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Though the fragile histidine triad gene product, Fhit, was discovered
and characterized as a tumor suppressor 13 years ago, its sequence,
structure, and cellular location did not provide clues to aid discovery
of its mechanisms of suppression. Recently, using chemical cross-linkers
and immunoprecipitation, a Fhit protein complex was identified
that includes Hsp60 and Hsp10 which may mediate Fhit stability and
mitochondrial localization, where Fhit binds and stabilizes ferredoxin
reductase (Fdxr); when Fdxr is overexpressed, it can lead to production
of reactive oxygen species (ROS) that induce apoptosis. Cancer cells
expressing endogenous or exogenous Fhit, when exposed to H2O2,
an oxidative stress, produce higher levels of apoptosis-inducing
ROS than matched, Fhit-negative cells; the Fhit-negative cancer cells
survive, carrying DNA damage. In addition to this mitochondrial
function, Fhit-overexpression in cancer cells exposed to replicative
stress-inducing agents leads to enhanced caspase 3 activation and
apoptosis, due to defective Chk1 activation. Thus, damage to the
fragile FHIT locus leads to reduced expression of Fhit protein, and
makes a two-pronged contribution to development of preneoplastic
clonal expansion: (1) absence or reduction of Fhit leads to reduced
expression of Fdxr and reduced ROS-induced apoptosis; (2) cells
that escape ROS- or replicative stress-induced apoptosis can carry
misrepaired DNA damage. The aberrant DNA damage response
checkpoint in Fhit-deficient preneoplasias and cancers may make
these lesions targets for inhibitors of proteins such as Parp1 and
Chk1 with important roles in checkpoint responses, as observed for
BRCA1-deficient cancer cells that also exhibit DNA damage repair
deficiencies. (Cancer Sci 2009; 100: 1145–1150)

More than 760 published reports on the fragile FHIT gene
and its gene product Fhit have established its role in

protecting against tumor development. Fhit protein expression is
lost in many cancers and its loss in some types of cancer has
prognostic significance. Fhit can be lost in the early steps of
preneoplasia and its loss contributes to further genetic alterations
in the preneoplastic cells. Fhit knockout mice show increased
susceptibility to development of induced and spontaneous
tumors, and Fhit gene therapy contributes to tumor prevention
and regression in animal models.(1,2) Though it was shown
early after Fhit discovery that Fhit overexpression can initiate
the apoptotic response in cancer cells,(3–5) only recently have
mechanisms through which Fhit participates in signal pathways
been elucidated.

The FHIT gene encompasses the most active common human
fragile site and is thus exquisitely sensitive to intragenic altera-
tions by DNA damaging agents that can lead to allele loss early
in the preneoplasia,(6–8) coincident with activation of a DNA
damage checkpoint.(9,10)

Defining how Fhit induces apoptosis and suppresses tumors
has been a challenge because interacting proteins, effectors of

Fhit signals, were difficult to identify. Nevertheless, the study of
Fhit-deficient tissue- and cancer-derived cells in vitro has led to
important conclusions: repair protein-deficient cancers are
more likely to be Fhit-deficient;(11,12) Fhit-deficient cells show
enhanced resistance to DNA damage–induced cell killing;(13–18)

Fhit indirectly affects S-phase checkpoint and DNA repair;(14,19)

and oxidative stress, coupled with error-prone DNA damage repair,
allows long-term survival of genotoxin-exposed Fhit-deficient
hematopoietic stem cells.(16) Results of a recent study have
suggested that Fhit is necessary for protecting cells from
accumulation of DNA damage, through modulation of checkpoint
proteins Hus1 and phosphoChk1,(14) contributing to accumulation
of abnormal checkpoint phenotypes in cancer development.
To determine mechanisms employed by Fhit in modulating
responses to oxidative and replicative stress and to define
consequences of Fhit loss, we have isolated Fhit-interacting
proteins and examined biologic effects of activation of the Fhit
complex.(15,20)

This review of recent studies of Fhit function draws connec-
tions among the results of various studies, suggesting that Fhit
is involved in a self-perpetuating loop of damage to fragile
genomic regions, followed by inactivation of expression of Fhit
protein; Fhit protein is necessary for the correct execution of the
DNA damage checkpoint and associated repair, so its loss leads
to further unrepaired DNA damage and mutation, as illustrated
in summary form in Figure 1.

Fhit and oxidative stress

The Fhit protein complex. To identify proteins that interact with
Fhit to affect downstream apoptotic pathways, we used chemical
protein cross-linking and proteomics methods to isolate and
characterize a Fhit protein complex involved in triggering
Fhit-mediated apoptosis.(15)

Using liquid-chromatography tandem mass spectrometry, six
proteins, Hsp60, Hsp10, malate dehydrogenase, electron transfer
flavoprotein b, mitochondrial aldehyde dehydrogenase, and
ferredoxin reductase (Fdxr), were identified, all with mitochondrial
subcellular localization. The finding that candidate partners for
Fhit protein were mitochondrial proteins suggested that Fhit
must also be partially distributed in the mitochondria.
Fhit mitochondrial localization was confirmed by subcellular
fractionation and immunofluorescence localization studies in
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cancer-derived cell lines expressing endogenous or exogenous
Fhit. We then focused on Hsp60 and Hsp10 as possible chaperonins
and on Fdxr, a mitochondrial respiratory chain protein,(21)

transactivated by p53 and involved in responses to therapeutic
drugs.(22,23) Hsp60 and 10 are molecular chaperones found in
complex and are important for the folding and import of proteins
into mitochondria.(24) Experiments in which Hsp60 and 10
expression was down-modulated by specific antisense oligonu-
cleotides provided evidence that the Hsp60/10 complex was
responsible for Fhit mitochondrial localization. To examine
protein–protein direct interactions in the Fhit complex, purified
Fhit was mixed with purified Hsp10, Hsp60, or Fdxr and
experiments were performed to detect direct interactions among
the protein pairs. Fhit interacted directly with Hsp60 and Fdxr,
but not with Hsp10.(20)

Fhit–Fdxr interaction generates ROS and induces apoptosis.
We were especially interested in the Fhit–Fdxr interaction because
of previous studies of the p53 tumor suppressor(22,23) showing
that p53 is a transcriptional activator of Fdxr, through which
ROS are produced and apoptosis is induced. Thus, we studied
the biologic consequences of the Fhit–Fdxr interaction. Fdxr, the
54 kDa mammalian mitochondrial cytochrome P-450 NADPH
reductase, is located on the matrix side of the inner mitochondrial
membrane, and is responsible for transferring electrons from
NADPH, via the single electron shuttle ferredoxin-cytochrome
P-450, to substrates during steroidogenesis.(21) Under substrate-
limiting conditions, electrons can leak from this shuttle
system and generate ROS.(24) Fdxr mediates p53-dependent, 5-
fluorouracil-induced apoptosis in colorectal cancer cells,
through the generation of ROS,(22,23) critical regulators of
apoptosis.(25) Overexpression of Fdxr increases sensitivity of
tumor cells to apoptosis on H2O2 treatment, through ROS
production. Fhit prevents destabilization of Fdxr protein by
protecting it from proteasome degradation,(15) and the Fhit–
Fdxr interaction generates ROS production and is involved in
Fhit-mediated apoptosis (see Fig. 2).

Generation of intracellular ROS is an early event in the apoptosis
of lung cancer cells induced by treatment with paclitaxel,(26)

and Fhit expressing cells are more sensitive to paclitaxel and
cisplatin.(27,28) Cisplatin induces Fdxr expression and the cisplatin-
induced apoptotic pathway is associated with ROS generation.(29)

Fhit expression increases sensitivity to oxidative injury through
participation with Fdxr in ROS generation and enhances

ROS-related apoptotic effects of chemotherapeutic agents. The
finding that ROS generation is involved in Fhit-mediated apoptosis
emphasizes the importance of Fhit loss as a negative prognostic
factor in various clinical settings.

Fhit mutants in the mitochondrial pathway. To define Fhit struc-
tural features that affect interactions, downstream signaling,
and biological outcomes, cancer cells expressing Fhit mutants
with amino acid substitutions that alter enzymatic activity,
enzyme substrate binding, or phosphorylation were used. Cancer
cell clones stably expressing mutants that do not bind substrate
or cannot be phosphorylated, showed decreased binding to Hsp60
and Fdxr, and reduced mitochondrial localization. Expression of
Fhit or mutants that bind interactor proteins results in oxidative
damage and accumulation of cells in subG1 fractions after peroxide
treatment; non-interacting mutants were defective in these
effects (see Fig. 3). Cancer clones expressing non-complexing
Fhit mutants showed reduction of Fhit tumor suppressor activity,
confirming that substrate binding, interaction with Hsps,
mitochondrial localization, and interaction with Fdxr are important
for Fhit tumor suppressor function.(20)

Response of Fhit-deficient hematopoietic stem cells to genotoxic
stress. To explore roles for Fhit in hematopoietic cells, Ishii
et al.(16) used Fhit-deficient bone marrow cells from Fhit knockout
mice,(30,31) and examined the response to a benzene metabolite,
hydroquinone. Treatment with hydroquinone leads to increased
intracellular production of ROS, which can produce DNA
double-strand breaks; when imperfectly repaired,(32) double-strand

Fig. 1. Roles of fragile histidine triad gene product (Fhit) in response
to cellular stress. Depiction of replicative and oxidative stress pathways
affected by Fhit expression. The lines between the nucleus and
mitochondrion indicate that ROS produced in mitochondria influence
the cell cycle and cause DNA damage, while nuclear DNA damage can
lead to apoptosis pathways that involve the mitochondrial pathway.

Fig. 2. Fragile histidine triad gene product (Fhit) and oxidative stress.
When cancer cells are exposed to extreme oxidative stress, the outcome
depends on whether Fhit protein is expressed. In Fhit positive cells
exposed to peroxide, cytosolic Fhit enters mitochondria through
interaction with stress proteins Hsp60 and Hsp10, where Fhit binds to
and stabilizes Fdxr. An excess of Fdxr relative to its substrate can lead
to ROS production followed by apoptosis. In the absence of Fhit, Fdxr
is less stable, leading to less ROS production and reduced apoptosis.
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breaks can lead to deleterious genetic changes. We found that
Fhit-deficient hematopoietic cells exposed to hydroquinone
were resistant to the suppression of stem cell colony formation
observed with wild-type (WT) hematopoietic cells. In vivo –
transplanted, hydroquinone-exposed, Fhit-deficient bone
marrow cells also escaped the bone marrow suppression.
Immunohistochemical analyses of bone marrow transplants
showed reduced expression of Bax in Fhit-deficient bone
marrow, suggesting insensitivity to apoptosis. Also, the assessment
of DNA damage showed that presence of the oxidized base
8-hydroxyguanosine, a marker of DNA damage, was reduced
in Fhit-deficient bone marrow, as was production of intracellular
ROS. Antioxidant treatment reduced the hydroquinone-induced
suppression of colony formation by WT hematopoietic cells,
suggesting that decreased oxidative damage to Fhit-deficient
bone marrow cells allowed the survival advantage. Homologous
recombination repair predominated in Fhit-deficient cells
but was not error-free, as shown by a higher incidence of 6-
thioguanine-resistant colonies. Tissues of the hydroquinone-
exposed, Fhit-deficient bone marrow–transplanted mice showed
evidence of preneoplastic alterations, including accumulation of
histone H2AX-positive DNA damage. Thus, reduced oxidative
stress, coupled with efficient but not error-free DNA damage
repair, allowed unscheduled long-term survival of genotoxin-
exposed Fhit-deficient hematopoietic stem cells carrying
deleterious mutations.

If overexpression of Fhit in cells exposed to extreme extrinsic
stressful agents leads to excess ROS production and apoptosis,
then what is happening in the Fhit-negative cells exposed to
extreme stress? They produce less ROS, so are they not, in fact,
better off than Fhit-expressing cells? And how does this scenario
relate to what is happening in normal cells experiencing intrinsic,
physiologic levels of ROS due to normal metabolism? It may be
that answers can be found by performing experiments similar
to those first done in p53 WT-expressing and deficient cells.
Sablina et al.,(33) examined the differences between the effects of
p53 down-modulation by siRNA methods in several cell types
under physiological conditions, i.e. without exposure to exogenous
stress. Under these conditions, it was found that absence of p53
had a deleterious effect, while presence of p53 had a survival
effect, due to transcriptional activation of pro-survival genes,

such as members of the Sestrin family. On the other hand, under
conditions of extreme extrinsic oxidative stress, p53, like Fhit,
causes enhancement of expression of Fdxr and increased
production of ROS, followed by apoptosis.

In future experiments it will be important to determine if
down-modulation of Fhit expression in normal or cancer cells
under physiological conditions, with no applied stress, will lead
to accumulation of cells in apoptosis, as observed by Sablina
et al.(33) in cells with down-modulated p53 (see projected
outcome of such experiments in Fig. 4).

Fhit and replicative stress

Role of Fhit in cells exposed to replicative stress. Chk1, the down-
stream phosphorylation target of ATR, protects cells from
apoptosis induced by DNA replication inhibitors. Myers et al.(34)

determined the role of ATR and Chk1 protein kinases in control
of apoptosis following replication stress.

ATR/Chk1 signaling pathways were manipulated using siRNA-
mediated depletion or specific inhibitors in tumor cell lines and
fibroblasts exposed to thymidine or hydroxyurea. ATR or Chk1
depletion strongly enhanced cell death in the cells tested. The
replication stress-triggered apoptotic pathway was characterized
by activation of caspase 3 in both p53-proficient and -deficient
cells. It was concluded that the ATR–Chk1 signaling pathway
plays a major role in the regulation of death in response to DNA
replication stress. This elegant study may explain results we
observed(14,19) in UV treated esophageal cancer cells. We assessed
effects of expression of exogenous WT and mutant Fhit in the
checkpoint response to UV-induced DNA damage.(15,19) The
introduction of exogenous WT Fhit in Fhit-deficient UV-treated
esophageal cancer cells caused up-modulation of Hus1 expression
but Chk1 was poorly activated and rapidly down-modulated,
triggering cell death. Expression of the Fhit mutant proteins
known to be defective in suppressor function resulted in Chk1
activation and phosphoChk1 expression, indicating activation of
the checkpoint. The results suggested that in the cancer cells,
WT Fhit overexpression caused abortive checkpoint activation
in response to UV stress. Absence of Fhit in the Fhit-deficient
cancer cells allowed survival of DNA-damaged cancer cells,
leading to a cycle of damage and survival of cells carrying
mutations.

Impaired homologous recombination repair in Fhit-negative
sebaceous gland carcinomas. Sebaceous gland carcinomas are rare
malignancies of the skin; >50% exhibit microsatellite instability
due to defective mismatch repair. But a significant fraction
shows microsatellite stability associated with loss of Fhit
expression.(30,35) Becker et al.(35) hypothesized that in sebaceous
gland carcinomas with microsatellite stability and loss of Fhit,
effector molecules participating in homologous recombination
repair, such as BRCA1/2, might be somatically inactivated, and
showed that Fhit-negative sebaceous gland carcinomas displayed
loss of heterozygosity and biallelic deletions of the BRCA1 gene
in five of 10 cases. Tumor-specific genomic losses close to
BRCA2 were also observed. A homozygous p53 R248W gain-of-
function mutation was identified in one of seven sebaceous
gland carcinomas and it is known that p53 R248W mutants
inactivate ATM-directed homologous recombination repair. This
sebaceous gland carcinoma also exhibited genomic deletions at
the BRCA1 and BRCA2 loci, and at the constitutively fragile
sites FRA3B/FHIT and FRA16D/WWOX. The study demonstrated
that microsatellite-stable Fhit-negative sebaceous gland carcinomas
accumulate mutations that target components of the repair
network.

Fhit loss and DNA damage response in breast cancer subtypes.
Breast cancer subtypes, identified through gene expression
signatures, define cancers with different prognostic features,
including luminal, HER2 overexpressing, and basal-like.(36,37)

Fig. 3. Fragile histidine triad gene product (Fhit) and Fhit mutants in
mitochondria. (a) WT Fhit binds Fdxr in the mitochondrion, where
stabilized Fdxr participates in electron transport pathways that, in
absence of sufficient substrate, can lead to ROS production. (b) The
right panel shows that Fhit proteins carrying point mutations known to
abrogate Fhit apoptosis-inducing ability may be defective in binding to
Hsp60, may show reduced mitochondrial localization, or may not
interact with Fdxr, and are thus unable to induce apoptosis after
application of oxidative stress.
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Basal-like breast cancers are triple negative tumors that can be
identified by immunohistochemistry positivity for CK5/6 and/or
EGFR and negativity for ER, PR, and HER2.(38,39) This subtype,
for which there is no targeted therapy, account for ~15% of all
breast cancers but >50% of breast cancers of some cohorts of
patients studied in Africa.(40) Mutant BRCA1-associated breast
cancers show basal-like features and BRCA1 inactivation is a
common event in sporadic basal-like breast tumors.(41,42) In
various studies of sporadic breast cancers, 40% or more were
positive for Fhit, whereas only 9% of BRCA1 mutant tumors
were Fhit positive, suggesting that the BRCA1 pathway is
important in protecting the FRA3B/FHIT locus from damage;(12)

inactivation of the BRCA1 pathway in basal/triple negative
cancers may contribute to loss of expression of Fhit in these
cancers or vice versa. When >800 breast cancers on tissue micro
arrays were divided into subtypes, triple negative tumors
showed loss of Fhit in ~90%;(43) see Figure 5 for example. The
results suggested that reduced Fhit expression could have a role
in pathogenesis of basal-like differentiation in breast cancer. In
preliminary experiments, three DDR proteins (γH2AX, pChk2,
p53) were expressed significantly more frequently in basal-
like tumors than in other subtypes (Huebner and colleagues,
unpublished data).

DDR checkpoint proteins are activated in preneoplastic and
neoplastic lesions of skin, lung, and breast,(9,10) and it was
proposed that checkpoint activation acts as a barrier to cancer
progression until mutations in checkpoint genes allow growth of
cells through the checkpoint, leading to genome instability and
cancer progression. Loss of heterozygosity at the FHIT locus is
concomitant with DDR checkpoint activation,(9,10) so perhaps

DNA breakage at the fragile gene loci may trigger the DDR
checkpoint; then loss of expression of the FHIT gene due to this
breakage alters the DDR checkpoint. Since basal-like breast
cancers show loss or reduction of Fhit protein, these tumors
may have defective, activated DDR checkpoints and may be
especially sensitive to inhibitors of checkpoint proteins, as are
BRCA1-deficient cancers.(43–47) Indeed, it has been reported
that Chk1 protein is highly expressed in triple negative breast
cancers.(48)

Perspective

Because Fhit is not a transcription factor, resides in the cytoplasm,
and does not exhibit known protein-interacting domains or
motifs that give clues to function, it has been a challenge to
determine its functions. Nevertheless, progress has been made in
discovering its involvement in cellular functions of major
importance for keeping cells normal. We know that it binds
Hsp60, enters mitochondria, binds Fdxr, and contributes to
generation of ROS; we also know that Fhit has a role in the
cellular response to replication fork stress, though the mechanism
through which it affects this response is not well defined. We
believe that Fhit signals, at least partially, through effects on
stability of proteins such as Fdxr, Hus1, possibly Chk1, and
Cyclin D; of these we have demonstrated interaction only with
Fdxr thus far.

Earlier searches for Fhit-interacting proteins pointed to several
candidate proteins, none of which we could confirm as interactors
by coimmunoprecipitaton experiments, including Ubc9, tubulin,
Mdm2, and beta-catenin.(49–52) Weiske et al.(52) recently reported

Fig. 4. Fragile histidine triad gene product (Fhit)
and replicative stress. (a) In non-cancer cells
exposed to replication stress and DNA damage,
activation of the checkpoint results in the PCNA-
like Hus1/Rad1/Rad9 clamp recognition of
damage foci and ATR and Chk1 activation,
leading to cell cycle arrest, repair, and survival. In
some cells the damage will cause deletion at the
FRA3B/FHIT locus and loss of Fhit. In this case, the
checkpoint is likely to be aberrant, and cells will
accumulate mutations. (b) In Fhit-deficient cells
expressing exogenous Fhit and exposed to severe
replication stress, the Chk1 pathway is not
appropriately activated, resulting in uncoupling
of recognition of DNA damage and activation of
Chk1, leading to apoptosis.
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that Fhit binds directly to beta-catenin, an effector in the Wnt
pathway that is dysregulated in various cancers, and that Fhit
binding to beta-catenin repressed transcription of target genes
such as Cyclin D1 and Survivin; we have, in fact, observed
repression of Cyclin D1 and Survivin by Fhit(53) (Semba and
Huebner, unpublished); but we have not been able to observe
coimmunoprecipitation of Fhit and beta-catenin. We do not have
an explanation for the difference between the Weiske et al. study
and our attempted coimmunoprecipitation of Fhit and beta-catenin,
but we have investigated only endogenous proteins in MCF7
cells and we were also unable to find evidence of endogenous
Fhit in the nuclear fraction of these cells. Identification and
confirmation of other Fhit protein interactors by interested
investigators has the potential to advance understanding of
the mechanisms of Fhit involvement in centrally important
signal pathways.

In future studies it will also be important to confirm interac-
tions of Fhit with the other potential interactors identified in our
previous protein cross-linking study:(15) malate dehydrogenase,
mitochondrial aldehyde dehydrogenase 2, and electron transfer
protein b; if the interactions are confirmed and the signal
pathways characterized, as for Fdxr, additional Fhit functions
may be revealed. Important next steps will involve examination
of effects of endogenous Fhit level on responses to intrinsic
stress in normal cells and cells in early stages of preneoplasia.
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