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Review paper
FANCONI ANEMIA GENESAND REACTIVE OXYGEN SPECIESIN CANCER

DEVELOPMENT

ABSTRACT

Fanconi Anemia (FA)an autosomal recessive disease of childhétmivever, the FA pathway is
responsible For the development of leukemia andbother cancers. It has been also demonstrated
that Fanconi anemia, an only human genomic instatsi/ndrome is very sensitive to oxidative
stress and reactive oxygen species (ROS) overptiodudn present work, we consider major
mechanisms of antioxidant protection in Fanconinaiaecells. We showed that there are two types
of such mechanisms: the suppression of reactivgexgpecies overproduction by Fanconi anemia
genes through the activation of basic Fanconi aagmoteins under the conditions of oxidative
stress and the application of free radical scavesngble to react with iron-dependent reactive
oxygen species such as flavonoids rutin and quarcehe last nontoxic compounds of vitamin P
group might be recommended for the treatment ot&ananemia patients. Then, we discussed the

role of Fanconi anemia proteins in cancer develaopme

Key words: Fanconi anemia, ROS, antioxidantisn

Fanconi anemia (FA) ian autosomal recessive disease of childhood cleaized by progressive
pancytopenia, developmental abnormalities, boneawafailure, and high disposition to leukemia
and the other cancerlt. has been demonstrated that the FA pathway isngortant way in the
development of such deadly adult pathologies aasbrand cervical cancer [1,2]. These findings
sharply increase an interest to studying FA molacoiechanisms. The special interest is attracted
to Fanconi anemia because FA is the only humanmgenmstability syndrome uniquely sensitive
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to oxidative stress. Earlier, an importance of tigacoxygen species (ROS) overproduction i.e.
oxidative stress has been demonstrated. Joein@. has shown that erythrocyte superoxide
dismutase (SOD) was decreased in FA [3]. Theseoauthlso proposed that the formation of
chromosomal aberrations in FA anemia might be eéxpthby the genetic toxicity of oxygen [4]
underlining an important role of oxidative stres$-A development.
OUR EARLIER STUDIES
In 1960, medicine doctors from Russian InstitutéHematology for Children (Moscow) asked our
group working in the field of free radical-assoethtdiseases to study the possible application of
antioxidants for the treatment of FA patiege hoped that antioxidants and free radical scasteng
could act positively on behalf ¢fA patients. To study the effects of antioxidanisF& cells, we
measured the ROS production especially superoxidiase cells. Major results of this vitro
study have been summarized as follows [5,6]: RO&d&bion was measured by lucigenin- and
luminol-dependent chemiluminescence (CL) in nomstated and stimulated blood and bone
marrow leukocytes of FA patients. It was found thla¢ FA blood leukocytes produced the
enhanced level of luminol CL in comparison withKeaytes from normal donors. Lucigenin CL
was also higher in FA blood leukocytes, althoughetfect was not very significant. Similar but
smaller effects were observed for bone morrow FAkdeytes. Earlier, we have already
demonstrated that flavonoids rutin and its aglycquercetin possess both free radical scavenging
and chelating properties. We have shown that dattohoids were the most effective inhibitors of
iron-dependent microsomal lipid peroxidation connpgurto lipid peroxidation initiated by carbon
tetrachloride [7]. (This work had a good respordgresent, it has been cited more than 800 times).

We proposed that ROS formation in FA leukesywas the iron-catalyzed process because it
was characterized by the enhanced luminol CL tygmathe formation of iron-dependent ROS.

This proposal was supported by studying the effettarious free radical inhibitors on luminol CL
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3
of FA leukocytes [5]: Superoxide dismutase (SODhibited only slightly luminol CL, while
mannitol (the typical hydroxyl radical scavengemgautin were the strongest inhibitors. (Later on,
we also demonstrated that rutin was a strong itdnilaf iron-dependent lipid peroxidation of rat
brain homogenates [8] and the free radical fornmatio iron-overloaded rats [9]. Moreover, we
found that rutin efficiently inhibited free radic&rmation and oxyhemoglobin oxidation p
thalassemic red blood cells [10]). These findingmssured us to apply the non-toxic flavonoid rutin
(vitamin P) for the treatment of FA patients.

The results of rutin therapy for a small gradpg-A patients were encouraging. Rutin (vitamin P)
was permitted for application to patients (FA paisewere under the supervision of our co-authors
medical doctors). No toxic side effects were obsénn patients. ROS production by FA leukocytes
sharply decreased, patients’ health was essentialfyroved [6]. Unfortunately, we have no

possibility to continue our study despite the nupasrrequests of medical doctors.

THE NATURE OF REACTIVE OXYGEN SPECIESIN FA CELLS

Our findings demonstrated that ROS formation indeMls was connected with the iron species. In
1992, in accord with the views of that time we megd that the major damage produced by ROS in
cells is the direct interaction of ROS with bionmlées. As the superoxide, a major precursor of
ROS in cells is unreactive in free radical procesdd,12], we proposed that the reactive iron-
contained species could be responsible for freeabhdamage in FA cells. We suggested that the
iron-catalyzed superoxide conversion into reactmnyelroxyl radicals (the Fenton reaction) was
responsible for their formation in FA cells. Inded#uere are some evidences of hypersensitivity of
FA cells toward oxygen and iron [13]. Although riae hydroxyl radicals are probably unable to
achieve the target biomolecules, they can be forchethg the contacts of superoxide with DNA

“iron fingers” [14].
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A major conclusion from our previous work svéhat FA characterized by the enhanced

production of reactive iron-dependent species, wingght be the source of fatal disorders in this

hereditary disease. At present, many authors agresd-A cells existed under the conditions of
ROS overloading. Thus, Hadjatr al. concluded that the abnormality of FA cells deehdn ROS
overproduction [15]. Dt al. pointed out that FA is an only human genomic ipi§itg syndrome,

which was uniquely sensitive to oxidative stres8][ITherefore, there is no doubt about an

importance of ROS in Fanconi anemia. However, #maating mechanisms of ROS activity remain

to be investigated.

THE FA GENETIC PATHWAY

The most important development of FA molecular na@idms was the identification of Fanconi
anemia genes responsible for synthesis of spegigirbteins FANC (among them FANCA, B, C,
E, F, G, L, M). t was found that eight major FA proteins FANCA, B, E, F, G, L, and M) are
formed a nuclear compled§]. In response to DNA damage or DNA replication stresémplex
monoubiquitinated into the two FA proteins FANCD2daFANCI, which then recruited the other
downstream FA proteins including FANCD1 (which ilscanamed the breast cancer protein
BRCA2), FANCJ, and FANCN to enter nuclear loci @ning the damaged DNA.

It has been shown that FA proteins playdhgcal role in the regulation of oxidative stress
Thus, deficiency in FA genes apparently affectedoamondrial ROS [17].The redox-sensitive
proteins FANCA and FANCIexist as monomers under non-oxidizing conditibas form a new
nuclear complex through the intermolecular dis@lflibnds in response to oxidative damage [18].
FANCA, FANCC, and FANCG participate in redox progesin mice with combined deficiencies of

the genes encodirgancc and Cu/Zn superoxide dismutase [15].
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FA proteins function through the interactisith some enzyme$Saadatzade#t al. showed that
Fancca-/-cells were highly sensitive to oxidants (hydrogesrogide) and underwent enhanced
apoptosis[19]. Antioxidative compounds enhanced the survivaktha&se cells. Thus, the redox-
dependent ASK1 kinase was hyperactive in hydroganxide-treatedrancca-/-cells. Another FA
protein FANCG interacted with mitochondrial antidaint enzyme peroxiredoxin-3 and cytochrome
P450 2E1 (CYP2E1)20]. This member of P450 superfamily was responsibleRIOIS production
and the activation of carcinogens. These findingggsested that the interaction of FANCG with
CYP2EL1 might increase DNA oxidatio

It is known that the tumor protein p53 plays important role in the prevention of cancer.
Furthermore, some findings demonstrate that p5@idaty might enhance cancer development in
FA patients and FA mice. Therefore, it was suggkeshat FA proteins could interact with p53
under the conditions of oxidative stress. Fetial. showed that ionizing radiation (IR) induced p53
elevated levels of in cells frofiancc mutant mice and that the inactivation of p&shanced NF-
induced apoptosis in myeloid cells froRancc-/-mice [21]. Rani et al. demonstratedhat FA
proteins protectedells fromthe stressinduced proliferative arresandtumor evolution
through the modulation afignaling pathwayswhich connectedrA proteinsto p53 [22]. Du et
al. proposed that two major FA proteins FANCA and FAN@ight coordinate with p53 in the
regulation of oxidative stress respon%6] ]

It has been shown that tk®xo3a gene might be involved in ROS formatioB3]. For
example, Tothovat al. showed that ROS levels increased in Foxo-defidnamhatopoietic stem
cells thatcorrelated with the changes in expression of R&ftHated genelR4]. Correspondingly,
Foxo3a plays an important role in ROS regulation in FAlxeThus,Li et al. showed that the
treatment of FA cells with hydrogen peroxide stiatall the formation of a complex between

FANCD2 and FOXO3a with subsequenbnoubiquitination of FANCDZ25]. It was suggested
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6
that the overexpression ¢foxo3a reduced abnormal accumulation of ROS, enhancedlarel
resistance to oxidative stress, and increasedxadiot gene expression only in cells corrected by a
FANCD?2 protein capable of interacting with FOXO3a.

It has been shown th&OS accelerated the development of hydrocephalbsofmal
accumulation of cerebrospinal fluid in the brain) mouse model of FA [26]. The deletion of
Foxo3a in FA mice increased the ROS accumulation and espently deregulated mitosis and
ultimately apoptosis in theeural stem and progenitor celdSPCs, leading to hydrocephalus
development. The antioxidants NAC agdercetinreduced ROS formation in botheural stem
cell NSCs and in the braimf double knockout (DKO) offspringnice. Importantly, quercetin
greatly diminishedthe synthetic lethality imposed by DKO andompletely eliminated

hydrocephalus in DKO mice.

MECHANISMS OF ANTIOXIDANT PROTECTION IN FANCONI ANEMIA
ANTIOXIDANTSAND FREE RADICAL SCAVENGERS
As it was aforementioned, we previously showed thxadative stress (ROS overproduction) in FA
cells might be diminished by the application ofvBlaoid rutin, an antioxidant and free radical
scavenger [5,6]. We suggested that rutin might lidle 80 scavenge reactive iron-depended ROS.
Rutin is a nontoxic compound (vitamin P) permitfed the treatment of patients. Therefore, our
colleagues, medical doctors were allowed to usen far the treatment of FA patients. They
observed certain positive effects in patientssliiibuld be mentioned that several FA families asked
us to prolong the treatment of FA children but werevunable to continue our work).

Now we were encouraged to find out that ibsaguent studies flavonoids were used for the
suppression of oxidative stress in FA. We were kappfind out that quercetin (the aglycone of

rutin) turned out to be an effective antioxidanfA cells. Antioxidant effect of quercetin was also
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7
showed in FA animals. L&t al. found thatmice deficient for thd~anca or Fancc genes were
diabetes-pronavhen fed with a high-fat dief27]. Treatmentof FA mice with quercetin
diminished diabetes andbesity. It was already demonstratiat quercetinreduced ROS
formation and eliminated hydrocephalusdiouble knockoutnice [26].Ponteet al. proposedhat
the cocktail of antioxidants lipoic acid and NAC might be apglias a prophylactic approach to delay
progressivelinical symptoms irFA patientg 28].

ANTIOXIDANT EFFECTS OF FA GENES

In 2001, Hadjuet al. showed that encodingancc and Cu/Zn superoxide dismutase genes might be
useful for the treatment of defective hematopoiasi$ hepatic steatosis in mice [13]. These findings
suggested an important role of FA genes in praiacof FA cells from oxidative stress. In
subsequent works, it was confirmed that FA geneag able to suppress ROS overproductioneDu
al. showedthat major antioxidant defense genes were downagguilin FA patients due to the
increased oxidative DNA damage in the promoterantioxidant genef29]. They showed thaA
proteins together with the chromatin-remodelingtdacBRG1 protected the promoters of
antioxidant defense genedxidative stress activated FA pathway through maiguitination of
FANCD?2. After this, FANCAor FANCD2 proteins formed the ternary complex vBRG1 at the
promoters of antioxidant gendshas been suggested that this complex playesh&akrole for the
protection of promoters from ROS damage. As it bagn mentioned, ROS influenced the
development of hydrocephalus in mouse model of Z&.[Combined deficiency of two FA genes
Fancc and Fancd2 led to the inactivation oFoxo3a gene, the enhancement of ROS level, and
apoptosis of neural stem and progenitor cells. gxndiants quercetin and NAC reduced ROS
formation in the brain of mice, while quercetin qaetely deleted hydrocephaluglukhopadhyay

e al. identified the FA group G (FANCG) protein in mitochondria, wihiinteracted with the
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8
mitochondrialperoxdaseperoxiredoxin-3PRDX3)[3(. The formation of this complex prevented

the destruction of PRDX3 peroxidase and diminiSR&SE formation.

DISCUSSION

Fanconi anemia is a rare chromosome instabilitydsyme, which is characterized by aplastic
anemia in childhood. It is known that FA possessggh disposition to leukemia and other cancers.
Now, there are new findings, which make us to rem®r more carefully the connection between
FA and cancer. Some new contemporary data demantiat the FA pathway is an important route
for the development of such deadly adult patho®gs the breast and cervical cancer. Thus,
D’Andrea pointed out thailbnormalitiesn theFA pathwayare foundnot only in childhood
Fanconi

anemiabut alsoin sporadic cancers adults[1]. Narayanet al. investigated the molecular
genetic basis and the role of (FA)-BRCA pathwagenvical cancer (CCQ]. These authorshowed
that thefancf gene was disrupted by either the promoter hypewtaibn or the deregulated gene
expression in a majority of cervical cancer. Thip dound that gene inactivation in the FA-BRCA
pathway by epigenetic alterations pointed outsaimgjor role in the development of cervical cancer.
Chenet al. demonstrated that the regulation of FANCD2 by nRT@athway led to the resistance of
cancer cells to DNA double-strand breaks [31]s Iho surprising that among thirteen FA genes one
of genes is the well-known breast cancer suscdiptigenebrca2.

In normal cells, the FA pathway is not consively active but it is turned on by the followgn
DNA damage. As DNA damage depends on oxidativesstrBOS overproduction should be an
important factor of FA pathway activation. Mechamnisef response of FA genes to DNA damage is
not fully established, but it has been shown thatdgenes exist as the nuclear complex before

activation. In response to the DNA damage or the DNA replicatidress FA complex



191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

9
monoubiquitinated into the two FA proteins FANCD2daFANCI, which then recruited the other
downstream FA proteins including the breast capoetein BRCA2, FANCJ, and FANCN to enter
nuclear loci containing the damaged DNA. TiANCA and FANCF form a new complex through
the intermolecular disulfide bonds after exposuoe oiidative stress [16]. Thus, FA genes
accomplish important defense function, which isfecored by high sensitivity ofFanc-/- cells to
ROS.

We now can visualize the complete defenberse of ROS inhibition in FA cells. It has been
shown that the oxidative stress (ROS overproduytioitiates the activation of FA genes, which
remained inactive under unstressed conditions. rAdidivation, FANCA and FANCF proteins
formed a complex through the intermolecular disidfibonds, and we might propose that the

disulfide complex was formed by the reaction ofesomide with these proteins:
FANCA-SH + FANCF-SH + £ —  FANCA-SS-FANCF + 0D,

This proposal was supported by the effect of SObherredox processed FANCA, FANCC, and
FANCG in mice [13].

Another mode of antioxidant activity of FAopeins is the protection of antioxidant gene
promoters from ROS overproduction. [Bual. pointed out that oxidative stress is an important
pathogenic factor in leukemia-prone home marrovealss such as Fanconi anemia [29has
been proposed that the FA pathway plays a cruolal in protecting major antioxidant defense
genes from oxidative damage. This protection wabadnly accomplished in response to oxidative
stress by the interaction with the chromatin-reniagemachinery. Indeed, it has been shown that
the oxidative stress-induced activation of FA pafwWFANCD2 ubiquitination) was required for
the formation of the FA-BRG1-promoter complex. Toasnplex is essential for the protection of the

antioxidant gene promoters from oxidative damage.
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214 Thus, the activation of FA pathway under tdmnditions of oxidative stress led to cellular
215  protection through various ways. Taking into acdotire above-mentioned consideration, these
216  ways might be presented as follows:
217
218 Tablel

219 FAPATHWAYSOF CELLULAR PROTECTION

220

221 1. Protection of antioxidant gene promoters
222

223  FANCD2 ubiquitination

224 |

225 FA-BRG1-promoter complex

226 |

227  Protection of antioxidant gene promoters

228

229

230 2. Formation of the disulfide complex

231

232 FANCA + FANCF + O," — FANCA-SS-FANCF
233

234

235 3. Suppression of DNA double-strand breaks
236

237 FANCD2 — m-TOR pathway — DNA double-strand breaks
238

239

240 4. Suppression of ROS overproduction

241

242 Antioxidants (quercetin and NAC) — ROS| (diabetes and hydrocephalus in FA patients)
243

244 5. Enhancement of gene antioxidant activity

245

246 The interaction of genes with enzymes (Foxo3a, p50, p450)

247

248

249 CONCLUSIONS

10
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250 (1) Direct interaction of FANCA and FANCF with R@8uperoxide) to form a complex through the
251  intermolecular disulfide bonds.
252  (2) The regulation of FANCD2 by the m-TOR pathwaigin lead to the resistance of cells to DNA
253  double-strand breaks asaarvical cancer
254  (3) FANCD?2 ubiquitination following the formationf &-A-BRG1-promoter complex capable of
255  protection of antioxidant gene promoters.
256  (4) Antioxidant activity of FA genes enhanced by tinteraction with various enzymes such as
257  Foxo3a, p50, p450.
258  (5) Application of antioxidants and free radicahgengers (quercetin and NAC) to decrease ROS
259  overproduction in such diseases as diabetes obbgpdhalus in FA patients.

260
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