B9EJ17_MOUSE Fancg No
4 Xenopus laevis (African clawed frog) MAGDCLTLWMEENNVIVNQWRDSASYANTF A6Y874_XENLA Fancg No
5 Xenopus laevis (African clawed frog) MAGLPATPQSLPLELSVLYNMLIFHIHSTS A6YGN3_XENLA Fancg No
6 Xenopus tropicalis (Western clawed frog) MAGDCLTLWLEENNVIVSQWQGSTSCANTP F6QKB1_XENTR Fancg No
7 Cricetulus griseus (Chinese hamster) MSSQIMSALSQTSSSTLDLWKDKNDRLVEQ Q9EQS1_CRIGR FancG No
8 Rattus norvegicus (rat) MSSQIIPSLPKTFSSSLDLWREKNDQLVRQ A0A0G2JWL4_RAT Fancg No
9 Danio rerio (zebrafish) (Brachydanio rerio) MSVIPCLVDRWSEENNNIILAWKQNEQSLQ Q70YH6_DANRE Fancg No
10 Danio rerio (zebrafish) (Brachydanio rerio) MSVIPCLADRWSEENNNIILAWKQNERSLQ A2CE52_DANRE fancg No
11 Oryzias latipes (Japanese rice fish) MNQQQSLFDYWTEENNELVRNCKEGQNAVG Q70LG7_ORYLA Fancg No
12 Gallus gallus (chicken) MKRLRCGTAPEPGCLQAWAAECEALAGRWR Q7SZH6_CHICK FANCG No
13 Bos taurus (bovine) MAHQTPLGSSASHVSCLDLWREKNDQLVRQ A7E3X0_BOVIN FANCG No
aShown are N-terminal sequences of FANCG from various species, including humans, for its localization in mitochondria using the iPSORT prediction tool. Results for
humans (Homo sapiens) are in boldface.
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FIG 2 Localization of FANCGR22P in HeLa cells. (A and B) Secondary structure (A) and modeled 3D structure (B) of wild-type and R22P FANCG.
(C) Colocalization of wild type (WT), R22P, and S07F versions of FANCG and MitoTracker in HeLa cells. The arrows represent the direction of
fluorescence intensity analysis. PCC, Pearson’s correlation coefficient. (D) Nuclear localization of the WT and R22P in HeLa cells treated with MMC.
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mutant protein FANCGR22P could migrate to the nucleus upon MMC treatment like the
wild-type FANCG (Fig. 2D). So, FANCG human mutant R22P is very unique, as it lost its
mitochondrial localization but retained the nuclear localization.

FANCGR22P cells are sensitive to oxidative stress but resistant to ICL agents. In
order to elucidate whether the FANCG human mutant R22P is functional in the nucleus
or not, we developed an R22P stable fibroblast (FANCGR22P) cell line (see Materials and
Methods) in the background of FANCG�/� parental fibroblast cells (Fig. 3A and B). We
performed Western blotting to examine the MMC-mediated FANCD2 monoubiquitina-
tion in the R22P stable cells, FANCG corrected cells (�/�), and in FANCG parental (�/�)
cells (Fig. 3C). Surprisingly, like FANCG corrected cells, FANCD2 monoubiquitination was
observed in the R22P stable cells upon MMC treatment (Fig. 3C, lanes 1 and 2), which
was absent in FANCG parental cells treated with MMC (Fig. 3C, lane 3) and also in the
cells not treated with MMC (Fig. 3C, lanes 4, 5, and 6). This experiment confirmed that
FANCG human mutant protein R22P could participate in the formation of the FA core
complex in the nucleus. In order to understand the DNA repair ability of the R22P
mutant, we performed drug sensitivity tests on FANCG corrected, parental, and R22P
fibroblast cells with increasing concentrations of MMC and cisplatin separately for 2
days and 5 days. Cell survival was determined using MTT [3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide] and the trypan blue assay (Fig. 4; see Fig. S3 in
the supplemental material). To our surprise, even with 5 days of treatment with drugs
at increasing concentrations, the R22P stable cells showed resistance to both MMC and
cisplatin, like the FANCG corrected cells (Fig. 4A to D), and these results were also valid
for formaldehyde treatment for 2 h (Fig. 4G; Fig. S3G). These drug sensitivity results
suggested that FANCG human mutant protein R22P can form the FA core complex and
can repair the ICL damage.

FIG 3 Development of the FANCGR22P stable cell line. The R22P construct was stably integrated into the genome
of the FANCG parental cell by Lentivector pLJM1-EGFP (Addgene). (A) GFP expression confirms the stable
expression of R22P in FANCG parental cells. (B) Cells were treated with MMC (lanes 1, 2, and 3) or not treated (lanes
4, 5, and 6), and cell lysates were used for Western blotting with FANCG antibody. The expression of FANCGR22P
was confirmed in the stable cell (lanes 2 and 5). (C) FANCD2 monoubiquitination studies of the FANCG corrected,
FGR22P, and FG parental cells. Cells were treated with MMC (lanes 1, 2, and 3) or not treated (lanes 4, 5, and 6) and
blotted with FAND2 antibody. FANCD2-L represents the monoubiquitinated proteins, and FANCD2-S represents the
normal FANCD2 proteins.
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In contrast, when the cells were treated with hydrogen peroxide for 2 h and 24 h,
like FANCG parental cells, R22P cells showed sensitivity to oxidative stress (Fig. 4E and
F; Fig. S3E and F). This result also confirms our previous observation (22) of FANCG
protein’s role in mitochondria concerning sensitivity to oxidative stress due to dimin-
ished peroxidase activity. In summary, we can conclude that FANCG has dual roles: DNA
damage repair in the nucleus and oxidative stress metabolism in mitochondria.

Correlation between mitochondrial instability and genomic instability. The
R22P mutant can repair the genomic DNA; however, it fails to protect the mitochondria
from oxidative stress. Despite the nuclear DNA damage repair ability, FANCGR22P
patients are susceptible to cancer (31). Therefore, the question remains of whether
oxidative stress-mediated mitochondrial dysfunction influences the genomic DNA
damage or not. Mitochondria of the R22P patients are under constant (endogenous)
oxidative stress since birth that increases with age. Their genomic DNA is also under
constant threat by several exogenous and endogenous ICL agents. Thus, we experi-
mented on fibroblast cell lines to determine the extent of DDR in cells expressing the
R22P mutant protein. The 0-h experimental setup was the control for all the cell types.
The R22P cells, FANCG corrected cells, and FANCG parental cells were treated with mild
oxidative stress (10 �M H2O2) for 14 h (14) continuously, followed by treatment with a
low dose of MMC (100 nM) for 30 min at an interval of every 2 h. Then the cells were
stained with JC-1 dye to determine the loss of mitochondrial membrane potential (Δ�)

FIG 4 Drug sensitivity studies of FANCG corrected (black), FANCR22P (red), and FANCG parental cells (blue). Cells were treated with increasing concentrations
of drug (MMC and cisplatin) for 2 days (A and B) and 5 days (C and D), hydrogen peroxide (H2O2) for 2 h (E) and 24 h (F), and formaldehyde for 2 h (G). Cell
survival was determined by MTT assay. Each value is the mean from three experiments.
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and with a specific antibody to determine the �-H2AX focus formation in order to
analyze the nuclear DNA damage (Fig. 5A). The percentages of polarized (red) and
depolarized (green and yellow) mitochondria, along with the number of nuclear foci at
each time point, were counted in all three types of cells. From these results, we

FIG 5 Mitochondrial depolarization and nuclear DNA damage in FG corrected, FG parental, and FANCGR22P cells. Cells were treated with H2O2 (10 �M for 14
h) and MMC (100 nM for 30 min) at 2-h intervals. The nucleus was stained with �-H2AX antibody, and mitochondria were stained with JC-1. (A) The green dots
in the nucleus represent the �-H2AX foci. Red represents the healthy mitochondria, green represents the depolarized mitochondria, and yellow represents the
intermediate values. Arrows represent the time of MMC treatment. (B, C, and D) The graph represents the percentage of functional mitochondria and the
average number of foci in FANCG corrected cells, FANCGR22P cells, and FANCG parental cells. The values are the mean from multiple counts (more than three).
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determined the percentage of functional mitochondria and the number of nuclear foci
of the cells (8 to 10 fields, each of which contains 10 to 12 cells) as represented in
graphical form (Fig. 5B to D). In FANCG corrected cells, the percentage of depolarized
mitochondria was meager at initial time points (up to 6 h). From 8 h onwards, the
percentage of depolarization started to increase, and by 14 h, approximately 20% of
depolarized mitochondria were observed (Fig. 5B). However, in both FANCG parental
and R22P stable cells, the percentage of depolarized mitochondria was very high at
early time points (up to 6 h) compared to corrected cells (Fig. 5C and D), which
increased with time in both cells. At 14 h, approximately 35 and 40% of mitochondria
became depolarized in R22P and FANCG parental cells, respectively (Fig. 5A, C, and D).
So, these experiments suggest that oxidative stress-mediated mitochondrial dysfunc-
tion is very high in FANCG parental and R22P cells compared to FANCG corrected cells.

Similarly, in FANCG corrected cells, the number of �-H2AX foci was deficient at early
time points, and then the number of foci increased with time. However, compared to
the other two cells, the number of foci was low in FANCG corrected cells. At 14 h, the
intensities of the foci were diminished, which suggests the intact repair ability of the
FANCG corrected cells at that time point, which was not observed either in FANCG
parental or R22P cells (Fig. 5A). In FANCG parental cells, the number of foci was very
high at the initial time point of 2 h, and it continued to be high compared to both
FANCG corrected and R22P cells (Fig. 5). The FANCG protein was absent in parental cells
and, therefore, was unable to protect either the nuclear DNA or the mitochondria,
whereas in R22P cells, the fact that the number of foci was lower at the initial time
points of 2 to 12 h than in parental cells suggests that R22P cells can repair the DNA
at early stages. After that, the numbers of foci were almost equal in both cell lines
(FANCG parental and FANCGR22P) at a later stage (14 h [Fig. 5C]) due to the significant
increase in mitochondrial depolarization, which crossed the apparent threshold (Fig.
5A, C, and D). All of these observations suggest that mitochondrial dysfunction influ-
ences nuclear DDR.

Mitochondrial instability causes defective FANCJ in R22P cells. Nuclear genomic
instability can be the result of various types of mitochondrial dysfunction (32), including
the loss of mitochondrial membrane potential (Δ�). In yeast, mitochondrial membrane
potential loss inhibits the production of iron-sulfur prosthetic groups and thereby
impairs the assembly of Fe-S proteins (33), many of which act as an essential protag-
onist to maintain the nuclear genome (33–35).

FA subtype J (FANCJ) is an essential ISC-containing helicase (18) that participates in
ICL damage repair (36) to maintain genomic integrity. We attempted to observe the
transcriptional downregulation of several ISC-containing proteins involved in DNA
damage repair along with FANCJ by real-time PCR. In our initial experiment, we did not
observe transcriptional downregulation in the cells (FANCG corrected, FANCGR22P, and
FANCG parental) treated with H2O2 (10 �M) for 14 h, followed by 30 min of MMC
treatment every 2 h (data not shown).

Since the study of FANCJ pathogenic mutation reinforces the salient characteristics
of the iron in FANCJ for its helicase activity (20), we therefore wanted to compare the
status of the FANCJ protein in terms of iron binding in all three sets of fibroblast cells
at each time point of the experiment (10 �M H2O2 for 14 h, followed by 30 min of
treatment with100 nM MMC after every 2 h). Hence, we treated the cells under the
condition described above in medium containing labeled iron (55Fe), and after MMC
treatment, we collected the cells at every time point followed by cell lysis. An equal
amount of cell lysate was immunoprecipitated with FANCJ antibody and protein
A/G-agarose beads, followed by quantitation of 55Fe to estimate the amount of iron in
FANCJ (37). We compared the amounts of iron present in FANCJ of each cell type at
different times with the amounts in their respective control counterpart cells (at zero
time) considered 100 (relative percentage). The continuous reduction of iron of FANCJ
with time was observed only in both the R22P and FANCG parental cells (Fig. 6A). While
an almost 50% loss of iron of the FANCJ protein was observed in FANCG parental and
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FIG 6 Quantification of the amount of iron present in FANCJ protein of FG corrected, FG parental, and FGR22P cells. (A) The amount of 55Fe at 0 h was
considered 100, and the relative amount of 55Fe was calculated at each time point. Each result is the mean from the minimum of three experiments.

(Continued on next page)
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FANCGR22P cells at later stages (8, 10, 12, and 14 h) (Fig. 6A) compared to FANCG
corrected cells, the percentage of iron of FANCJ was unaltered or increased in FANCG
corrected cells. Western blot analysis confirmed the amount of FANCJ protein present
in each IP (Fig. 6B). These observations suggest that loss of mitochondrial membrane
potential (Δ�) causes iron depression of the FANCJ protein only in R22P stable and
FANCG parental cells. FANCJ is dependent on mitochondria for the Fe-S cluster domain
(18), but the iron-binding cytoplasmic protein ferritin is independent of mitochondria
for the iron source (38), and loss of iron was not observed in ferritin when used as a
control in these experiments (see Fig. S4 in the supplemental material). Thus, the in vivo
iron uptake experiment suggests that the high percentage of depolarized mitochondria
causes the iron deficiency of FANCJ in both R22P and FANCG parental cells, which
potentially affects the helicase activity.

Fe-S cluster metabolism occurs in mitochondria in two significant steps: (i) Fe-S
cluster synthesis and (ii) transfer of Fe-S cluster to recipient protein (Fig. 6D). A complex
of proteins is involved in each step (39). The Fe-S cluster biogenesis proteins are mainly
nuclear proteins that migrate into the mitochondria. The cause of the iron deficiency of
FANCJ protein in R22P and FANCG parental cells could be either the difficulty in
migration of the nuclear protein into mitochondria due to alteration of mitochondrial
membrane potential or the downregulation of Fe-S cluster proteins due to mitochon-
drial stress. The translocation of mitochondrial matrix protein depends on mitochon-
drial membrane potential or is ATP dependent (40), whereas the localization of the TOM
receptor (Tom70) utilizes preexisting TOM complexes (41) despite mitochondrial mem-
brane potential loss (3). To help elucidate this mechanism, we transiently expressed
C-terminal EGFP-tagged human Tom70 and Mito-DsRed2 MitoTracker into the R22P
cells. Cells without treatment showed complete colocalization of both Tom70 and the
MitoTracker; nevertheless, the cells treated with H2O2 did not show complete colocal-
ization (Fig. 6E). Thus, these results indicate that the translocation of mitochondrial
matrix protein depends on the mitochondrial membrane. We also studied the tran-
scriptional expression of the Fe-S cluster genes under oxidative stress in the FANCG
corrected and R22P cells. The cells were treated with 10 �M H2O2 for 12 h, followed by
treatment for 30 min with 100 nM MMC every 2 h, and we compared the levels of
expression of the genes in both cells by real-time PCR (Fig. 6C).

The expression of frataxin (Fxn) was significantly decreased in R22P cells compared
to FANCG corrected cells. The lower expression of FXN observed from 8 h of treatment
was consistent with the result shown in Fig. 6A: FXN is essential for Fe-S cluster
biogenesis. However, there was no alteration in the expression of NFU1 (Fig. 6C). NFU1
is responsible for the transportation of the Fe-S cluster to recipient proteins. Thus, these
results suggest that the transcription of the FXN is significantly reduced in R22P cells
compared to FANCG corrected cells because of the higher number of dysfunctional
mitochondria in R22P cells. However, decreased mitochondrial migration of the ISC
proteins due to loss of mitochondrial membrane potential also cannot be ruled out.

DISCUSSION
Unique mitochondrial localization signal of human FANCG. We have used

different in silico tools to identify the mitochondrial localization signal of human
FANCG. These tools predict two things: (i) whether the protein contains any mitochon-
drial localization signal and (ii) the mitochondrial localization of the protein. These
analyses strongly predicted the N-terminal 30 amino acids of human FANCG as a
mitochondrial localization signal (MLS) and correlated with the mitochondrial existence
of the human FANCG. The analysis of FANCG sequences from other species suggests

FIG 6 Legend (Continued)
(ns, nonsignificant; *, 0.01 � P � 0.05; **, 0.0001 � P � 0.0009; and ***, P � 0.0001, for � � 0.05). (B) Western blot of the cell lysates with FANCJ and
GAPDH antibody. (C) mRNA expression of FXN and NFU1 at different time points. (D) Diagram of Fe-S cluster biogenesis and transfer to recipient proteins
(53). (E) Colocalization of TOM70-EGFP and the MitoTracker in FANCGR22P fibroblast cells. (F) The graph represents the Pearson’s correlation coefficient
for colocalization of TOM70-EGFP and the MitoTracker in FANCGR22P fibroblast cells under treated and untreated conditions.
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that no species carries the MLS/mTP at either the N terminus or C terminus, except
humans. Thus, one hypothesis to explain this discrepancy is that the MLS region
evolved later in humans, and as a result, human FANCG has acquired the ability to
regulate mitochondrial function in addition to the nuclear DNA damage repair.

Interestingly, the FANCG knockout (KO) mice do not exhibit any severe phenotype.
FANCG cells derived from KO mice are only mildly sensitive to ICL agents but not
sensitive to oxidative stress (42–44). However, expression studies of FANCG in other
species will be required to help explain this result.

We have identified several mutations in the MLS region of human FANCG from the
LOVD and COSMIC databases, and their mitochondrial localization has been studied
(unpublished results). In this report, we have described one pathogenic mutation where
the proline has been substituted for the arginine at position 22 (FANCGR22P). The
transient expression of this pathogenic mutant fused with EGFP suggests its inability to
migrate into mitochondria, whereas the mutant protein S07F (FANCGS07F) fused with
EGFP showed its ability to migrate to mitochondria. This result suggests that not all
point mutations in MLS affect the mitochondrial migration of FANCG. In silico, we have
observed that mostly the mutation of the basic amino acids like lysine and arginine
hampers the mitochondrial localization (data not shown). The predicted structure
suggests that, as expected by many studies, the effects of proline insertions on
alpha-helical structures result in broken helix due to the replacement of arginine by
proline at the N terminus of FANCG. Several studies suggested the importance of
arginine for mitochondrial localization of proteins (45). A most interesting feature of
R22P mutant protein combines its inability to migrate to mitochondria with its ability
to translocate to the nucleus. The drug sensitivity test suggests that R22P stable cells
are resistant to ICL drugs like FANCG corrected cells and sensitivity to oxidative stress
like FANCG parental cells.

Western blotting of FANCD2 monoubiquitination in R22P cells also suggests the
ability of the mutant protein to form the FA complex. Thus, the phenotype of the R22P
pathogenic mutation resolves the long-lasting debate of FA protein’s role in mitochon-
dria. Recently (2017), Zhang et al. (24) argued the role of FANCD2 in mitochondrion
biosynthesis. Nevertheless, the FANCD2 monoubiquitination and its mitochondrial
localization (unpublished data) in R22P cells ruled out the possibility of FANCD2
association in mitochondrial instability of R22P cells. One can raise an open question
regarding the implication(s) of these results in the clinical diagnosis of FA patients.
From the clinical diagnosis perspective, these results could be helpful in many patients
who are diagnosed with FA by phenotypic features, although the drug sensitivity test
of their cells is negative (chromosome breakage test). Hence the performance of drug
test under a mild oxidative stress condition in those patients can help to reduce the
diagnostic anomaly (see Fig. S5 in the supplemental material).

Mitochondrial dysfunction causes defective FANCJ: mitochondrial instability
leads to genomic instability. The inability of the cell to repair DNA damage may result
in cancer. In this study, we have found that despite the genomic DNA repairability, the
R22P patients are yet affected by cancer (LOVD database). R22P cells are highly
sensitive to oxidative stress, which leads to loss of mitochondrial membrane potential
(22). From these two observations, we suggest that there is a correlation between
mitochondrial instability and genomic instability. Many studies suggest that mitochon-
drial DNA mutation and loss of mitochondrial membrane potential may cause cancer
(32). One proposed mechanism is that the reactive oxygen species (ROS) produced due
to mitochondrial dysfunction may destabilize the cellular macromolecules, including
the damage of genomic DNA (46). So far, an association of oxidative stress with
interstrand cross-linking (ICL) damage is not known. Hence, we attempted to elucidate
this association by an experiment that included both oxidative damage and ICL
damage in R22P cells (Fig. 5). The results suggest that R22P cells can repair the ICL
damage as long as there is a certain level of functional mitochondria in the cell; below
that, R22P cells fail to protect their genomic DNA from ICL damage. Fe-S-containing
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proteins are essential for their role in various cellular functions such as catalysis, DNA
synthesis, and DNA repair (47).

Fe-S proteins depend on mitochondria for their Fe-S domain because iron-sulfur
cluster (ISC) synthesis is one of the significant functions of mitochondria (39). Several
reports suggested that assembly of all ISC-containing proteins requires intact mito-
chondria (48). Even the loss of mitochondrial DNA or loss of mitochondrial membrane
potential impairs ISC biogenesis (13). Recently, Daniel Gottschling’s group has shown in
a yeast system that loss of mitochondrial DNA causes a defect in mitochondrial iron
metabolism (3). Nevertheless, this study is the first report of defective Fe-S-containing
protein FANCJ due to oxidative stress-mediated mitochondrial dysfunction. In vivo
studies in R22P cells suggest that a significant deficiency of iron in FANCJ helicase
occurs due to loss of mitochondrial membrane potential (Fig. 6A). Several studies
suggest that deficiency of iron of the Fe-S-containing protein may result in the loss of
helicase activity (20, 49). In our studies, we have studied only FANCJ, but this does not
preclude the idea that other Fe-S-containing cellular proteins involved in DNA damage
repair would also have affected (47). Altogether, our results strongly suggest that in
healthy cells, FANCG protects the mitochondria from oxidative stress. As a result,
mitochondria maintain the ISC biosynthesis and provide the Fe-S prosthetic for main-
taining the Fe-S domain of active FANCJ helicase, an essential element in the nuclear
DNA damage repair pathway (Fig. 7). In R22P cells, ISC biosynthesis is either low or
impaired due to mitochondrial dysfunction. We have identified the downregulation of
FXN in R22P cells compared to FANCG corrected cells under oxidative stress conditions.
FXN is an essential protein involved in ISC biogenesis, and the defect in ISC biosynthesis

FIG 7 Model to explain the mitochondrial instability leads to genomic instability. (A) In a normal cell, FANCG prevents
PRDX3 from calpain cleavage and maintains mitochondrial stability by reducing oxidative stress. Stable mitochondria
maintain the helicase activity of FANCJ by providing the ISC domain. (B) In the FGR22P cell, FANCG fails to migrate to
mitochondria, and PRDX3 is cleaved by calpain. Mitochondrial membrane potential (Δ�) is lost due to elevated oxidative
stress, and ISC biosynthesis is reduced. FANCJ lost its helicase activity due to insufficient iron in its Fe-S domain.
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leads to various human diseases. However, how the mitochondrial stress regulates the
transcription of Fxn is not known. One possibility is via SP1, a ubiquitous transcription
factor in the promoter region of the human fxn gene (50). The sumoylation of SP1
under oxidative stress and the subsequent lack of DNA binding have been reported
(51).

The difficulty in the mitochondrial import of nuclear proteins involved in ISC
biosynthesis provides another possibility. As a result, the depletion of iron or reduction
in Fe-S cluster synthesis will render FANCJ unable to repair the nuclear DNA (Fig. 7). We
found that there is a certain percentage of defective mitochondria in the cells that does
not affect the overall ISC biosynthesis in the cell. However, when this number decreases
to a critical threshold, then the ISC-containing proteins will undergo an iron crisis.
Further studies with R22P cells are required to identify the threshold percentage of
dysfunctional mitochondria. Our studies with specific FA mutations help to confirm the
relevance of the nonrespiratory function of mitochondria in disease progression, which
is not unique, but a common phenomenon, the known consequence of cellular
oxidative stress.

MATERIALS AND METHODS
In silico tools used. The following in silico tools were used: TargetP1.1 (http://www.cbs.dtu.dk/

services/TargetP/), the iPSORT server (http://ipsort.hgc.jp/), MitoProt (https://ihg.gsf.de/ihg/mitoprot
.html), PredotarMito (https://urgi.versailles.inra.fr/predotar/predotar.html), TPpred2.0 (http://tppred2
.biocomp.unibo.it/tppred2/default/help), RSLpred (http://www.imtech.res.in/raghava/rslpred/), iLocAnimal
(http://www.jci-bioinfo.cn/iLoc-Animal), and MultiLoc/TargetLoc (https://abi.inf.uni-tuebingen.de/Services/
MultiLoc).

Databases used. The following databases were used: the LOVD database (http://databases.lovd.nl/
shared/variants/FANCG/unique) and the COSMIC database (http://cancer.sanger.ac.uk/cosmic/gene/
analysis).

Protein structure prediction. An advanced version of the PSSP server was used for the prediction
of protein secondary structure by using the nearest-neighbor and neural network approach.

Tertiary structure was predicted by I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). Struc-
tural templates of the proteins were first identified from the Protein Data Bank (PDB) by the multiple-
threading approach LOMETS. Full-length atomic models were constructed using iterative template
fragment assembly simulations. The function insights into the target proteins were finally derived by
threading the three-dimensional (3D) models through the protein function database BioLiP.

Cell lines. The cell lines HeLa and HEK293 were obtained from ATCC and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% (vol/vol) fetal bovine serum (FBS) and 1	
penicillin-streptomycin (Himedia). FANCG corrected (FG�/�) and FANCG parental (FG�/�) fibroblast cells
were a generous gift from Agata Smogorzewska (The Rockefeller University, New York, NY). In contrast,
FANCG mutant (R22P) fibroblast cells were prepared in our laboratory and maintained in DMEM
supplemented with 15% (vol/vol) FBS and 1	 penicillin-streptomycin (Himedia).

Antibodies. The following rabbit polyclonal antibodies were used: anti-�-H2A.X (phospho-S139)
antibody ab2893, anti-FANCD2 antibody ab2187, anti-DDDDK tag antibody ab1162, anti-BACH1/BRIP1
antibody ab49657, and antiferritin antibody (Sigma) F5012. The following mouse monoclonal antibodies
were used: anti-FANCG antibody ab54645 and anti-GAPDH (anti-glyceraldehyde-3-phosphate dehydro-
genase) antibody ab9484.

Constructs. pcDNA3-EGFP (no. 13031), pLJM1-EGFP (no. 19319), pCMV-VSV-G (no. 8454), and
pSPAX2 (no. 12260) were obtained from Addgene. The construct pDsRed2-Mito, encoding a fusion of
Discosoma sp. red fluorescent protein (DsRed2) and a mitochondrial targeting sequence of human
cytochrome c oxidase subunit VIII (Mito), was purchased from Clontech Laboratories. Full-length FANCG
wild-type (FANCG-wt) cDNA was initially cloned into TA vector pTZ57R/T (Thermo Scientific), which was
further utilized as a template for the full-length and N-terminal deletion constructs of FANCG. Full-length
and N-terminal deletion (up to 30 amino acids) constructs of FANCG were subcloned into the KpnI and
EcoRI sites of pCDNA3-EGFP to encode C-terminal EGFP-tagged FANCG proteins. FANCG mutants were
constructed by the conventional PCR method, using full-length FANCG-wt-pcDNA3-EGFP as a template,
followed by DpnI treatment. FANCG mutant R22P (arginine to proline at position 22 from the N terminus)
was further subcloned into the EcoRI and SpeI sites of the lentivirus vector pLJM1-EGFP. Full-length
TOM70-wt was cloned into KpnI and EcoRI sites of pcDNA3-EGFP to encode C-terminal EGFP-tagged
TOM70 proteins. All of the primers utilized are given in Table 2.

Immunofluorescent microscopy. Cells were grown onto poly-L-lysine-coated coverslips in 60-mm
dishes and were transfected with the indicated constructs with Lipofectamine (Fermentus) for 48 h. Cells
were incubated in blocking buffer (5% nonfat milk in 1	 phosphate-buffered saline [PBS] plus 5% FBS
in 1	 PBS) for 1 h followed by a 1-h incubation with primary antibody at room temperature. After that,
the cell was washed with 1	 PBS followed by a 1-h incubation with the respective secondary antibody
tagged with either fluorescein isothiocyanate (FITC) or Texas Red. The cells were fixed either with 4%
paraformaldehyde (Himedia) for 10 min or in ice-cold methanol solution for 5 min. At 0.2%, Triton X-100
can be used as treatment for 2 min for the permeabilization of the antibody into cells. Then the coverslips
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were air dried and mounted with mounting medium with DAPI (4=,6-diamidino-2-phenylindole
[Vectashield]) on a glass slide by inverting the coverslips upside down. The mounted cells were kept in
the dark for 15 min, and the coverslip was fixed with transparent nail polish. Imaging was performed on
a fluorescence microscope (Axio observer.Z1; Carl Zeiss Micro-Imaging, Germany) attached to an
Axiocam HRM CCD camera and Apotome.2. Axiovision software (Zenpro2012) and Adobe Photoshop 7.0
software were used for deconvolution imaging. Either Zenpro 2012 or ImageJ was used for image
analysis and calculation of the Pearson correlation coefficient (PCC) for localization of two different
fluorophores whose values range from �1 (perfect correlation) to �1 (perfectly negative correlation),
with 0 reflecting the absence of correlation (52).

FANCGR22P mutant stable cell line development. (i) Development of virus particle in HEK293
cells. FANCGR22P was initially cloned into pCDNA3-EGFP. It was PCR cloned into the TA vector pTZ57R/T
(Thermo Scientific) to create a compatible enzyme site for Lentivector (Addgene). The R22P construct was
digested with EcoRI and BamHI and cloned into the viral packing vector pLJM1-EGFP (Addgene). The viral
particle protein-containing vectors pCMV-VSV-G, psPAX2, and FGR22P-pLJM1-EGFP constructs were
transfected (1:1:3) into HEK293 cells by Turbofect (Fermentas). The cells were grown for 48 h for the
development of the virus particle.

(ii) Integration of R22P into the genome of FANCG�/� parental cells. The cell culture medium
containing virus particles was collected into a 15-ml sterile centrifuge tube, centrifuged at 14,000 rpm for
30 min at 4°C to remove the cellular debris, and stored at 4°C. Fresh medium was added to each HEK293
cell monolayer and incubated for another 12 h. This medium was collected, centrifuged 14,000 rpm for
30 min at 4°C, and mixed with the earlier supernatant. Total medium was filtered by a 0.22-�m-pore
syringe filter unit (Millipore) and centrifuged again for 60 min at 14,000 rpm at 4°C. Gently the super-
natant was removed by pipette, fresh medium was added to the tube containing precipitate at the
bottom, and again the same step was repeated to concentrate the lentivirus particles. Ultimately the
supernatant containing virus was added to the flask of 60% confluent FANCG�/� parental cells, and the
cells were incubated for 48 h. Two days after infection, the cells were checked for GFP fluorescence, and
puromycin-resistant cells were developed by adding increasing concentrations of puromycin (2 to
5 �g/ml) to the medium. The puromycin-resistant cells were subcultured several times and preserved in
freezing medium at �80°C for further usage. The stable cells were confirmed by Western blotting with
FANCG-specific antibody.

Cell survival assay: cell viability test by trypan blue dye exclusion. Equal numbers of each cell
type (FANCG corrected, FANCG parental, and R22P FANCG stable) were seeded into 8-well tissue culture
plates with the respective blanks and controls for 24 h. DNA-damaging agents (MMC, cisplatin, H2O2, and
formaldehyde at the concentrations described below) were added to each well and incubated for 24 h.
A total of 0.1 ml of a 0.4% solution of trypan blue in the buffered isotonic salt solution (pH 7.2 to 7.3 [i.e.,
phosphate-buffered saline; Himedia]) was added to 1 ml of cells. These cells were loaded on a hemo-
cytometer, and the cells were counted in each well for the number of blue-staining cells and the total
number of cells. Cell viability of nearly 95% was maintained for healthy log-phase cultures. In order to
calculate the number of viable cells per milliliter of culture, the following formula was used: % viable
cells � [1.00 – (no. of blue cells/total no. of cells)] 	 100, where no. of viable cells 	 104 	 1.1 � cells/ml
of culture. The viable cells were used for the preparation of the graph at each concentration of the drug.
Triplicate experiments were performed for each concentration, and the data shown are the mean values
from all of the results.

Cell cytotoxicity test by MTT assay. Equal numbers of cells (FANCG corrected, FANCG parental, and
R22P FANCG stable) were seeded into 96-well tissue culture plates with the respective blanks and
controls and incubated for 24 h. DNA-damaging agents (MMC, cisplatin, H2O2, and formaldehyde at the
concentrations described below) were added to each well, mixed by gently rocking several times, and
incubated for 48 h. A 20-�l concentration of MTT reagent (thiazolyl blue tetrazolium bromide) at 5 mg/ml
in sterile PBS (Himedia) was added to each well, mixed by gentle rocking, and incubated for 1 h. The
medium was removed without disturbing the cells and purple precipitate. Dimethyl sulfoxide (DMSO
[200 �l]) was added for solubilization of the purple precipitate formazan. The plate was shaken at
150 rpm for 10 min for equal mixing of the formazan into the solvent. The optical density of the solution

TABLE 2 Primers used for PCR amplification of FANCG truncated deletions

Name Primer sequencea

05-DEL For: 5=-CGGGATTCATGAGCTGCCTGGACCTGTGGAGGG-3=
09-DEL For: 5=-CGGGATTCATGAATGACCGGCTCGTTCGACAGGC-3=
18-DEL For: 5=-CGGGATTCATGCAGGCCAAGGTGGCTCAGAACTCC-3=
24-DEL For: 5=-CGGGATTCATGGCTCAGAACTCCGGTCTGACTCTGAGG-3=
MLS-DEL For: 5=-CGGGATTCATGCAGAACTCCGGTCTGACTCTGAGGC-3=
For all DELb Rev: 5=-GCAGAATTCCTACAGGTCACAAGACTTTGGCAGAGATGTCCG-3=
R22P For: 5=-GGAAAAGAATGACCCGCTCGTTCGACAGG-3=

Rev: 5=-CCTGTCGAACGAGCGGGTCATTCTTTTCC-3=
TOM70 For: 5=-CGGGGTACCATGGCCGCCTCTAAACCTG-3=

Rev: 5=-CCGGAATTCTAATGTTGGTGGTTTTAATCCGTATTTCTTTGC-3=
aFor, forward; Rev, reverse.
b“For all DEL” indicates that the same primer with the reverse sequence shown was used for deletion
mutants 05-DEL through MLS-DEL shown above.
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was observed at 570 nm on the enzyme-linked immunosorbent assay (ELISA) plate reader. Data are the
means from triplicate (minimum) experiments.

�-H2AX focus assay. FANCG corrected (FG�/�), FANCG parental (FG�/�), and FANCG mutant (R22P)
fibroblast cells were plated onto poly-L-lysine-coated coverslips in 60-mm dishes in DMEM with 15%
(vol/vol) FBS and 1	 penicillin-streptomycin solution and were kept in a 5% CO2 incubator followed by
serum starvation upon achieving nearly 60 to 70% confluence. These cells were treated with H2O2

(10 �M) in serum-free DMEM for a continuous 14 h, followed by MMC (100 nM) treatment for 30 min in
every 2-h interval. Treated cells were incubated with rabbit polyclonal anti-phospho-�-H2AX antibody
(ab11174). Goat anti-rabbit IgG–DyLight secondary antibody (Thermo Fisher) was used for 1 h, followed
by DAPI staining, and foci were calculated under a microscope (Axio observer.Z1; Carl Zeiss MicroImag-
ing, Germany) equipped with an Axiocam HRM charge-coupled device (CCD) camera and Apotome.2
Axiovision software (Zenpro 2012).

Determination of mitochondrial membrane potential loss with JC dye. The same FANCG
fibroblast cells that were analyzed for �-H2AX foci were also analyzed for mitochondrial membrane
potential. At every 2 h after treatment with MMC, the cells were stained with 1	 JC-1 dye solubilized in
DMSO for 10 min. Then the coverslips were air dried and mounted with Vectashield mounting medium.
The mounted cells were kept in the dark for 15 min, and the coverslip was fixed with transparent nail
polish. These cells were observed under the Zeiss microscope with DAPI, FITC, and propidium iodide (PI)
filters for mitochondrial membrane potential change, and deconvoluted images were captured with a
fluorescence microscope (Zeiss Axio observer.Z1) fitted with an Axiocam observer camera.

The �-H2Ax foci and the red, yellow, and green mitochondria were counted from the 8 to 10 fields,
each of which contained 10 to 12 cells. The final results are presented as the mean values from all the
counts.

In vivo iron uptake assay of FANCJ. Fibroblast cells (FANCG corrected, FANCG parental, and R22P
stable cells) were grown at 37°C with 5% CO2 in Iscove’s modified Dulbecco’s medium (IMDM; Sigma)
supplemented with 15% (vol/vol) FBS (Gibco) and 1	 penicillin-streptomycin solution (Gibco) for 24 h
(37). This was followed by a second incubation for 2 h in IMDM containing 15% (vol/vol) FBS, 1	
penicillin-streptomycin, and 10 �Ci 55Fe (BARC, India). Following serum starvation in IMDM containing 10
�Ci 55Fe for 2 h, these cells were treated with H2O2 (10 �M) in serum-free IMDM for a continuous 14 h,
followed by MMC (100 nM) treatment for 30 min in every 2-h interval. Cells were collected, washed three
times with 1	 PBS, and lysed in IP lysis buffer (25 mM HEPES, 100 mM NaCl, 1 mM EDTA, 10% [vol/vol]
glycerol, 1% [vol/vol] NP-40) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM
dithiothreitol (DTT), 1 mM sodium orthovanadate, 10 ng/ml leupeptin, and 1 ng/ml aprotinin. Approxi-
mately 700 �g cell lysate was incubated with 4 to 5 �l of IP-grade polyclonal FANCJ antibody (Abcam)
and ferritin antibody (Sigma) for 1 h at 4°C. Ferritin was taken as a control for iron uptake by cells. A total
of 30 �l of protein A/G plus agarose beads (Biobharti, India) was added, and the mixture was incubated
at 4°C overnight under constant shaking. Beads were washed three or four times with 1	 IP lysis buffer.
Washed beads were boiled in 10% (wt/vol) SDS solution and were mixed with scintillation oil. Disinte-
grations per minute (dpm) of 55Fe were counted in a liquid scintillation counter. The results shown are
the mean value from triplicate experiments.

DNA substrate. Standard desalted oligonucleotides were purchased from IDT and were used for the
preparation of DNA substrates. The forked-duplex DNA substrate was prepared from the DC26 and
TSTEM25 oligonucleotides, as described by Wu et al. (20).

FANCJ helicase assay. Fibroblast cells (FG�/�, FG�/�, and R22P mutants) were grown at 37°C with
5% CO2 in DMEM (Gibco) supplemented with 15% (vol/vol) FBS (Gibco), and 1	 penicillin-streptomycin
solution (Gibco) for 24 h, followed by serum starvation in DMEM for 2 h. These cells were treated with
H2O2 (10 �M) in serum-free DMEM for a continuous 14 h, followed by MMC (100 nM) treatment for
30 min. In every 2-h interval, cells were collected, washed three times with 1	 PBS, and lysed in IP lysis
buffer (25 mM HEPES, 100 mM NaCl, 1 mM EDTA, 10% [vol/vol] glycerol, 1% [vol/vol] NP-40) supple-
mented with 1 mM PMSF, 10 mM DTT, 1 mM sodium orthovanadate, 10 ng/ml leupeptin, and 1 ng/ml
aprotinin. Approximately 700 �g cell lysate was incubated with 4 to 5 �l of IP-grade polyclonal FANCJ
antibody(Abcam) for 2 h at 4°C, followed by a 3-h incubation with 30 �l of protein A/G plus agarose
beads (Biobharti, India) at 4°C under constant shaking. Beads where then collected by centrifugation at
4°C and washed two times with 1	 IP lysis buffer and two times with 1	 helicase buffer (40 mM Tris-HCl
[pH 7.4], 25 mM KCl, 5 mM MgCl2, 0.1 mg/ml bovine serum albumin [BSA], 2% [vol/vol] glycerol, 2 mM
DTT). The helicase reaction was initiated by incubating FANCJ-bound washed protein A/G plus agarose
beads at 37°C for 30 min with a helicase reaction mixture containing helicase buffer and 2 mM ATP, and
0.5 nM DNA substrate was then incubated with helicase buffer and 0.5 nM DNA substrate. Reactions were
terminated using stop buffer (0.3% [wt/vol] SDS and 10 mM EDTA). The reaction product was resolved
on nondenaturing 11% (30:1 acrylamide-bisacrylamide) polyacrylamide gel followed by drying and then
was subjected to autoradiography.

RNA isolation, cDNA synthesis, and real-time PCR. Fibroblast cells (FG�/� and R22P mutants) were
grown at 37°C with 5% CO2 in DMEM (Gibco) supplemented with 15% (vol/vol) FBS (Gibco), and 1	
penicillin-streptomycin solution (Gibco) for 24 h, followed by serum starvation in DMEM for 2 h. These
cells were treated with H2O2 (10 �M) in serum-free DMEM for a continuous 12 h, followed by MMC
(100 nM) treatment for 30 min. At every 4-h interval, cells were collected by trypsinization. Total RNA was
isolated from these harvested cells using TRIzol (Ambion, Life Technology) and then was stored at �80°C
until further use.
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A total of 4 �g of the total RNA isolated as described above was used to prepare cDNA using the
Verso cDNA synthesis kit (Thermo Scientific), following the manufacturer’s protocol. Prepared cDNA was
then diluted five times, and 2 �l of this diluted cDNA was used as a template for real-time PCR.

Real-time PCR was performed on the StepOnePlus real-time PCR system (Applied Biosystems) using
the SYBR green PCR master mixture (Applied Biosystems, Thermo Fisher Scientific). The program was set
as follows: a holding stage at 95°C for 10 min, a cycling stage of 40 cycles at 95°C for 15 s, 57°C for 1 min,
and 60°C for 1 min, and a melting curve stage, consisting of a step and hold at 95°C for 15 s, 60°C for
1 min, and 95°C for 15 min with a ramping rate of �0.3°C. �-Actin was used as an endogenous control.
The sequences of primers used for real-time PCR are given in Table 3. Graph Pad Prism 7 was used to
perform multiple t tests to evaluate statistical significance, using the two-stage linear step-up procedure
of Benjamini, Krieger, and Yekutieli, with a desired false-discovery rate (q) � 5%, without assuming a
consistent standard deviation.

Chromosome preparation. Fibroblast cells (R22P mutants) were grown at 37°C with 5% CO2 in
DMEM (Gibco) supplemented with 15% (vol/vol) FBS (Gibco) and 1	 penicillin-streptomycin solution
(Gibco) for 24 h, followed by serum starvation in DMEM for 2 h. These cells were treated with either MMC
(100 nM) or H2O2 (300 �M) and MMC (100 nM) in serum-free DMEM for a continuous 2 h, followed by
colcemid (200 �g/ml) treatment for 1 h. These cells were harvested by trypsinization and were treated
with KCl (75 mM) for 30 min, followed by a 10-min treatment in fixative (1 part acetic acid and 3 parts
methanol). Cells were then spread on cold glass slides by the dropping method followed by a continuous
flush with 1 ml fixative two times. Slides were air dried and then mounted with mounting medium
containing DAPI (Vectashield). The mounted slides were kept in the dark for 15 min. Imaging was
performed on a fluorescence microscope (Axio observer.Z1; Carl Zeiss Micro-Imaging, Germany) attached
to an Axiocam HRM CCD camera with Apotome.2 Axiovision software (Zenpro 2012). The results were
analyzed from the multiple fields of several experiments and were very consistent.

Statistical analysis. Data were analyzed with GraphPad Prism (version 8.0). Results are expressed as
the mean and standard deviation (SD). The Shapiro-Wilk test was used to analyze the normal distribution
of the variables (P � 0.05). Quantitative data with a normal distribution were analyzed with parametric
tests, while the nonparametric test was used for data without a normal distribution. The difference
between Pearson’s correlation coefficient (PCC) for the colocalization of hFANCG-EGFP or truncated
hFANCG-EGFP and MitoTracker in HeLa cells was evaluated with a parametric Brown-Forsythe and Welch
analysis of variance (ANOVA) tests. A two-way ANOVA was used to compare the iron association with
FANCJ in wild-type, R22P, and FANCG KO fibroblast cells using cell type and incubation time as factors.
Dunnett’s test was used to perform multiple comparisons of iron association with FANCJ under different
incubation periods: wild-type fibroblast cells were taken as a control for each incubation time. The
expressivity of iron metabolism genes (FXN and NFU1) in fibroblast cells (FG wild type/corrected and
FGR22P) was evaluated using unpaired t tests. FG corrected fibroblast cells were taken as a control for
each incubation time, and the Holm-Sidak method was used to analyze the expressivity of iron
metabolism genes in FGR22P fibroblast cells without assuming a consistent SD. Similar unpaired t tests
were used to analyze the PCC value for the colocalization of hTOM70-EGFP and MitoTracker in FGR22P
fibroblast cells, except the SD was assumed the same because Levene’s test for variation supported the
null hypothesis of the same variation in this case. A P value of �0.05 was considered statistically
significant.
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TABLE 3 Sequences of the primers used for real-time PCR

Gene
product

NCBI reference
sequence Sequence (5=¡3=)

Amplicon
length (bp)

FXN NM_000144.4 For: AGCCATACACGTTTGAGGACTATGA 149
Rev: ACGCTTAGGTCCACTGGATGG

NFU1 NM_015700.3 For: TCCCCTCTGGCTAGGCAGTTA 149
Rev: GCAAAGAAGTCCATGATTGTTGCAT

�-Actin NM_001101.5 For: GGCCAACCGCGAGAAGAT 134
Rev: CGTCACCGGAGTCCATCA
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