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ABSTRACT

More than 12 years and >800 scientific publications after the discovery of the first gene at a chromosome fragile site, the FHIT gene at FRA3B,
there are still questions to pursue concerning the selective advantage conferred to cells by loss of expression of FHIT, the most frequent target

of allele deletion in precancerous lesions and cancers. These questions are considered in light of recent investigations of genetic and epigenetic
alterations to the locus and in a retrospective consideration of biological roles of the Fhit protein discovered through functional studies. J. Cell.

Biochem. 109: 858-865, 2010. © 2010 Wiley-Liss, Inc.
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C ommon fragile sites are large, unstable regions of the human
genome that are highly sensitive to genotoxic stress and
perturbation of replication [Durkin et al., 2008]. The molecular basis
for susceptibility to genotoxic damage and instability is not well
understood, in spite of numerous hypotheses and investigations
[reviewed in Pichiorri et al., 2008a]. LeBeau and co-workers
hypothesized that a unique epigenetic pattern might be involved
and examined chromatin modification patterns at the six most
highly recombinogenic human fragile sites and surrounding non-
fragile regions [Jiang et al., 2009b]. Chromatin at most of the fragile
sites exhibited less histone acetylation than surrounding non-fragile
regions, and treatment with DNA demethylating agent or an
inhibitor of histone deacetylation reduced chromosome breakage at
the fragile loci. Chromatin at the FRA3B/FHIT locus, was more
resistant to nuclease than flanking non-fragile sequences. The
investigators concluded that histone hypoacetylation is character-
istic of common fragile site chromatin, making it more compact,
indicating a role for chromatin conformation in genomic instability
at these fragile chromosome regions [Jiang et al., 2009b]. There is
now general agreement concerning the extreme sensitivity of fragile
regions to DNA replication stress, resulting in very frequent
alterations to the more active fragile loci in cancers. Genes at the two
most frequently activated human fragile sites, the FHIT and WW0OX
genes, are probably the most frequently altered genes in cancers,

showing deletions, translocations, and promoter methylation in
perhaps the majority of cancers. From detailed analyses of cancer-
derived cell lines, many of the deletions are known to be identical in
each cell of a derived cancer cell line, confirming clonal expansion,
whether in the originating cancer or the derived cell line is not
necessarily known. Are these regions so frequently deleted in
cancers because they are most sensitive to DNA damaging agents, or
does the deletion drive the expansion of the preneoplastic cell in
which damage occurred, or do both mechanisms contribute?

Only further experimentation can conclusively answer these
questions. Here we summarize recent results of genetic and
epigenetic studies of the FHIT locus (see Fig. 1 for summary) that
bear on the discussion, and review functional studies that examine
the biological roles of Fhit protein that, when lost, could contribute
to neoplastic expansion.

RECENT OBSERVATIONS OF ALTERATIONS AT THE FHIT LOCUS

Regions of recurrent genomic copy number alterations can harbor
genes that drive initiation or progression of cancers. Evaluations of
copy number changes have not usually considered whether a gene is
always found in deleted or in amplified chromosome regions. A recent
analysis did this across tumor samples by using high-resolution
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Larynx: reduction of Fhit associated with
increasing dysplasia and shorter survival
(Kitamura et al, 2008)

Esophagus: reduced acetylated H4

associated with Fhit methylation and

reduced expression (Tzao et al, 2006)
Lung: methylation of FHIT promoter may
be prognostic marker (F Jiang et al, 2009;
Hsu et al, 2009)

Liver: highly concordant Fhit promoter
methylation in plasma and HCC (lyer et
al, 2009)

Spleen: in Burkitt’s lymphoma the
most frequently deleted region is FHIT
exon 5 (Toujani et al, 2009)

Prostate: SNPs within a 15 kbp region in
Fhit intron 5 associated with familial
prostate cancer susceptibility (Ding et
al, 2008)

Oral cavity: FHIT deletions more
frequent in lesions that progress (Tsui et al,
2008)

Breast: Fhit underexpression in 2%
benign disease, 10% benign without
atypia, 27% DCIS, 41% invasive cancer
(Terry et al, 2007)

Stomach: Fhit loss of expression in 7%
of adenomas and 36% of carcinomas
(Hara et al, 2007)

Myelodysplasia: Fhit loss associated
with progression and shorter survival
(Lin et al, 2008)

Pancreas: germline FHIT deletion in
patients with strong family history of
pancreatic cancer

{Lucito et al, 2007)

Fig. 1. Recent observations of genetic, epigenetic, and protein alterations in FHIT or Fhit in common human cancers. Summary of studies reporting loss or reduction of
FHIT expression or alterations to FHIT alleles in cancers of many organs of males and females. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

comparative genomic hybridization microarrays. The results
showed that ~30% of genomic clones were either “exclusively”
deleted or amplified and could be considered non-random
chromosomal events. Most of the known oncogenes or tumor
suppressor genes, including FHIT, were in exclusively deleted
regions, in lung adenocarcinoma. Authors concluded that joint
analysis of deletions and amplifications highlights specific genomic
areas with exclusively amplified or deleted recurrent copy number
changes which are good candidates for harboring oncogenes or
tumor suppressor genes [Broét et al., 2009].

Copy-number variants such as germ-line deletions and ampli-
fications can also be associated with inherited genetic disorders,
including familial cancer. Lucito et al. [2007] used representational
oligonucleotide microarray analysis to characterize germ-line copy
number variants in 60 cancer patients from 57 familial pancreatic
cancer kindreds. A total of 56 unique genomic regions with copy-
number variants not present in controls were identified, including
31 amplifications and 25 deletions. Two deleted regions were
observed in two different patients, and one in three patients. The
germ-line deletions included 81 known genes, including the FHIT,
PDZRN3, and ANKRD3 genes, and authors concluded that these
deletions define potential candidate loci for familial pancreatic
cancer genes [Lucito et al., 2007].

A candidate gene linkage approach on brother pairs affected with
prostate cancer identified a prostate cancer susceptibility locus
within FHIT intron 5. Subsequent association tests on 16 SNPs
surrounding D3S1234 in intron 5 in Americans of European descent
revealed significant evidence of association for a single SNP within
intron 5 of FHIT. In a more recent study, linkage and association of
germline genetic variation in FHIT with prostate cancer were

confirmed in a family-based sample of men with and without
prostate cancer from Caucasian families, and in a community-based
case-control sample of African American men with and without
prostate cancer. The FHIT SNP, rs760317, was associated with
prostate cancer in Caucasians and African American carriers [Levin
et al, 2007]. Now in a very recent study, re-sequencing and
genotyping within a 28.5 kb region surrounding this SNP has further
delineated the association with prostate cancer risk to a 15 kb region.
Multiple SNPs in sequences under evolutionary constraint within
FHIT intron 5 defined haplotypes with an increased risk of prostate
cancer in European-Americans. The results strongly support the
involvement of the FHIT intronic region in an increased risk of
prostate cancer [Ding et al., 2008].

FHIT ALTERATIONS THAT CONTRIBUTE TO DIAGNOSIS

AND PROGNOSIS

Another approach to study selective inactivation involves detection
of FHIT promoter methylation, exploration of these epigenetic
changes in cancers and their usefulness in diagnostic and prognostic
studies.

Methylation patterns can be useful biomarkers of cancer
detection and risk assessment. The methylation status of six genes,
including FHIT, was examined in plasma, tumor and normal lung
tissues from patients with lung cancer and in plasma samples from
cancer-free individuals. The concordance of methylation in tumor
tissues and plasma samples was 86%, 87%, 80%, 75%, 76%, and
849% for the BLU, CDH13, FHIT, CDKN2A, RARb, and RASSFIA
genes, respectively. The authors established that methylation of
two or more of the markers met the criterion for an elevated risk
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of cancer. Comparisons yielded a sensitivity of 73%, a specificity of
829, and a concordance of 75% between the methylation patterns in
tumor tissues and in corresponding plasma samples. The detection
rate was relatively high in cigarette smokers with advanced
squamous cell lung cancer. Authors concluded that multiple
epigenetic markers in the plasma can be used for lung cancer
detection [Hsu et al., 2007].

In another study, the various molecular alterations leading to the
inactivation of FHIT gene function were investigated in lung cancer,
and their use as biomarkers of risk for disease progression was
validated. Fhit protein immunostaining was performed on tumor
samples, and methylation status of the FHIT promoter was assessed
in DNAs from tumor and normal lung samples. Loss of hetero-
zygosity (LOH) at FHIT was detected in 62% of tumors, and strong
association with complete loss of FHIT expression was observed
when methylation and LOH were analyzed together. FHIT
methylation in normal lung was associated with an increased risk
of progressive disease. The results indicated that FHIT methylation
in normal lung tissue could represent a prognostic marker for
progressive disease [Verri et al., 2009].

Hepatocellular carcinoma (HCC) is the fourth leading cause of
cancer mortality globally, and Iyer et al. [2009] hypothesized that
aberrant DNA methylation could play a role in HCC development.
They compared tumor methylation profiles for tumor suppressor
genes APC, FHIT, CDKN2A/B, and ECAD in tumor tissues and
plasma to test concordance between the two types of specimen.
Concordance between the tissue and plasma results was highly
statistically significant in all five genes and authors concluded that
plasma DNA is reliable for determining methylation profile in liver
cancer patients. Also, in a recent study of cervical carcinomas, a
significant correlation was found between CpG site hypermethyla-
tion and low FHIT expression [Ki et al., 2008].

To examine the role of FHIT in myelodysplastic syndrome, Lin
et al. [2008] examined the FHIT methylation status in patient
samples. Methylation of the FHIT promoter was found in 47%
of cases, and a significant difference was observed in frequencies
of FHIT gene hypermethylation among patients with specific
cytogenetically defined subgroups of cases. Patients with FHIT gene
methylation in their dysplastic cells had significantly shorter
survival times than those without FHIT methylation. The results
suggested that aberrant methylation of the FHIT gene is involved in
disease progression and is an adverse prognostic factor.

Global microarray expression analysis identified a number of
differentially expressed genes in smoke-exposed bronchial epithe-
lium and non-small cell lung cancers [Woenckhaus et al., 2008].
Immunohistochemical analysis of the differentially expressed gene
products was then used to evaluate the prognostic relevance of these
proteins in the lung cancers. Expression data were correlated with
clinicopathologic features and clinical outcome. Significantly better
overall survival was observed in adenocarcinomas compared with
squamous cell cancers. Loss of FHIT expression was strongly
associated with shorter overall survival in both histologic types
of lung cancer, squamous cell cancers and adenocarcinomas.
In adenocarcinomas, cytoplasmic expression of beta-catenin was
associated with shorter survival; MUC1 expression was associated
with worse prognosis in patients with squamous cell cancers.

The authors concluded that loss of Fhit protein expression and
positivity for beta-catenin and MUC1 proteins are useful prognostic
markers.

Computed tomography (CT) is used in diagnosis of lung cancer
but has been limited by uncertain detection rates for early stage non-
small cell lung cancer, especially central tumors. Genetic analysis of
sputum has also been used in diagnosis, so efficacy of combining CT
and genetic analysis of sputum for non-invasive diagnosis of stage
in non-small cell lung cancer was evaluated [Jiang et al., 2009a].
Genomic copy number changes of HYAL2, FHIT, CDKN2A, and SP-
A genes were analyzed on a mini-chip in sputum from patients with
stage I cancer and cancer-free controls. CT had higher sensitivity
(85%) in detection of lung cancer compared with the mini-chip
(70%), but there was no difference in specificity between the two
tests (89% vs. 92%). CT showed higher sensitivity (93%) in
identifying peripheral tumors; in detecting central tumors, CT
had lower specificity (90%) than the mini-chip (98%), but higher
sensitivity. Combining both tests offered higher sensitivity (91%)
than a single test, with 920 sensitivity. Thus, the combined
approach gave higher sensitivity, specificity, and accuracy for
diagnosing central cancers than CT alone.

Bhutani et al. [2008] hypothesized that tobacco-induced
molecular alterations in oral epithelium might be similar to changes
in the lungs and could serve as surrogate tissue for assessing lung
alterations. Methylation-specific PCR was used to analyze promoter
methylation of the CDKN2A and FHIT genes in oral and bronchial
brush specimens. At baseline, promoter methylation in bronchial
tissue was detected in 23% of samples for CDKN2A, 17% for FHIT,
and 35% for both; the percentages were comparable in oral tissue:
19% (CDKN2A), 15% (FHIT), and 31% (both). Data from both oral
and bronchial tissues were available for 125 individuals, in whom
the two sites correlated strongly with respect to alterations
(P<0.0001 for both CDKN2A and FHIT). At baseline, the mean
bronchial methylation index was far higher in patients with oral
tissue methylation (in either of the two genes) than in patients
without oral tissue methylation. Similar correlations occurred at
three months after intervention. Authors concluded that *“the results
support the potential of oral epithelium as a surrogate tissue for
assessing tobacco-induced molecular damage in the lungs and have
important implications for designing future lung cancer prevention
trials and for research into the risk and early detection of lung
cancer.”

FHIT EXPRESSION CHANGES IN EARLY LESIONS

WWOX and FHIT genes are located in active fragile sites and
reduction in expression of both has been associated with
development of breast cancer. Wang et al. [2008] evaluated mRNA
and protein expression for these gene products in breast tissue with
normal histological appearances, atypical ductal hyperplasia, ductal
carcinoma in situ, and invasive cancer. Compared with in situ and
invasive cancer specimens, both normal and atypical hyperplasia
specimens had greater rates of mRNA and protein expression; that is,
expression of FHIT and WWOX decreased along with breast tissue
progress from a normal histological appearance to atypical ductal
hyperplasia, in situ cancer, and invasive cancer.
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In immunohistochemical analyses of Fhit and PCNA expression
in non-proliferative benign breast disease (BBD), proliferative BBD
without atypia, proliferative BBD with atypia, carcinoma in situ or
invasive carcinoma and of EGFR protein expression in a subset
of these cases [Terry et al., 2007], Fhit underexpression was
not detected in non-proliferative lesions, but occurred in 2% of
proliferative BBD without atypia, 10% proliferative BBD with
atypia, 27% of carcinoma in situ and 41% of invasive carcinoma,
suggesting that it could be useful in assessing carcinoma in situ
lesions (ductal, DCIS and lobular, LCIS) that are more likely to
progress to malignancy. Also, microarray comparisons of DCIS
and invasive carcinoma samples showed consistent downregulation
of Fhit-related proteins, caspase 1 and BRCA1 in lesions under-
expressing Fhit [Terry et al., 2007].

LOH at the FHIT locus is coincident with activation of DNA
damage response checkpoint proteins [reviewed in Pichiorri et al.,
2008a,b]; thus damage at fragile loci may trigger checkpoint
activation. Cirombella et al. [2009] examined preneoplastic lesions
adjacent to non-small cell lung carcinomas for alterations in
expression of Fhit and activated checkpoint proteins and expression
scores were analyzed for pair-wise associations and correlations
among proteins and type of lesion. Hyperplastic and dysplastic
lesions were positive for nuclear YH2AX expression; dysplastic
lesions were negative for Fhit expression. Fhit positive lesions
showed expression of most checkpoint proteins examined, while
Fhit negative lesions showed absence of expression of Chkl and
phosphoChk1. The results showed that loss of expression of Fhit was
significantly, directly correlated with absence of activated Chk1 in
dysplasia and suggested a connection between loss of Fhit and
modulation of checkpoint activity.

FHIT-SUBSTRATE COMPLEX AS THE ACTIVE SIGNALING MOLECULE
When the FHIT gene was identified and alterations observed in
the locus in cancers, the conceptual Fhit amino acid sequence
was found to be homologous to members of the histidine triad
(HIT) family of proteins. Members of the HIT protein family each
contain a His-X-His-X-His-XX sequence motif, that forms the
core of the protein active site involved in nucleotide binding,
hydrolysis or transfer [Brenner et al., 1999]. In addition to the Fhit
branch, there are four other branches of the HIT protein family,
including Hint, Aprataxin, GalT, and DcpS [Brenner, 2002; Kijas
et al., 2006].

Alterations in expression of members of the Hint branch have also
been associated with cancer [reviewed in Huber and Weiske, 2008].
Hint1~/~ mice treated with N-nitrosomethylbenzylamine developed
significantly more and larger squamous tumors than wild type mice
[Su et al., 2003], as previously observed in Fhit~'~ mice [reviewed in
Pichiorri et al., 2008a,b]. Several other studies have been reported
confirming a role for Hint1 in the suppression of cancer [Li et al.,
2005; Wang et al., 2007]. There is now evidence that Hint2 may
also play a role in tumorigenesis. Martin et al. [2006] have reported
that HCC cells overexpressing Hint2 were suppressed for tumor
formation when injected into nude mice compared to control cells.
The authors further reported reduced expression of Hint2 in human

primary HCC compared to adjacent normal liver tissue. Thus, it is
likely that members of several HIT protein family branches, Hint1,
Hint2, and Fhit have roles in tumor suppression.

As a member of the HIT family of nucleotide hydrolases, it was
presumed that Fhit possessed enzymatic activity. Barnes et al. [1996]
first reported Fhit to be a diadenosine 5',5"'-P',P>-triphosphate
(ApsA) hydrolase. Fhit was also shown to hydrolyze Ap,A,
though Ap;A was the preferred substrate. Site-directed mutagenesis
of the central histidine of the triad demonstrated that this residue
was critical for enzymatic activity of Fhit. Interestingly, diadenosine
polyphosphates (Ap,As) are thought to be a novel class of signaling
molecules, accumulating in response to cellular stress and affecting
several cellular processes [Kisselev et al., 1998]. Recently, Ap;A
and Ap,A were shown to induce proliferation of smooth muscle cells
and this proliferation correlated with activation of the ERK1/2 MAP
kinase pathway [Bobbert et al., 2008]. Fhit robustly lowers Ap;A
intracellular concentrations due to its hydrolase activity [Murphy
et al., 2000], and might thus prevent Ap;A mediated ERK1/2
activation and cell proliferation.

Early on, studies were conducted to determine if Fhit enzymatic
activity was necessary for Fhit tumor suppressor function; for
example, suppression of xenograft growth in nude mice after
injection of cancer cells expressing exogenous Fhit was observed in
the first tumor suppression experiment [cited in Trapasso et al.,
2003]. Furthermore, the hydrolase “dead” Fhit mutant (mutated
central histidine) also suppressed tumorigenicity in mice, suggesting
that Fhit tumor suppression was not dependent on its enzymatic
activity. Importantly, the hydrolase “dead” Fhit mutant (His-96 —
Asn substitution) maintained affinity for Ap;A and formed a
Fhit-substrate complex [Pace et al., 1998]. This provided the first
evidence that the Fhit-substrate complex was the active signaling
molecule for tumor suppression.

It was further demonstrated that substrate-bound Fhit was the
active signaling complex when Fhit mutants with reduced substrate
binding and/or substrate hydrolysis were over-expressed in cancer
cells and effect on induction of apoptosis was assessed, as a measure
of suppressor activity. Importantly, induction of apoptosis was
significantly reduced only in cancer cells expressing Fhit mutants
with altered substrate binding. Fhit mutants that bound Aps;A but
were unable to hydrolyze the substrate still retained proapoptotic
function [Trapasso et al., 2003]. Pace et al. [1998] discussed the
possibility of a “Fhit effector” that binds the Fhit-substrate complex
acting to slow hydrolysis of Ap,A and sustain signaling. Soon after,
Shi et al. [2000] reported a Fhit-Ubc9 interaction and Golebiowski
et al. [2004] reported that Ubc9 interacted with Fhit and altered Fhit
enzymatic kinetics resulting in delayed hydrolysis of Aps;A and
prolonged Fhit-ApsA signaling. However, we have not been able to
confirm co-immunoprecipitation of Fhit by Ubc9 anitsera, or vice
versa, even after protein cross-linking. From the Fhit mutant studies,
it became clear that the Tyr 114 residue of Fhit was essential for
the formation of Fhit-substrate complex and subsequent tumor
suppressive signaling [Trapasso et al., 2003]. Interestingly, Tyr 114
is within a consensus sequence for Src kinase phosphorylation.
Indeed, Src kinase was shown to phosphorylate Fhit at Tyr 114, and
phosphorylation by Src kinase targeted Fhit for proteosomal
degradation [Bianchi et al., 2006].
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Recently, Fhit was shown to bind Hsp60, localize to mitochondria,
interact with and stabilize Fdxr, leading to production of reactive
oxygen species (ROS) under conditions of stress. These Fhit
interactions resulted in cell cycle arrest and apoptosis in cancer
cells [Trapasso et al, 2008]. Pichiorri et al. [2009] further
demonstrated that Fhit localization to mitochondria, as well as
Fhit interaction with Hsp60 and Fdxr, were limited by substrate
binding; that is, Fhit mutants that did not bind substrate were
defective in these functions. Collectively, these studies lead us to
propose a model of the Fhit signaling molecular switch (Fig. 2). Upon
addition of external stresses (peroxide, UV, etc.), intracellular
AppA concentrations increase, serving as a stress sensor. Inactive
Fhit binds the Ap,A substrate, activating the Fhit signaling pathway.
Upon hydrolysis of Ap,A to AMP and ADP, or possibly after Fhit
phosphorylation at Tyr 114 and subsequent degradation [Bianchi
et al., 2006], the Fhit pathway is switched off. Activated Fhit
signaling in cancer cells induces cell cycle arrest and apoptosis.

Fhit deficient cancer cells show a mild response to production
of ROS, crucial mediators of chemotherapy-induced cell death,
confirming that Fhit deficiency could negatively influence treat-
ment outcome. The FDXR gene is also a target gene of the p53
family. Overexpression of FDXR sensitized colon cancer cells
to H,0,, 5-fluorouracil, and doxorubicin-induced cell death,
indicating that Fdxr protein contributes to p53-mediated apoptosis
through generation of oxidative stress in mitochondria. Thus,
activated p53 induces apoptosis in response to cellular stresses in
part through ROS, and simultaneously p53 increases transcription of
the FDXR gene, which in turn enhances p53 function by increasing
ROS induced apoptosis [Hwang et al., 2001]. Fhit also participates in
this pathway, even in p53 deficient cells, by stabilizing Fdxr protein
and enhancing ROS production.

Consistent with the studies by Trapasso et al. [2008] and Pichiorri
et al. [2009], Rimessi et al. [2009] observed Fhit localization to the
mitochondria. It was further demonstrated that Fhit sensitizes the

Stress (peroxide,
UV, etc.)

low-affinity Ca®" transporters of mitochondria, enhancing Ca®"
uptake into the organelle, both in intact and in permeabilized
cells. Ca®" accumulation in the mitochondria is believed to sensitize
cells to apoptotic stimuli. Interestingly, increased Ca*" uptake in
Fhit overexpressing cells potentiated the effect of apoptotic agents.
The authors concluded that Fhit regulates intramitochondrial
calcium uptake and sensitizes cells to apoptotic signals.

GENOME INSTABILITY IN CANCER: SURVIVAL OF THE UN-FHIT
When FHIT was mapped to the FRA3B locus, it was presumed that
the FHIT gene was highly susceptible to chromosomal alterations
such as deletions and translocations, due to the frequency of DNA
breaks associated with FRA3B upon genotoxin exposure. Indeed,
chromosomal alterations at the FHIT locus and subsequent loss
of Fhit expression are commonly observed in human cancer cells.
Interestingly, and somewhat paradoxically, recent evidence sug-
gests that Fhit functions to protect genomic integrity through
involvement in the DNA damage response and DNA repair.

The cellular DNA damage response involves essential, complex
signal pathways for the maintenance of genomic integrity. DNA-
damaged cells must arrest the cell cycle and repair damaged DNA.
Life and death decisions made by cells are dependent on the extent
of damage and the completeness of repair. Cells unable to effectively
repair damaged DNA trigger apoptosis, preventing inheritance of
genetic mutations by daughter cells. Alterations to or interference
with the DNA damage responses can result in loss of genomic
integrity and initiation and progression of cancer.

FHIT-DEFICIENCY IS ASSOCIATED WITH RESISTANCE

TO GENOTOXIC STRESS

The first indication that Fhit activity affected the DNA damage
response was the finding that Fhit-deficient cancer and normal cells
exhibited increased resistance to genotoxic stress-inducing agents,
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including mitomycin C and UVC. UVC surviving Fhit™'~ cells
appeared transformed and carried a >5-fold increase in mutations
[reviewed in Pichiorri et al., 2008a,b].

More recently, Ishii et al. [2008] demonstrated that Fhit-deficient
hematopoietic stem cells (HSC) survive hydroquinone exposure.
In this study, HSCs were isolated from wild type and Fhit™'~ mice,
treated with hydroquinone, and hematopoietic colony formation
was assessed to determine HSC susceptibility to hydroquinone.
Interestingly, Fhit-negative HSCs were resistant to hydroquinone, as
indicated by colony formation. Furthermore, Fhit-deficient bone
marrow was shown to be resistant to hydroquinone in vivo, and
Fhit-deficient HSCs retained potential for self-renewal and multi-
potent differentiation. Immunohistochemical staining of bone
marrow tissue sections 120 days after transplantation of hydro-
quinone-exposed cells showed evidence of extensive apoptosis in
wild type transplanted mice, while bone marrow of mice receiving
Fhit~'~ derived HSCs did not. Importantly, preneoplastic alterations
were observed in tissues from Fhit™/~ hydroquinone-exposed
bone marrow-transplanted mice. In summary, Fhit-deficiency
allows resistance to genotoxic stress and survival of cells carrying
precancerous changes.

FHIT DEFICIENCY IS ASSOCIATED WITH ABERRANT

CHECKPOINT RESPONSE

How Fhit participates in DNA damage response pathways to
contribute to cell sensitivity to genotoxic stress has not been defined
in detail; however, recent evidence suggests that Fhit modulates the
G2/S checkpoint response. Hu et al. [2005a] reported an overactive
Atr/Chk1 response and a stronger S/G2 checkpoint in Fhit™'~ kidney
epithelial cells, resulting in increased resistance to ionizing radiation
and increased mutations in resistant cells. Fhit-deficiency is
associated with increased resistance to genotoxic stress and DNA
damage, and this may be explained in part by an overactive
checkpoint in Fhit-deficient cells.

As a follow-up to the previous study, Hu et al. [2005b] observed
an increase in homologous recombination repair (HRR) after Fhit
knockdown. In contrast, Chk1 knockdown resulted in decreased HRR
efficiency. Collectively, the results suggest that Fhit-deficiency leads
to increased Chk1 activation, followed by increased HRR efficiency.
Although HRR is regarded as an error-free repair pathway, we
have observed an increase in both HRR and mutation frequency in
Fhit-deficient hydroquinone-exposed cells, indicating that HRR is
not always error-free [Ishii et al., 2008], as previously observed by
Richardson et al. [2004].

In another study, it was shown that Fhit differentially modulated
the DNA damage checkpoint of normal and cancer cells in response
to UV exposure [Ishii et al., 2006]. In primary fibroblasts Fhit
overexpression correlated with activation of Chkl, indicated by
phosphorylated Chk1 (pChk1) at S317, with or without UV exposure.
This presumably would allow DNA repair prior to mitosis, preserving
genomic integrity. In contrast, esophageal cancer cells exhibited
strong checkpoint activation upon UV exposure; however, over-
expression of Fhit led to significant reduction of Chkl and no
detectable pChkl1. This observation was confirmed in vivo.
Consequently, mouse tumors with Fhit overexpression underwent
apoptosis. Interestingly, experiments using Fhit mutants with very

reduced substrate-binding demonstrated that Fhit modulation of
the checkpoint response is dependent on Fhit binding of Aps;A
substrates [Pichiorri et al., 2009], providing further evidence that
the Fhit-substrate complex is the active signaling molecule for the
Fhit pathway.

THE GENE

It will be very important to understand more about the haplotypes
within FHIT intron 5 that are associated with risk of prostate cancer.
It will be especially interesting to determine if this region of intron 5
is involved in processing the ~1.7 megabase FHIT transcript or if
this intron region may encode a functional non-coding RNA.

Secondly, FHIT and other genes encoded at fragile regions are
frequently silenced by regulatory region CpG methylation. If this is
not a mark of selection for inactivation then could it be a result of
DNA damage? Are regulatory regions of damaged loci more likely
to be methylated? And could this methylation be related to the
unique chromatin properties at fragile sites, described by Jiang
et al. [2009b]? Experiments could be devised to investigate these
questions.

Finally, it should also be possible to directly investigate questions
concerning the selection for absence of expression of fragile gene
products that are possible tumor suppressors. For example, Fhit
deficient mice are ~10-fold more susceptible than wild type mice to
carcinogen induction of forestomach tumors. But the mouse Fhit
locus with Fhit inactivated by deletion of exon 5 is still fragile; so
perhaps by examining induced tumors from Fhit deficient mice
versus wild type mice, it would be possible to determine if the wild
type mice are more likely to exhibit deletions within the Fhit locus.

THE GENE PRODUCT
As summarized above, Fhit participates in a number of important
signal pathways in response to endogenously or exogenously
applied stressful agents, particularly those that cause DNA damage,
whether to single or both DNA strands, and this includes responses
to chemotherapeutic agents. Thus, detailed understanding of the
mechanisms through which Fhit participates in stress responses,
DNA damage response pathways and apoptotic pathways, is needed.
The identification of Fhit-interacting proteins after cross-linking of
overexpressed, tagged Fhit protein was a breakthrough in the sense
that we know quite a lot now about how Fhit affects response to
oxidative agents, through transport to the mitochondria, interaction
with, and stabilization of Fdxr. Might this mechanism suggest that
Fhit is involved in stabilization or destabilization of other important
signaling proteins? It will be very important to determine if Fhit
might affect stability of one or more proteins involved in checkpoint
responses. It is also possible that Fhit, as a cytoplasmic protein,
may be involved in other post-translational changes affecting
checkpoints or apoptotic pathways. Post-translational changes are
still difficult to examine on a global scale, particularly for low
abundance proteins, although such studies may be feasible using the
Fhit-deficient yeast strains developed by Charles Brenner.

A number of investigators in other laboratories have reported
possible Fhit partner proteins in signal transduction, involving
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interesting pathways that could contribute to tumor suppression,
such as Mdm2 and Bcat [reviewed in Huber and Weiske, 2008];
as mentioned in previous reviews, we have not detected direct
interactions of Fhit with these proteins by co-immunoprecipitation.
Nevertheless, further investigation of these possible Fhit-partner
complexes and effects on signal pathways is warranted.

Currently, we are “looking where the light is” by examining
expression differences in stressed Fhit positive and negative sister
cells using microarray and RT-PCR array analyses, in order to
identify pathways controlled, albeit indirectly, by Fhit.
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