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Abstract The FHIT gene at FRA3B is one of the earliest
and most frequently altered genes in the majority of human
cancers. It was recently discovered that the FHIT gene is
not the most fragile locus in epithelial cells, the cell of
origin for most Fhit-negative cancers, eroding support for
past claims that deletions at this locus are simply passenger
events that are carried along in expanding cancer clones,
due to extreme vulnerability to DNA damage rather than to
loss of FHIT function. Indeed, recent reports have recon-
firmed FHIT as a tumor suppressor gene with roles in
apoptosis and prevention of the epithelial-mesenchymal
transition. Other recent works have identified a novel role
for the FHIT gene product, Fhit, as a genome “caretaker.”
Loss of this caretaker function leads to nucleotide imbal-
ance, spontaneous replication stress, and DNA breaks.
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Because Fhit loss-induced DNA damage is “checkpoint
blind,” cells accumulate further DNA damage during
subsequent cell cycles, accruing global genome instability
that could facilitate oncogenic mutation acquisition and
expedite clonal expansion. Loss of Fhit activity therefore
induces a mutator phenotype. Evidence for FHIT as a
mutator gene is discussed in light of these recent investi-
gations of Fhit loss and subsequent genome instability.
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Introduction

Common fragile sites (CFSs) are large genomic loci that
display chromosomal instability in response to genotoxic
or replicative stress [1]. This chromosomal instability, most
often displayed as metaphase breaks, occurs at CFSs before
instability at other genomic regions is observed. Because
many fragile sites map to loci non-randomly altered in
cancers, it was thought that these CFSs might harbor genes
that contribute to cancer development through genomic
alteration [2]. Indeed, the tumor suppressor gene FHIT
spans the most fragile CFS in human lymphoblasts,
FRA3B; recent mapping of CFSs in epithelial and fibro-
blast-derived cells has shown that activation of specific
fragile loci varies in cells of different tissues [3] and the
FRA3B/FHIT locus is not necessarily the most fragile
locus in non-hematopoietic tissues [3-5].

Alterations at FRA3B, which frequently result in loss of
Fhit protein expression, are associated with benign, pre-
neoplastic, and malignant lesions of many human organs.
Since the discovery of this first gene at a fragile locus,
nearly 1,000 reports concerning the FHIT gene or gene
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product have been published and many include evidence of
the role of Fhit protein in tumor suppression and correla-
tion of loss of Fhit expression with various clinical features
of various types of cancer, such as poor prognosis, inva-
siveness, and poor outcome [6]. Very recently, several
reports described a role for Fhit in preventing epithelial—
mesenchymal transition (EMT), an important morphologic
change that occurs in cancers as they become invasive [35].
However, the most recent function to be assigned to Fhit,
and perhaps its most significant cancer-associated function,
is the discovery that Fhit is a genome “caretaker”, whose
loss induces global genome instability [7]. When Fhit
activity is lost, cells exhibit spontaneous replication stress,
increased levels of single-stranded DNA (ssDNA), double-
strand DNA (dsDNA) breaks, and chromosomal instability.
Replication fork stabilization by Fhit protein is effected
through positive regulation of thymidine kinase 1 (TK1),
an enzyme necessary for the salvage pathway of thymidine
triphosphate (TTP) pool biosynthesis. Adequate TTP syn-
thesis is necessary to maintain DNA replication fork
stability.

Fhit loss also increases the fragility of other CFS [4] and
it has been shown that loss of Fhit caretaker function leads
to a mutator phenotype, with allele copy number altera-
tions, expression changes, and exome mutations in Fhit-
deficient cells and tissues [7, 8], increasing the likelihood
of progression to cancer. There were some earlier hints of
involvement of Fhit in a caretaker function due to close
study of sebaceous tumors, glandular tumors that occur in
sweat and oil glands of humans, often near the eye. A
group of very observant German ophthalmologists first
observed loss of Fhit expression in periocular sebaceous
gland carcinoma [9, 10] in patients with Muir-Torre syn-
drome (a type of tumor thought to be due exclusively to
inactivation of mismatch repair genes such as the MSH2)
and suggested that loss of Fhit then initiates further
mutations. Thus, the Fhit protein, encoded by a gene at a
highly unstable genomic locus, paradoxically regulates
global genome instability. In this review we briefly sum-
marize old and new research concerning the Fhit
suppressor functions and then describe the more recent
discovery of the Fhit caretaker function.

Alterations at the FRA3B/FHIT locus

The FHIT gene, located at 3p14.2, is a large ten-exon gene
[11]. Though the gene is ~2 Mb in length, FHIT mes-
senger RNA is only 1.1 kb with exons 5-9 encoding a
small protein of 147 amino acids. The core of FRA3B
overlaps FHIT exons 4-6 and the majority of FRA3B
alterations occur within this region [12]. Aberrant tran-
scripts of FHIT are detected at a high frequency in cancer
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cells, many of them due to deletions within the FRA3B
core region, and reduction or absence of Fhit protein
expression occurs in nearly 50 % of all cancers. Silencing
of Fhit expression can also occur by CpG methylation
within the promoter, and this mode of Fhit expression
silencing is a frequent occurrence in cancer cells. Fhit loss
occurs most commonly in epithelial-derived cancers of the
lung, esophagus, breast, throat, stomach, skin, pancreas,
cervix, and kidney; though there are examples of Fhit loss
in many other types of cancer.

There are also numerous reports of genetic alterations at
the FHIT locus and loss of Fhit protein expression in
preneoplasias, suggesting a tumor suppressive role for Fhit
in the early stages of cancer development [13-15]. FHIT
gene alterations and loss of Fhit protein expression occurs
in up to 90 % of precancerous lesions of squamous cell
carcinoma of the lung [15], and is even observed in the
histologically normal bronchial epithelium of chronic
smokers; thus, Fhit loss may be an initiating event in the
development of lung tumors of carcinogen-exposed indi-
viduals [16, 17]. The FHIT gene is highly sensitive to
environment carcinogens, especially carcinogens present in
cigarette smoke, so it is not surprising that Fhit is lost in
early pre-cancer cells of lung squamous cell carcinoma. In
sporadic breast cancer, Fhit loss also occurs in the pre-
cancerous stages, primarily at the pre-invasive dysplastic
stage with estimates of Fhit loss occurring in as many as
70 % of ductal in situ carcinomas and loss of heterozy-
gosity (LOH) at the FHIT locus in as many as 25 % of
intraductal hyperplasias [13, 18]. Fhit loss is also very
common in the precancerous lesions of the esophagus [8,
19], cervix [20, 21], oral cavity [22], and other organ tis-
sues [23-25], suggesting that in many different types of
cancer, Fhit plays an important role in suppressing the
formation of the early preneoplastic and premalignant
lesions.

FHIT as a tumor suppressor gene

Due to the exquisite fragility seen at FRA3B and other
CFSs, it has been argued that alterations at CFSs are pas-
senger events in cancer development. However, there have
been many reports that support findings that the FHIT gene
is a tumor suppressor. First, Fhit protein is lost or reduced
in most cancers. Second, Fhit knockout mice are much
more susceptible to cancer induction than wild-type mice.
Fhit-/- mice not only develop more carcinogen-induced
tumors but also develop more spontaneous tumors than
wild-type control mice [26, 27]. Over-expression of Fhit in
Fhit-negative cancer cell lines suppresses tumorigenicity of
xenografts in mice, and FHIT viral gene therapy prevents
and reverses carcinogen-induced tumors in a gastric cancer
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mouse model [28]. It has been shown that a major mech-
anism of tumor suppression by Fhit is the promotion of
apoptosis. One of the few Fhit-interacting proteins dis-
covered is ferredoxin reductase. Fhit interacts with and
stabilizes ferredoxin reductase in the mitochondria during
oxidative stress [29-31]. This interaction results in
increased reactive oxygen species production, causing
caspase-3 activation and apoptosis. It has also been
reported that Fhit can increase calcium release from the
mitochondria, offering an additional means of promotion of
apoptosis [32].

Fhit also suppresses EMT as another tumor suppressor
mechanism [33, 34]. A recent study demonstrated that Fhit
silencing in bronchial cells induced over-expression of two
primary EMT-associated targets, MMP-9 and vimentin
[35]. In this study, Fhit silencing increased cell invasion
dependent on Slug, a member of the Snail family of tran-
scription factors known to be key mediators of EMT. The
authors determined that EGFR was the receptor orches-
trating the Src/ERK/Slug pathway modulated by Fhit. This
recent work strengthens previous reports that Fhit expres-
sion minimizes the invasiveness and metastatic potential of
cancer cells. Gaudio and colleagues [36] have recently
discovered a novel Fhit-interacting protein, Annexin 4.
Their work demonstrates that over-expression of Fhit pre-
vents Annexin 4 translocation to the plasma membrane
from the cytosol following paclitaxel treatment. This result
suggests that Fhit and paclitaxel act synergistically to
increase apoptosis in tumor cells, both in vitro and in vivo.
Fhit negativity is an accepted marker of poor prognosis in
cancer patients, and this work suggests a mechanism
through which Fhit loss could contribute to a poor
prognosis.

FHIT as a genome caretaker
CFS fragility is cell type specific

The mechanisms of fragility at FRA3B and other CFSs
have remained elusive for many years. CFS instability has
historically been attributed to the fact that they harbor
sequences with a propensity for forming secondary struc-
tures that could hinder replication fork movement. This
would lead to fork collapse and dsDNA breaks. However,
Letessier and colleagues [3] recently demonstrated that the
fragility of FRA3B does not result from replication stress-
induced fork stalling but instead from a scarcity of repli-
cation initiation events. They showed that in
lymphoblastoid cells, but not in fibroblasts, initiation
events are absent from the FRA3B core and are instead
only present on the fringes of the fragile region. This forces
replication forks coming from the flanking regions to cover

approximately 700 kb in order to complete replication.
These genomically distant origins were shown to fire in
mid-S phase, leaving the fragile core incompletely repli-
cated upon fork slowing. Notably, FRA3B instability is not
found in all cells types but only in cells showing the pattern
of sparse initiation origins. The FRA3B locus of NHEK
epithelial cells shows Repli-seq data that would suggest it
is less fragile in these cells than in lymphoblasts [4]. Thus,
it has been proposed that CFSs are the latest initiation-poor
regions to complete replication in a given cell type. Repli-
seq data for three of the top epithelial fragile regions
examined in the Huebner lab [4] support this model of
fragility dependent on placement of DNA replication ori-
gins in cells derived from specific tissues [3]. FRA16D,
another fragile site that encompasses the tumor suppressor
gene WWOX, shows similar distributions of replication
origins in both epithelial and lymphoblast cells [4]. In
contrast, FRA2I/2q33 shows sparse origins in epithelial
cells but adequate origins in lymphoblast cells. Therefore,
depending on the CFS in question, epithelial cells show
either differences or similarities in active CFSs when
compared with lymphoblasts. FRA16D is among the most
active in both cell types and thus is among the most sen-
sitive to replication stress in cells of epithelial and
lymphoblast origin. Expression of the Wwox protein is
very frequently reduced or absent in human solid tumors,
particularly breast cancers [37] (see R. Ageilan chapter in
this issue).

Fhit loss increases CFS fragility

In addition to paucity of initiation events, it has recently
been demonstrated that loss of Fhit increases the fragility
of other CFS [4]. In MCF10A cells, knock down of
FHIT expression resulted in a twofold increase in chro-
mosomal breaks and gaps. Induction of several novel
fragile loci was also observed, including 7q22, 9p22,
1q44, and 2q23 [4]. This increase in fragility occurred in
the absence of exogenous replication stress, strengthening
the argument for Fhit loss as the causative stress. CFSs
are frequently altered in cancer so it is likely that Fhit
loss increases the occurrence of CFS alterations in can-
cer cells. Because of its exquisite fragility, it has been
argued that loss of FHIT expression is a passenger event
during clonal expansion rather than a cancer driver [38].
However, breast and other epithelial cancers show
reduced or absent expression of FHIT and yet the
FRA3B/FHIT locus is apparently not the most fragile
CFS in breast epithelial cells [4]. This finding, combined
with the observation that Fhit loss increases fragile
breaks at other CFSs, is consistent with the idea that loss
of FHIT expression is selected for during cancer initia-
tion or progression.
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Fhit-negative cells show increased chromosomal
instability

Genome instability is a hallmark of sporadic cancers, which
expedites tumorigenesis and provides DNA damage hot-
spots for mutations [39]. Genome instability includes
chromosomal instability, microsatellite instability, and
point mutations. Chromosomal instability represents the
most commonly observed cancer-driving instability and can
be subdivided into structural or numerical chromosomal
irregularities [40]. Examples of structural chromosomal
instability are translocations, inversions, deletions, and
duplications. Numerical instability includes aneuploidy,
triploidy, and tetraploidy. In addition to increased DNA
breaks at CFSs, Fhit-deficient cells demonstrate other forms
of genome instability [4, 7, 8]. Fhit-silenced MCF10A cells
show >2-fold increased micronucleus formation vs. shCtrl
cells. This illustrates that the loss of Fhit protein activity in
epithelial cells is sufficient to cause an increase in chro-
mosomal instability, even in the absence of exogenous
genotoxic stress [4]. Furthermore, mouse kidney [MK] cells
from Fhit—/— mice show twofold increased spontaneous
sister chromatid exchange (SCE) frequency vs. +/+ MK
cells [4]. Fhit—/— MK cells and mouse embryo fibroblasts
(MEFs) also show increased insertions/deletions and chro-
mosomal aneuploidy, including chromosome gains and
losses [8]. Copy number variations (CNVs), spanning

>10 kb, were not seen in late passage 4/+ MEEF cell lines
but numerous CNVs occurred in post-senescent —/— cells,
including acquired gains within chromosome band 10D2
encompassing the murine Mdm?2 gene, an oncogene fre-
quently involved in cellular transformation. This
amplification was accompanied by ~4-fold increase in
Mdm?2 mRNA expression. CNVs were also detected in —/—
weanling tail tissue, illustrating existence of genome
instability in normal tissue not related to development of
preneoplastic clones. After silencing FHIT in transformed
MCF10A breast epithelial cells, chromosomal losses or
gains at 3pl4.2, 7q34, 9q21.3, 15q22.2, 16q23.3, and
3p21.2, which carry tumor suppressor genes or oncogenes,
were observed [4]. For example, the RORA gene at
FRAI15A (15g22.2) was deleted after FHIT silencing. The
RORA gene is expressed in normal breast, prostate, and
ovarian epithelium, is frequently induced upon cellular
stress, and is inactivated in cancers that arise from these
organs [41] (see D. Smith chapter in this issue).

Chromosomal instability in Fhit-negative cells
correlated with pro-survival mRNA and protein

expression changes: an in vitro study

Fhit—/— mouse kidney accumulated genetic alterations due
to loss of Fhit caretaker function and, additionally, showed
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striking changes in expression of the p53—p21 cell cycle
control pathway [8]. Between passage 7 and passage 12,
p53 protein expression increased dramatically in these —/—
cells, while p21 protein disappeared abruptly. This was in
accord with mRNA data, indicating that at late passages in
—/— cells, Cdknla (p21) mRNA can be down tenfold. This
suggests that the overexpressed p53 was mutated, as p21 is
an important downstream p53 target. Indeed, the absence
of p21 expression was due to a single base substitution in
Trp53, a G to C mutation in the DNA-binding domain of
pS53, which likely decreased pS53-mediated Cdknla gene
transactivation and thus p21 protein expression. These pro-
survival expression changes resulted in increased clono-
genicity of Fhit—/— kidney and MEF cells at late passage,
both with and without carcinogen treatment. Microscopic
examination of morphology and lack of B-galactosidase
staining of —/— clones suggested that clonogenic late
passage Fhit—/— cells acquired resistance to carcinogen-
induced apoptosis and cell cycle arrest. Interestingly,
Fhit—/— kidney and MEF cells recruited different resis-
tance mechanisms in response to carcinogen treatment. The
surviving —/— kidney cells showed down-regulated cas-
pase 3 and reduced cleaved PARP in the complete absence
of p21 expression due to mutant p53. MEF —/— cells
instead demonstrated a functional p53-p21 pathway but
instead up-regulated Survivin protein while maintaining
steady anti-apoptotic Mcll. Thus, the kidney cells silenced
apoptotic signals while MEF cells activated anti-apoptotic
signals.

Fhit loss-induced replication stress causes chromosome
instability in Fhit-negative cells

Several models have been proposed as common mecha-
nisms for the origin of genome instability, including
oxidative stress, telomere erosion, impaired DNA repair,
and chromosome segregation errors; however, these forms
likely do not contribute to the initiation of instability but
rather to ongoing instability as they are seen in more
advanced lesions [42]. The prevailing hypothesis for the
origin of genome instability in preneoplastic cells is that
defects in DNA replication result in DNA breaks that,
when incorrectly repaired, produce chromosomal changes
[43]. Thus, it is important to define the molecular source of
replication stress that initiates genome instability. Onco-
gene activation can cause replication stress, chromosomal
instability, and promote tumorigenesis, and has been pro-
posed as a mechanistic basis of genome instability [40].
However, oncogene-induced replication stress is probably
not the initiating event. For example, oncogene activation
is achieved through various mechanisms that involve
chromosome alterations, including translocations that
change expression of the oncogene, duplications that
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increase the oncogene copy number, point mutations within
the oncogene that increase its activity, deletion of a nega-
tive regulator, or epigenetic changes that affect gene
expression. Also, because many oncogenes that induce
senescence require a second genetic “hit” to uncouple
mitogenic signaling from the senescence barrier [44], it
seems probable that some degree of genetic instability and
heterogeneity must precede oncogene activation. The FHIT
gene has been called the “weakest link” in the genome
[28], making it a first target for inactivation in cells
undergoing transformation and its deletion a strong can-
didate initiator of genomic instability [28, 45, 46].
Alterations at FRA3B/FHIT can be caused by normal
metabolic processes or by exposure to thus-far-undefined
environmental stresses. Increased CNVs, amplification of
known oncogenes, and deletion of possible tumor sup-
pressors in multiple Fhit-deficient models supports the
proposal that FHIT loss leads to genomic instability and
contributes to cancer development.

Fhit loss was shown to induce genome instability,
indicating that Fhit has a genome caretaker function. It has
now been shown that the genome caretaker function of Fhit
prevents spontaneous replication stress [7]. Mechanisti-
cally, the replication stress in Fhit-deficient cells is caused
by a decrease in thymidine triphosphate (TTP) pools:
silencing Fhit expression leads to a moderate decrease in
TTP, a reduction sustained in stably Fhit-silenced cells.
Nucleotide imbalance is a well-known source of replication
stress, which causes polymerase stalling thereby hindering
replication fork progression. Following TTP decrease, Fhit-
negative cells exhibit multiple markers of replication stress
and DNA damage, including phosphorylated ATR, phos-
phorylated H2AX, 53BP1 foci, stalled replication forks,
and dsDNA breaks. Interestingly, the DNA damage caused
by Fhit loss-induced replication stress is “checkpoint
blind” in that, despite phosphorylation of ATR, down-
stream Chk1 does not become phosphorylated and cells do
not exhibit cell cycle arrest. Thymidine supplementation
rescues the replication defects and suppresses dsDNA
breaks in Fhit-silenced cells. Fhit up-regulates TKI1
enzyme expression for the timely production of TTP during
S phase via the thymidine salvage pathway. TK1 deficiency
is therefore the proposed mechanism for replication stress
in Fhit-silenced cells. Interestingly, the Tkl knockout
mouse also exhibits evidence of replication stress and
chromosome instability. Examination of B lymphocytes
and erythrocytes from Tkl—/— mice revealed a dramatic
decrease in TTP levels, activation of the replication stress
checkpoint kinase Chk1, and phosphorylation of the DNA
damage marker H2AX [47]. In another study it was shown
that Tk1—/— reticulocytes and normochromatic erythro-
cytes had a five- and eightfold increase in spontaneous
micronuclei formation, respectively [48]. These mice are

also partially immune-deficient, as are the Fhit—/— mice
[27]. These findings are in accord with the Fhit/TK1 model
where loss of Fhit causes reduced TK1, insufficient TTP
synthesis, and subsequent replication stress and genome
instability.

Replication stress causes genome instability
and cellular transformation

Studies in yeast models demonstrated that decreased dNTP
levels lead to increased mutagenesis through an increase in
genomic instability [49]. It has also been shown that
decreased dNTP levels are the cause of the DNA damage
seen during oncogene-induced DNA replication stress and
that restoration of cellular dNTP levels by addition of
exogenous nucleotides is sufficient to suppress the DNA
damage response [50]. However, in many cases, including
oncogene-induced replication stress, cells exit the cell
cycle and become senescent in response to this dNTP
imbalance. A number of recent reports have attempted to
define the mechanism of oncogene-induced senescence
bypass and subsequent cellular transformation. It has been
shown that when the cell culture medium is supplemented
with exogenous nucleosides, melanocytes expressing
oncogenic BRAF or NRAS can bypass senescence [51].
These investigators also demonstrated that either ectopic
expression of RRM2, an enzyme involved in nucleotide
biosynthesis, or exogenous nucleoside supplementation
could overcome senescence. Because these cells maintain
oncogene expression, the authors concluded that the cells
that had bypassed senescence could then become trans-
formed. Whereas oncogenes cause a dramatic decrease in
dNTP levels, Fhit loss causes only moderate TTP reduc-
tion. This creates optimum DNA damage to induce global
genome instability, because it is sufficient to negatively
affect DNA synthesis but does not block cell cycle pro-
gression and cause senescence. This global genome
instability thus drives Fhit-deficient early preneoplastic
cells to neoplastic progression through cycles of mutation
and selective clonal expansion.

Fhit loss and the mutator phenotype hypothesis

FHIT inactivation causes a mutator genotype/
phenotype

Normal proliferating cells possess robust mechanisms to
ensure genomic integrity with each cell division. These
mechanisms include DNA replication factories that copy
DNA with remarkable fidelity, DNA repair pathways to
correct any replication mistakes or repair DNA damage
caused by environmental and endogenous agents, and
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mitotic checkpoints that promote faithful segregation of
sister chromatids to daughter cells. As a result, proliferat-
ing cells are able to limit the number of spontaneous
mutations to <1 mutation per 10 billion nucleotides per cell
division depending on the cell type [52]. In contrast, cancer
cell genomes often carry thousands of mutations, with
different cells within a tumor harboring synonymous and
unique mutations. In order to account for the large numbers
of mutations in cancer cells, Lawrence Loeb first postulated
that cancer cells express a “mutator phenotype”, that is
they have an elevated mutation rate compared to nonma-
lignant cells [53]. The development of a mutator phenotype
is hypothesized to be an early step in tumorigenesis, due to
the necessity of multiple cooperating oncogenic mutations
to initiate and sustain the neoplastic process [54]. An ele-
vated mutation rate would generate mostly random, nearly
neutral mutations; however, upon acquisition of an onco-
genic, tumor-initiating mutation, selective clonal expansion
would ensue capturing previously occurring passenger
mutations within the given cell lineage. Throughout
tumorigenesis, cancer-driving mutations occur at random
and multiple rounds of clonal selection generate a tumor
made up of a predominant clone and several subclones.
Thus, the mutator phenotype is integral to the clonal evo-
lution of cancer, facilitating the acquisition of cancer
hallmarks [55].

So how do normal or precancerous cells acquire a
mutator phenotype? The model proposes that random
genome-wide DNA damaging events, either from envi-
ronmental or endogenous sources, produce random
mutations. By chance, a mutation within a genome main-
tenance gene, such as a DNA repair gene, would
destabilize the genomic integrity of the affected mutant cell
[54]. There are probably hundreds of potential “DNA
caretaker” genes that might act as a mutator gene if ran-
domly activated or inactivated, so long as a mutation
elevates the mutation rate without significantly reducing
cellular fitness. Cancers that require multiple mutation
“hits” are predicted to be more dependent on a mutator
phenotype as the probability of acquiring the necessary
cooperating mutations is significantly increased when the
mutation rate is elevated [53]. In support of the mutator
phenotype, many familial cancer syndromes are caused by
inherited mutations in DNA caretaker genes. It is undis-
puted that tumor cells of most cancers have accumulated
thousands of mutations and even tens of thousands, but it
has been argued that the increased proliferation rate and
longevity of tumor cells is sufficient to account for the
number of mutations present in cancer cells, without pos-
tulating a mutator phenotype [56]. Indeed, the time
between carcinogen exposure and clinical appearance of a
tumor can take more than 20 years. Nevertheless, estimates
of mutation rates in cells following the cancer-initiating
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event are 200-fold higher than the rate in normal cells,
suggesting that in the early stages of tumorigenesis, cells
express a mutator phenotype [52, 57].

A main criticism of the mutator phenotype is the low
frequency of sightings of inactivated or activated mutator
genes in sporadic cancers. Many cancer genomes have now
been sequenced and each year the number of sequenced
cancer genomes steadily increases. These large genomic
studies have revealed a puzzling trend: many cancer gen-
omes have thousands even hundreds of thousands of
mutations, yet there are relatively few mutations involving
known DNA caretaker genes [40]. This has led some to
argue that genomic instability in cancers is not caused by a
mutator phenotype but rather by oncogene-induced DNA
replication stress. However, with the finding that Fhit has a
DNA caretaker function through support of DNA replica-
tion [7], the FHIT gene is predicted to be a candidate
mutator gene for a large fraction of sporadic cancers, as
FHIT deletions do occur in the early stages of cancer
development and are among the most frequent mutations in
cancers, as confirmed by the many large cancer genome
sequencing projects.

Fhit loss specifically causes chromosome instability, yet
cancers also exhibit thousands of base-substitution muta-
tions and small insertions and deletions. Thus, for FHIT to
be a good candidate mutator gene, Fhit inactivation must
also account for the presence of these point mutations and
small insertions and deletions. New evidence now suggests
that replication stress may be a source of both point
mutations and small insertions and deletions. Studies in
yeast, mammalian cells, and cancer cells have begun to
reveal that chromosome alterations caused by replication
stress can produce a mutator phenotype. Poli et al. [58]
investigated DNA replication in different mutant yeast
strains under chronic replication stress. Interestingly, they
found that yeast mutants that have spontaneous DNA
breaks and a chromosome instability phenotype adjusted to
chronic replication stress by increasing dNTP pools [58].
Davidson et al. [59] made a similar observation, and further
showed that the elevated dNTP pools increased the muta-
tion rate and conferred a mutator phenotype. It is possible
that a similar adaptation occurs in Fhit-deficient cells
where there is an initial shortage of TTP and replication
stress, but then a later expansion of the pools leading to a
mutator phenotype. Separate studies in yeast have shown
that break-induced replication at collapsed replication forks
is error prone, producing clusters of base-substitution
mutations and small insertions and deletions [60]. Repair of
DSBs by non-homologous end joining can also produce
small insertions and deletions [61], and repair by homol-
ogous recombination repair of DSBs, though considered to
be error free, has now been shown to introduce clustered
point mutations and small insertions and deletions [62].
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Fig. 1 FHIT loss as a mechanism for evasion of oncogene-induced
senescence

There is also evidence for replication stress-induced
mutations in cancer cells from several sequenced cancer
genomes. These studies have revealed the presence of non-
random, clustered mutations in cancer genomes [63]. The
pattern of local hypermutation and mutation clusters sug-
gests that they arose simultaneously, and because they
frequently map to chromosome breakpoints it is likely they
were generated during repair of a DSB or a collapsed
replication fork [64]. Finally, a recent study showed that
premalignant colon adenomas exhibited a mutator pheno-
type, and the authors concluded that replication stress was
a major contributor to the elevated mutation frequency
[52]. Finally, exome DNAs of Fhit—/— mouse liver tissue
and kidney cells show more small insertions and deletions
than exome DNAs from wild-type mice, with and without
carcinogen treatment [8]. The collective evidence suggests
that replication stress can produce a mutator phenotype, in
accord with the proposal that FHIT is a strong candidate
caretaker gene, loss of which causes a mutator phenotype

(Fig. 1).

Fhit loss is a mechanism for bypass of oncogene-
induced senescence

In normal and preneoplastic cells, oncogene-induced DNA
damage results in cellular senescence and apoptosis,
mediated by DNA damage checkpoint pathways. DNA
damage checkpoints form a tumorigenesis barrier pre-
venting the development of cancerous lesions from
precancerous cells [45]. pS3 and ATM proteins are central
to the senescence barrier to tumorigenesis, and without
mutational inactivation or experimental manipulation of

these or other key components within the checkpoint
pathway, oncogenes fail to transform cells [44]. Oncogene
activation also induces senescence in a DNA damage-
independent way through the Arf-p53 pathway [65]. It is
unlikely that genomic instability would develop in senes-
cent cells, yet it is still commonly suggested that oncogene-
induced genomic alterations facilitate mutational inactiva-
tion of checkpoint proteins [42]. This is also unlikely, as
evidence indicates that senescence is irreversible. Despite
the tumorigenesis barrier that senescence poses in response
to oncogene activation, tumorigenic cells do acquire
resistance to senescence. In fact, it is the senescence barrier
that is believed to be a major selective force for the highly
frequent mutations in TP53 and ATM found in cancer cells
[46]. Indeed, the oncogenes that cause DNA damage and
senescence also transform cells in vitro and promote
tumorigenesis in mouse models. So how do we reconcile
these apparent contradictions? An important point to make
here is that in the in vitro models, oncogenes are activated
in a very high number of cells and yet transformation
occurs in fewer than 1 in 105 cells. Furthermore, transgenic
oncogenes that are ectopically expressed in mice induce
clonal rather than systemic tumors [66]. This is in contrast
to human cancers, where oncogenes are not ectopically
activated but become activated only in tumor cells. These
observations confirm that driver mutations only work in the
right genetic and environmental context or “soil” to sup-
port clonal expansion, underlying the importance of having
a degree of genome instability and heterogeneity prior to
oncogene activation [66]. This is also in accord with the
hypothesis that senescence is an irreversible process, and
that pre-existing, non-senescent cells are selected for clonal
expansion [67].

The extent of genetic heterogeneity in cells prior to
oncogene activation is unknown, but recent findings con-
clude that heterogeneity is widespread in normal cells,
increases with age and is a strong predictor of disease [68—
70]. Thus, it is possible that mutations that impair the DNA
damage checkpoints may be present in some cells prior to
oncogene-induced senescence. Such mutations only have a
selective advantage in cells accumulating DNA damage,
and thus would not be detectable in the early preneoplastic
stages of tumorigenesis until after senescence evasion and
clonal expansion. Evidence for this comes from follow-up
studies of the DNA caretaker function of Fhit. In primary
cells established from Fhit +/+ and Fhit—/— mice, we
have discovered that the genome instability caused by Fhit
loss can lead to inactivation of the p53 pathway allowing
evasion of senescence and resistance to genotoxic agents
[8], though it is likely that other pathways to evasion of
senescence will be observed when multiple in vitro cell
lines are examined in detail. In MEFs, Fhit—/— cells
incurred a chromosome alteration resulting in amplification

@ Springer



4584

C. E. Saldivar et al.

Fig. 2 FHIT loss-induced
genome instability model for
tumorigenic clonal expansion.
Deletions in FHIT alleles occur
due to FRA3B fragility causing
loss of Fhit protein expression.
Fhit loss triggers replication
stress, followed by stress-
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of the Mdm?2 gene. This amplification was selected for as
cells underwent senescence and resulted in a rapid
immortalization of Fhit—/— MEFs. In a separate model
system, mouse kidney epithelial cells established from Fhit
+/+ and Fhit—/— mice were subcultured for several weeks
or treated with a genotoxic drug to induce apoptosis. The
Fhit—/— cells were more resistant to genotoxin treatment
and resistant clones contained a Trp53 mutation within the
DNA-binding domain leading to complete p21 silencing.
The importance of these findings is that Fhit loss-induced
genome instability produces spontaneous mutations, which
randomly affect the p53 pathway, and under selective
pressure, p53 checkpoint-resistant clones emerge. These
findings do not diminish the importance of oncogenes, as
oncogenes drive tumorigenesis. Instead, our work resolves
the problem of oncogene-induced senescence. Oncogenes
require inactivation of the p53 pathway to transform cells.
They contribute to the selective force for TP53 mutations,
but evidence is lacking that they can induce TP53 muta-
tions. Fhit loss in mouse cells can provide the “soil” that
allows p53 inactivation as a result of genome instability.
Thus, Fhit loss and subsequent oncogene activation likely
work in concert, with loss of Fhit inducing mutations, and
oncogenes inducing the senescence barrier that selects for
pS53 (or other tumor suppressor pathway) inactivation
(Fig. 2).

Conclusions

Genomic instability is observed in human pre-cancerous
lesions, and concurrent loss of Fhit expression has been
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detected in precancerous lesions. This suggests that Fhit
loss is one of the earliest changes to occur in the preneo-
plastic process. We have concluded that Fhit is a genome
“caretaker”, and that loss of this caretaker function initi-
ates the onset of genome instability and cancer
development. An important feature of the Fhit loss-induced
genomic instability model is that cells acquire replication
stress-induced chromosomal alterations without DNA
damage response activation, in contrast to observations in
oncogene-activated cells, possibly because the replication
defects caused by Fhit loss fall below the threshold level
needed to fully activate the S and G2 checkpoints. This
hypothesis is supported by the fact that aphidicolin induces
fragile site expression by slowing or stalling replication
forks, yet fragile sites are routinely detected in metaphase
chromosomes, which indicates a failure of the S and G2
checkpoints to block mitotic entry despite the presence of
damaged loci. Studies have also suggested that eukaryotic
cells lack a checkpoint surveillance mechanism to ensure
completion of DNA replication before mitotic entry [71].
Thus, it is possible that DNA replication is incomplete in
Fhit-deficient cells because of slower fork progression, and
as cells pass through mitosis, under-replicated chromo-
somes either break or fail to properly segregate. In theory,
without DNA damage checkpoint activation, Fhit-deficient
cells could continue to proliferate for years, and over time
accumulate extensive genome alterations. Over these many
cell generations, Fhit-deficient cells could generate signif-
icant mutational diversity and cell heterogeneity, as is the
case with Fhit—/— mice. Indeed, Fhit—/— mice develop
normally and live long lives, making Fhit inactivation an
ideal target to initiate genome instability without
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compromising fitness at the cellular and organism levels.
Thus, Fhit loss would provide the “soil” for the emergence
of preneoplastic clones under selective pressure. This is
consistent with the recent finding that clonal somatic
chromosome anomalies increase with age in the normal
population [68, 69] and is consistent with the fact that
cancer risk increases with age. It is also consistent with the
enhanced susceptibility of Fhit—/— mice to spontaneous
hyperplastic lesions and tumors and highly enhanced sus-
ceptibility to carcinogen-induced tumors [27].

The finding that Fhit loss-induced genomic alterations
were a consequence of TTP pool depletion provides an
intriguing twist to the ongoing narrative of chromosome
fragile sites: the fragile FHIT gene product may protect
fragile sites. For example, there is a class of chromosome
fragile sites, the folate-sensitive fragile sites, which are
unstable under conditions that cause thymidylate depletion,
including culturing in medium deficient in thymidine or
folate. Thymidine supplementation rescues the fragility of
these sites [72]. Furthermore, folate deficiency causes
chromosome instability in human and mouse blood cells
[73, 74]. These findings independently establish that an
insufficient supply of TTP can cause chromosome insta-
bility at specific loci, and that the salvage pathway, via
TK1 activity, is a required source of TTP to support DNA
synthesis. Interestingly, folate is an important nutrient that
serves as a cofactor for TTP synthesis. Studies have shown
that folate deficiency correlates with several types of can-
cer, linking TTP availability and tumorigenesis. This is
consistent with our findings that loss of Fhit decreases TTP
availability and promotes tumorigenesis [75]. Because
Fhit-deficient cells have increased fragility at CFSs and
Fhit silencing induced several previously unidentified
fragile loci, this may be evidence for a novel class of
chromosome fragile sites, the so-called Fhit-sensitive
fragile sites that are induced, ironically, by a loss of the
fragile FHIT gene product.
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