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Abstract
Environmental agents induce intragenic alterations in the FRA3B/FHIT chromosome fragile site,
resulting in fragile FHIT allele loss early in cancer development. Fhit knockout mice are
predisposed to tumor development and Fhit gene therapy reduces tumor burden. Repair-deficient
cancers are likely to be Fhit-deficient and Fhit-deficient cells show enhanced resistance to
ultraviolet C, mitomycin C, camptothecin and oxidative stress-induced cell killing. Loss of Fhit
leads to alterations in the DNA damage response checkpoint and contributes to DNA instability.
Hsp60/Hsp10 are Fhit interactors, suggesting a direct role for Fhit in stress responses. Fhit also
interacts with and stabilizes ferrodoxin reductase (Fdxr), a mitochondrial flavoprotein that
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transfers electrons from NADPH to cytochrome P450, suggesting a role for Fhit in the modulation
of reactive oxygen species production and of genomic damage.

Keywords
carcinogens; DNA instability; ferredoxin reductase; FHIT; HSP; reactive oxygen species; tumor
suppressor gene

Malignant transformation is a multistep process involving numerous genetic changes, which
include loss of tumor-suppressor gene function, oncogene activation and alterations of
modifier genes [1,2]. These genetic changes affect cellular processes such as survival,
proliferation and genomic stability. Precancerous cells experience selective pressure to
escape from the cell cycle block induced by checkpoint responses to DNA damage, and
DNA damage checkpoint genes are frequently mutated to overcome the block and allow
neoplastic progression [3,4]. The short arm of human chromosome 3 is a common site of
chromosomal alterations in human malignant disease. In four major regions of 3p (3p25,
3p21.3, 3p14.2 and 3p12), allelic losses have been reported in cancers of the kidney, lung
and breast, among others [5,6]. The 3p14.2 region is particularly interesting to cancer
researchers because it includes other genetic landmarks, including the most active common
fragile site (the FRA3B locus) [7], a familial kidney cancer-associated breakpoint t(3;8)
(p14.2;q24) [8], and a papilloma virus integration site [9]. The familial translocation
indicated that a gene important for cancer initiation or progression might be located at
3p14.2. In 1996, an intensive search of this genomic region resulted in the identification of
the fragile histidine triad (FHIT) gene [10,11]. Subsequent studies established that FHIT is a
target of chromosomal rearrangements at 3p14.2 [12]. Loss of Fhit expression is observed in
premalignant lesions of lung, esophagus, cervix and other organs, suggesting that loss of
Fhit expression, due to the susceptibility of FHIT/FRA3B to carcinogen damage, plays a
role in initial stages of multistep carcinogenesis (Figure 1) [13,14]. Since the FHIT gene is
prone to breakage and deletion in precancer or early carcinogenesis, and precancerous
lesions and cancers show clonal expansion of cells with specific FHIT gene alterations, it
was proposed that FHIT gene alteration and loss of Fhit function provides a selective
advantage for this clonal growth [14]. The abnormal checkpoint responses and genome
instability of Fhit-deficient cells could clearly contribute to selective growth of precancerous
cells with damaged FHIT alleles. For example, carcinogens cause damage at FRA3B,
leading to breakage of a FHIT allele with loss of exons 4–6 [13]. Further carcinogen
exposure can lead to damage at the second FHIT allele with loss of other exons, 3–5 for
example (illustrated in Figure 1). Loss of the second FHIT allele can lead to total loss of Fhit
protein expression, as observed in many dysplastic lesions (Figure 1). In this review we
summarize new studies describing FHIT alterations in human cancers, from analysis of
Fhitdeficient mice to identification of important Fhit biological functions.

FHIT alterations occur in most cancers
The presence of the FHIT gene in the most active common chromosome fragile region has
been proposed as an example of a tumor suppressor gene altered by chromosome
translocations and deletions rather than by point mutation; several reports had suggested that
the FHIT gene was altered in cancer simply because it was in a fragile region and not
because it had contributed to the clonal expansion [15,16]. If this were the case, it would be
difficult to explain why the FHIT genomic alteration, within all cells of a specific cancer-
derived cell line, was identical to the nucleotide. Many cancer cell lines and primary cancers
exhibiting hemi- or homo-zygous deletions with end points within the FHIT gene and
reduced or absent Fhit expression have been reported [13]. Furthermore, many studies have
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reported altered FHIT loci and protein expression in precancerous lesions, suggesting that
FHIT alterations are an early event in carcinogenesis [17]. In esophageal cancer, Mori et al.
reported that most of the in situ lesions, 50% of severe and moderate dysplasias and 33% of
mild dysplasias were Fhit negative [18]; in the study of Kitamura et al., reduced Fhit
expression was observed in 68% of in situ and 43.5% of esophageal dysplastic lesions [19].
Hao et al. found reduced Fhit expression only in a small fraction of adenomatous colon
lesions, but reduced Fhit expression was associated with a greater degree of dysplasia [20].
In cervical cancer, Connolly et al. observed reduced or absent Fhit staining in 71% of
invasive cancers and in 52% of highgrade intraepithelial lesions (HSILs) with invasive
cancer [21]. In approximately 85% of bronchial dysphasia there was loss of Fhit expression
[22]. In our study of ductal carcinoma in situ (DCIS), reduced Fhit expression was observed
in 70% of pure DCIS and 52% of DCIS adjacent-to-invasive tumor cases. In total, 20% of
pure DCIS cases exhibited individual glands of adjacent normal tissue with absence of
expression [23]. These clinical findings supported the proposal that FHIT inactivation
occurs in the early steps of carcinogenesis in many organs. Several studies have shown that
FHIT alterations are common in environmental carcinogen-related cancers, such as those of
lung and esophagus. An association between smoking and loss of Fhit expression or FHIT
deletion was shown in lung and esophageal cancers. In fact, alterations in Fhit expression in
lung carcinomas were more frequent and occurred earlier than p53 mutations or deregulation
of the epidermal growth factor receptor (EGFR) [22]. Interestingly, Fhit inactivation was
almost twice as frequent in tumors of smokers (75%) than nonsmokers (39%) [22,24]. These
studies suggested that loss of Fhit is an early event in the development of lung cancer, and
that predisposing genetic changes have occurred even in normal-appearing epithelium in
cases heavily exposed to environmental carcinogens. Recent studies point to detection of
FHIT deletions in purified bronchial epithelial cells from sputum as a way to improve early
detection of lung cancer with 58% sensitivity [25]. Exposure to asbestos and to γ-irradiation
during the Chernobyl accident caused an increase in FHIT inactivation in lung cancer and
preneoplastic bronchial lesions [26,27]. Smoking history and alcohol abuse associated with
higher frequency of loss of Fhit expression was also reported in esophageal cancer [18]. If
FHIT is one of the first targets of carcinogens, the ability of the host to repair this initial
damage or to eliminate cells carrying damage to the FHIT locus may prevent clonal
expansion. In support of this idea, loss of FHIT function is observed more frequently in
cancers developing in individuals with constitutional alterations to genes involved in DNA
repair, such as the BRCA1 and 2 and mismatch repair genes [28–30].

The Fhit-deficient mouse: a model to study the role of Fhit in carcinogen-
induced tumors

The mouse Fhit ortholog also encompasses a common fragile site, Fra14A2 on murine
chromosome 14, and sustains homozygous deletions in murine cancer cell lines [12];
therefore, Fhit-knockout mice have served as models for the study of Fhit function. To
establish an animal model and to explore the role of Fhit in tumorigenesis, our laboratory
developed a mouse strain carrying one or two inactivated Fhit alleles. Fhit+/− and Fhit−/−

mice, although healthy and fertile, showed increased susceptibility to spontaneous and
carcinogen-induced tumors [31,32]. Epidemiological studies have linked exposure to
nitrosamines to a high incidence of esophageal cancer [33]; to better understand the role of
Fhit in this neoplasia, our laboratory performed a carcinogenesis study with N-
nitrosomethyl-benzylamine (NMBA), an environmental nitrosamine [34]. All Fhit+/− mice
developed several fore stomach tumors, and some developed sebaceous gland tumors after
six doses of intragastric NMBA, while only 25% of wild-type mice developed tumors. The
tumors were a mixture of benign, in situ and invasive lesions. The NMBA-induced tumor
spectrum in Fhit+/− mice was similar to a human syndrome called Muir–Torre syndrome, a
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variant of the hereditary nonpolyposis colorectal cancer (HNPCC or Lynch) syndrome,
which is caused by inactivation of a mismatch repair gene, usually MSH2. Homozygous
deletions of FHIT were observed in half of the cancer cell lines with a mutant mismatch
repair gene; among nine Msh2-negative human colon cancer cells, eight were negative for
Fhit, and Fhit loss was reported in 90% of BRCA1- and BRCA2-associated cancers
[29,35,36]. These correlations suggest that fragile genes are especially vulnerable to
damage-induced alterations in cells with ‘caretaker’ gene deficiencies.

As discussed previously, several studies have observed more frequent FHIT gene deletions
in tumors of smokers than tumors of nonsmokers [14]. Recently D’Agostini et al., to assess
the role of Fhit under controlled experimental conditions, exposed mice to environmental
cigarette smoke (ECS) and evaluated Fhit RNA or protein in the respiratory tract of rodents
(Figure 2A) [37]. Confirming previous studies conducted in humans, they found that after 14
days of exposure to ECS, there was loss of Fhit protein in bronchial/bronchiolar epithelium
of half of the mice, both wild-type or Fhit+/−. Interestingly, they also found that the oral
administration of N-acetylcysteine (NAC), a well-known antioxidant, attenuated the ECS-
related loss of Fhit. Another possible role of Fhit in response to carcinogen was
demonstrated in the study of Balansky et al., who found that after treatment with
benzo[a]pyrene (B[a]P), a prototypic genotoxic, carcinogenic polycyclic aromatic
hydrocarbon (PAH), preneoplastic lesions of the uterus were more frequent in Fhit+/− mice
[38]. They also found that B6/129 F1 mice underwent spontaneous alopecia areata and hair
bulb cell apoptosis, which was greatly accelerated either by Fhit heterozygosity or by B[a]P
treatment, suggesting that Fhit plays a role in the pathogenesis of alopecia areata.
Intriguingly, the oral administration of NAC inhibited occurrence of this inflammatory skin
disease. Thus, this thiol compound with anti-inflammatory properties, which can inhibit
apoptosis consequent to DNA damage and redox imbalances, also inhibits the stimuli that
cause loss of Fhit protein due to cigarette smoke in the bronchial epithelium of rats, and
prevents spontaneous alopecia areata and hair bulb cell apoptosis in Fhit heterozygous mice.
Recently, Ishii et al. have shown that in vivo-transplanted, hydroquinone-exposed, Fhit-
deficient mouse bone marrow cells escaped the bone marrow suppression exhibited by wild-
type bone marrow [39]. After hydroquinone exposure, occurrence of the oxidized base 8-
hydroxyguanosine, a marker of DNA damage, was also reduced in Fhit-deficient bone
marrow, as was production of intracellular reactive oxygen species (ROS) (Figure 2B). Also,
in this experimental model, treatment with NAC relieved hydroquinone-induced suppression
of colony formation by wild-type hematopoietic cells, suggesting that decreased oxidative
damage to Fhit-deficient cells, relative to wild-type hematopoietic cells, accounts for the
survival advantage of Fhit-xsdeficient bone marrow. Zanesi et al. reported that 4-
methylnitrosamino-1–3-pyridyl-1-butanone induced lung tumors (adenomas and
carcinomas) in 100% of Fhit−/−Vhl+/− mice and adenomas in 40% of Fhit−/− mice by 20
months of age [40]. Thus, double deficiency in murine homologues of 3p suppressor genes,
including haploinsufficiency of Vhl, predisposes to spontaneous and induced lung cancers,
demonstrating that Fhit-deficient mice will be useful, in combination with other 3p tumor
suppressors, in recapitulating a pattern of lung cancer development similar to the human
pattern; such double- or triple-deficient mice will be excellent lung cancer prevention and
therapy models. This summary of effects in several mouse models illustrates the strong
correlation between FHIT-allele loss and early steps in the neoplastic process. It is
especially interesting that in varied experiments conducted in different laboratories, an anti-
inflammatory and ROS scavenging agent such as NAC could inhibit Fhit loss or prevent its
negative effect.
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Fhit function in the stress response
Despite strong evidence of Fhit tumor suppressor function, our knowledge of specific Fhit
signalling pathways and mechanisms involved in its suppressor activity is limited. It is well-
known that overexpression of Fhit results in apoptosis in Fhit-deficient cancer cells [41], and
recent studies have demonstrated a role for Fhit in responses to genotoxic damage induced
by ultraviolet C (UVC) light, mitomycin C, camptothecin and ionizing radiation;
approximately tenfold more colonies of Fhit-deficient cells survived exposure to high UVC
doses [42,43]. After mitomycin C treatment approximately sixfold, and after UVC treatment
3.5-fold more Fhit-positive human cancer cells than Fhit-negative cells had died, and UVC-
surviving Fhit−/– cells showed more than fivefold increased mutation frequency.
Furthermore, a recent study from our laboratory has shown that p53-negative lung cancer
cells expressing Fhit are more sensitive to H2O2 treatment compared with Fhit-negative cells
undergoing apoptosis or G2/M arrest when Fhit was present (Figure 2) [44]. After oxidative
stress, Fhit-positive cells also produced higher ROS (Figure 2C, D & E) and 8-
hydroxyguanosine levels. Fhit-deficent cancer cells show a mild response to oxidative stress,
producing less ROS, crucial mediators of chemotherapy-induced cell death, confirming that
Fhit deficiency could negatively influence treatment outcome.

It has also been shown that introduction of exogenous Fhit into cells in vitro leads to
modulation of expression of the checkpoint proteins Hus1 and Chk1 at mid-S checkpoint,
modulation that led to induction of apoptosis in esophageal cancer cells, but not in
noncancerous primary cultures [45]. The results suggested that the DNA-damage-
susceptible FRA3B/FHIT chromosome fragile region encodes a protein that is necessary for
protecting cells from accumulation of DNA damage through its role in modulation of
checkpoint proteins; and the inactivation of Fhit contributes to the accumulation of abnormal
checkpoint phenotypes in cancer development [45,46]. The study showed that when Fhit
was down-modulated in 293 kidney cells, the level of Hus1 and Rad1 proteins was reduced,
and experiments further suggested that Fhit protein stabilizes Hus1 protein, preventing its
degradation by the proteasome pathway.

Together, these studies are consistent with the conclusion that Fhit, as a modifier of stress
responses, can affect stabilization of proteins involved in activation of checkpoints, cell-
cycle block or apoptosis.

Fhit protein structure
In contrast to the gene, the ubiquitously expressed FHIT mRNA is only 1.1 kb long and
encodes a 146 amino acid chain that forms a protein of 16.8 kD. Fhit is a member of the
histidine triad (HIT) nucleotide-binding protein superfamily, encoding a diadenosine
polyphosphate (ApnA) hydrolase that cleaves substrates such as diadeno sine triphosphate
(Ap3A) and diadenosine tetraphosphate (Ap4A) to AMP plus the other nucleo tide [13].
Structural studies have shown that Fhit is a dimer that binds two Ap3A substrates, presenting
a highly phosphorylated surface, with five phosphate groups and two adenosine moieties
[47]. The conserved HIT motif (His-X-His-X-His-X-X, where X is a hydro phobic residue)
of Fhit is located near its C-terminal end and the hydrolytic activity of Fhit is lost when
histidine 96 (H96) is replaced with asparagine (Fhit-H96N), showing that the H96 central
histidine residue of the triad is essential for Ap3A hydrolase activity [13]; however, the
FhitH96N protein suppresses tumorigenicity about as well as wild-type Fhit. This finding
led Garrison and colleagues to suggest that the Fhit enzyme–substrate complex might send
the tumor-suppression signal [49]. Fhit-induced apoptosis in cancer cells was correlated with
the apparent substrate-binding activity (Km) but not the substrate hydrolytic activity (kcat).
Recently, it was observed that the sequence DSIY114EEL of Fhit, which fits the consensus
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for targets of phosphorylation by Src tyrosine kinase family members, could be
phosphorylated in vitro and in vivo [48]. Garrison et al. determined the steadystate Km and
kcat values for the Ap3A hydrolase activity of recombinant nonphospho-Fhit, monophospho-
Fhit and diphospho-Fhit, and found that the Km and kcat values for monophospho-Fhit and
diphospho-Fhit are lower than for nonphospho-Fhit [49]. Recent studies have shown that a
Fhit mutant that carries a phenylalanine instead of a tyrosine at position 114 (Y114F), and
thus unable to be phosphorylated on tyrosine 114 by Src, does not induce apoptosis in
cancer cells and prevents Fhit degradation [50,51]. Furthermore, Bianchi et al. have shown
that during the signaling of activated tyrosine kinase receptors after EGF treatment,
phosphorylation of Fhit leads to its degradation; the subsequent reduction in Fhit protein
level allows transmission of the mitogenic signal [51]. This would suggest a key role for
Fhit in the balance of proliferation/survival/apoptosis signals, and indicates that Fhit
phosphorylation at Y114 may be a key feature of Fhit molecular function.

Identification of Fhit effectors to define Fhit function
One way to define specific protein signal pathways is through identification of interacting
proteins that could be effectors of function. Earlier searches for Fhit-interacting proteins
pointed to several candidate proteins, none of which we could confirm as interactors [HUEBNER

K ET AL., OHIO STATE UNIVERSITY, COLUMBUS, OH, USA. UNPUBLISHED DATA] by co-immunoprecipitaton
experiments, including Ubc9, α-tubulin, Mdm2 and β-catenin [52–55]. To readdress the
question of Fhit protein interactors, and find the molecular basis for the important role of
Fhit in cancer prevention, we used adenovirus transduced Fhit-His6 protein for Fhit complex
purification after cross-linking, and Fhit-bound proteins, Hsp60, Hsp10, ferredoxin
reductase (Fdxr), malate dehydrogenase (Mdh), electrontransfer flavoprotein (Etfb) and
mitochondrial aldehyde dehydrogenase 2 (Adh 2) were identified (Table 1) [44]. The
mitochondrial localization of these proteins led to our determination that Fhit localizes to
mitochondria, as well as cytosol. We found that Fhit is important for Fdxr stability and that
Fhit–Fdxr interaction leads to increased ROS generation through electron leakage from the
shuttle system NADPH-cytochrome P450 via ferrodoxin. Using HCT116 cells with one or
three copies of the FDXR gene, we found that cells with only one copy were less susceptible
to Fhit-induced apoptosis and that the level of Fdxr protein was stabilized in the presence of
Fhit protein. Furthermore, the finding that Fhit interacts with Hsp ‘stress proteins’ [56], in
particular the chaperone machinery Hsp60/10, suggests that the Hsp complex may be
important for Fhit stability, correct folding and mitochondrial addressing; it is even possible
that Fhit itself is part of important stress machinery, able to protect vital proteins such as
Fdxr from degradation under stress conditions (see model, Figure 3). Intriguingly, Hsp60
interacts directly with Fdxr [PICHIORRI F ET AL. OHIO STATE UNIVERSITY, COLUMBUS, OH, USA. UNPUBLISHED

DATA] and we speculate that Hsp60/10 may also mediate the correct folding and
mitochondrial import of Fdxr and Mdh [52] and protect them from stress denaturation (see
model, Figure 3). The finding that Fhit interacts with Fdxr and thereby increases Fdxr
stability suggests that Fhit may be part of specific molecular machinery to protect important
proteins from degradation and affecting the cellular response to the damaging effects of
ROS.

Conclusion
The FHIT gene was discovered in 1996, and its protein product, Fhit, was shown in
numerous studies by laboratories worldwide, to be a tumor suppressor that was reduced in
expression or lost in the majority of cancers. Progress in understanding the Fhit signal
pathways was less rapid. Very recently, several pathways affected by Fhit loss, as
summarized in this review, have been identified: a stress response pathway; a DNA damage
response checkpoint pathway; and a role in the production of reactive oxygen species on
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exposure to oxidative stress. Participation of Fhit in these pathways suggests reasons why
Fhit-deficient cells show increased resistance to certain cytotoxic therapeutic drugs, and
suggest that in normal cells Fhit is involved in the protection of cells from preneoplastic
changes.

Future perspective
Delineation of direct downstream effectors of the Fhit-suppressor pathway will lead to:

▪ Intensification of mechanistic studies of Fhit function that may influence future
preventive and therapeutic strategies to activate the Fhit pathway or to specifically
target Fhit-deficient cancers;

▪ Clarification of mechanisms by which this gene product protects cells from
carcinogens and modulates sensitivity to external insults.

The finding that ROS generation precedes Fhitmediated apoptosis in lung cancer cells is in
satisfying accord with previous reports showing:

▪ That exposure to carcinogens in cigarette smoke was associated with FHIT gene loss;

▪ The importance of Fhit loss as a negative prognostic factor in various clinical settings
(for example, assessment of Fhit status in preneoplastic or neoplastic conditions may be
predictive of responses to antioxidant treatments).

Finally, the fact that Fhit interacts with Hsp chaperones and this interaction appears to be
important for its stability and correct localization in mitochondria, where it can initiate
apoptosis through affecting stability of mitochondria respiratory chain proteins, suggests that
drugs targeted to such chaperones might have efficacy in preneoplastic, neoplastic or other
conditions associated with Fhit loss.
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Executive summary

FHIT alterations occur in most cancers

▪ The FHIT gene is a tumor-suppressor gene altered by chromosome translocations
and deletions.

▪ FHIT alterations are an early event in carcinogenesis.

▪ FHIT alterations are common in environmental carcinogen-related cancers, such as
those of the lung and esophagus.

▪ Loss of FHIT function is observed more frequently in cancers with alterations to
genes involved in DNA repair.

The Fhit-deficient mouse: a model to study the role of Fhit in carcinogen-induced
tumors

▪ The mouse Fhit ortholog also encompasses a common fragile site, Fra14A2 on
murine chromosome 14.

▪ Fhit−/− mice, although healthy and fertile, showed increased susceptibility to
spontaneous and carcinogen-induced tumors.

▪ The N-nitrosomethyl-benzylamine (NMBA)-induced tumor spectrum in Fhit+/−

mice was similar to a human syndrome known as Muir–Torre syndrome.

▪ Rodents exposed to environmental cigarette smoke showed a loss of Fhit protein in
bronchial/bronchiolar epithelium.

▪ Fhit plays a role in the pathogenesis of alopecia areata.

▪ 4-methylnitrosamino-1–3-pyridyl-1-butanone induced lung tumors in 100% of
Fhit−/−Vhl+/− mice and adenomas in 40% of Fhit−/− mice.

▪ In different experiments conducted in different laboratories, the anti-inflammatory
agent N-acetylcysteine (NAC) could inhibit Fhit loss or prevent its negative effect.

Fhit function in the stress response

▪ The knowledge of specific Fhit signaling pathways and mechanisms involved in its
suppressor activity is limited.

▪ Overexpression of Fhit results in apoptosis in Fhit-deficient cancer cells.

▪ Fhit-deficient cells are less sensitive to genotoxic damage induced by ultraviolet C
light, mitomycin C, camptothecin and ionizing radiation.

▪ Lung cancer cells expressing Fhit are more sensitive to H2O2 treatment.

▪ After oxidative stress, Fhit-positive cells also produced higher reactive oxygen
species (ROS) and 8-hydroxyguanosine levels.

▪ Expression of exogenous Fhit in cells in vitro leads to modulation of expression of
checkpoint proteins Hus1 and Chk1 at the mid-S checkpoint.

Fhit structure

▪ FHIT mRNA is only 1.1 kb long and codes for an 146 amino acid chain that forms
a protein of 16.8 kD.

▪ Fhit is a member of the histidine triad (HIT) nucleotide-binding protein
superfamily, encoding a diadenosine polyphosphate (ApnA) hydrolase.
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▪ The Fhit mutant H96N has shown that the H96 residue is essential for Ap3A
hydrolase activity, but suppresses the tumorigenicity just as well as wild-type FHIT.

▪ The Fhit mutant Y114F, unable to be phosphorylated on tyrosine 114 by Src, does
not induce apoptosis in cancer cells and prevents Fhit degradation.

Identification of Fhit effectors to define Fhit function

▪ Using adenovirus transduced Fhit-His6, Fhit-linked proteins, Hsp60, Hsp10,
ferredoxin reductase (Fdxr), malate dehydrogenase (Mdh), electron-transfer
flavoprotein (Etfb) and mitochondrial aldehyde dehydrogenase 2 (Adh 2) were
identified.

▪ Fhit localizes to mitochondria, as well as cytosol.

▪ Fhit is important for Fdxr stability and Fhit–Fdxr interaction.

▪ Fhit interacts with the chaperone machinery Hsp60/10, suggesting that the Hsp
complex may be important for Fhit stability.

▪ The finding that Fhit interacts with Fdxr may be part of specific molecular
machinery to protect important proteins from degradation, and also affects the
cellular response to the damaging effects of ROS.
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Figure 1. Chromosome 3, showing the gap or break at 3p14 (right)
Hybridization of fluorescent genomic fragments of the 5′-end of the FHIT gene (green, left)
shows the position of one end of FHIT flanking the fragile region. The carcinogens in
cigarette smoke and other carcinogens also cause damage at FRA3B, leading to breakage of
one FHIT allele with loss of exons 4–6, for example. Further carcinogen exposure can lead
to damage at the second FHIT allele with loss of exons 3–5. Loss of one FHIT allele is
frequently detected in the non-neoplastic epithelium of current and former smokers, and
might lead to areas of metaplasia with reduced Fhit protein expression. Loss of the second
FHIT allele can lead to total loss of Fhit protein expression (lower right), as observed in
many dysplastic lesions. CPT: Cisplatin; MMC: Mitomycin C; UV: Ultraviolet.
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Figure 2. Fhit in carcinogen-induced cancer and stress response
(A) Table summarizing alterations induced in B6–129(F1) mice, either wildtype or Fhit+/−,
by whole-body exposure to ECS for 15 days [36]. *Percentage of mice showing extensive
loss of Fhit within each experimental group; ‡Percentage of mice with the reported
alteration; §Means ± SE among all mice within each experimental group. (B) Detection of 8-
OHdG representing the oxidative DNA damage in hydroquinone-exposed transplanted bone
marrow cells; Fko and Wt bone marrow cells were exposed to hydroquinone and
transplanted to recipient mice [38]. (C) Increased green fluorescent DCF signal in H1299
Fhit-expressing cells (D1) under stress condition [43]. (D) FACS ana lysis of D1 and E1
cell-cycle kinetics at 48 h after oxidative stress treatment; cells were treated with increasing
concentrations of H2O2 (0.25, 0.5 mM) for 4 h. (E) Colony-formation assay of H1299/D1
(Fhit+) and H1299/E1 (Fhit−) cells after 5 h treatment with H2O2 at indicated concentrations
[43].
BMT: Bone marrow transplant; DCF: Dichlorofluorescein diacetate; ECS: Environmental
cigarette smoke; PCNA: Proliferating cell nuclear antigen protein.
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Figure 3. Model for the role of Fhit in protection of Fdxr from proteaosomal degradation
(A) Non-native Fhit (rough pink ball) and Fdxr (rough green ball) proteins bind to the trans
ring of a Hsp60–Hsp10 complex. End-to-end exchange of Hsp10 results in the encapsulation
of the protein substrate in the cis cavity. Release of Hsp10 and substrate proteins, Fhit and
Fdxr, in the folded conformation (pink and green smooth balls, respectively) for
mitochondrial addressing; we hypothesized that absence of Fhit leads to enhanced
proteasomal degradation of Fdxr [43]. The immunofluorescence microscopy (B–E) was
performed with antiFhit serum on H1299 Fhit-positive cells; Fhit staining was detected
using fluorescein isothiocyanate (green) conjugated antirabbit immunoglobulin (IgG);
MitoTracker Red staining, which identifies mitochondria, shows partial colocalization with
Fhit. (E) The yellow color shows the colocalizations points.
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