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Abstract

Fanconi Anemia (FA) is a rare autosomal genetic disorder characterized by progressive bone
marrow failure (BMF), endocrine dysfunction, cancer, and other clinical features commonly
associated with normal aging. The anemia stems directly from an accelerated decline of the
hematopoietic stem cell compartment. Although FA is a complex heterogeneous disease linked to
mutations in 19 currently identified genes, there has been much progress in understanding the
molecular pathology involved. FA is broadly considered a DNA repair disorder and the FA gene
products, together with other DNA repair factors, have been implicated in interstrand cross-link
(ICL) repair. However, in addition to the defective DNA damage response, altered epigenetic
regulation, and telomere defects, FA is also marked by elevated levels of inflammatory mediators
in circulation, a hallmark of faster decline in not only other hereditary aging disorders but also
normal aging. In this review, we offer a perspective of FA as a monogenic accelerated aging
disorder, citing the latest evidence for its multi-factorial deficiencies underlying its unique clinical
and cellular features.
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1. Normal aging, accelerated aging, and the DNA repair disorder Fanconi

Anemia

The adverse consequences of aging are due to the deterioration of the biological processes
that maintain life (Kirkwood and Austad, 2000). Declines in tissue and organs, both
structural and functional, are also apparent at the cellular level. For example, tissue
degeneration throughout life may be a direct consequence of a reduction in stem cell number
or functionality due to failure of self-renewal, impaired response to extrinsic signals,
senescence, or apoptosis. Additionally, aberrant differentiation of stem cells resulting in a
skewed lineage of differentiated progeny may lead to the alterations in cellular composition
seen in aged tissue (Fulop et al., 2015;Jones and Rando, 2011;Pera et al., 2015). In mice, for
example, age-related abnormal progenitor differentiation skews the hematopoietic
population toward the myeloid lineage, with a correspondingly diminished lymphoid
potential (Rossi et al., 2005). As a consequence, the aged mice are compromised in their
immune response and predisposed to myeloid leukemia. Evidence suggests that clonal
expansion of a sub-population of long-term hematopoietic stem cells to myeloid, as opposed
to lymphoid, progeny is characteristic of aging in this compartment (Alter, 2014;Cho et al.,
2008).

2. Aging at the cellular level

During aging, the frequency of genomic mutations and rearrangements rises, cell
morphology becomes distorted, and mitochondrial function declines (DiLoreto and Murphy,
2015;Labbadia and Morimoto, 2015;Nowotny et al., 2014). Levels of inflammatory
cytokines, among them IL-6 and TNF-a, are typically elevated in normal aged individuals,
and correlate with risk of morbidity and mortality (Bruunsgaard et al., 2003;Ferrucci et al.,
2005;Franceschi and Campisi, 2014;Krabbe et al., 2004;Michaud et al., 2013). TNF-a
stimulates many pathways, including apoptosis and necrosis, and can up-regulate its own
production as well as that of other inflammatory mediators (Chu, 2013). Franceschi and
Campisi have discussed the multiple causes for this pro-inflammatory condition including
the release of inducers from damaged mitochondria and the accumulation of senescent cells
which release inflammatory cytokines (Franceschi and Campisi, 2014).

Oxidative damage accumulates across lifespan and has long been considered an important
effector of normal aging (HARMAN, 1956). While current views substantially modify the
original premise (Barja, 2014;Gonzalez-Freire et al., 2015), oxidative damage is clearly
linked to inflammation and age-associated disorders (Tatsch et al., 2015). Regardless of the
initiating factors, age-associated chronic inflammation, termed inflammaging, contributes to
the degeneration of tissues, and is provocative for much of the discomfort and many of the
diseases of aging (O'Neill and Hardie, 2013). These include cancer and precancerous
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conditions (Du et al., 2008;Huang et al., 2005), osteopenia (Franceschi et al., 2000),
sarcopenia (Ferrucci et al., 1999;Ferrucci et al., 2002;Pedersen et al., 2003), decline in
immune function (Frasca and Blomberg, 2011;Frasca and Blomberg, 2016), and
cardiovascular disease (Khaper et al., 2010;Pedersen et al., 2003).

Werner Syndrome (WS), Bloom Syndrome (BS), Cockayne Syndrome (CS), Huntington
Guilford Progeria Syndrome (HGPS), and Xeroderma pigmentosum (XP) are among the
genetic diseases marked by features of accelerated or premature aging (see accompanying
review articles in this special collection of Ageing Research Reviews on monogenic
accelerated aging disorders). They are often referred to as segmental progerias because they
do not fully recapitulate the aging phenotype, but present a subset of the pathologies of
aging at a much earlier age than normal individuals. WS, BS, CS and XP have defects in
DNA repair, and a high percentage of all syndromes with elements of premature aging are
also characterized by repair deficiencies. HGPS is characterized by altered nuclear
morphology and genomic instability; moreover, a number of reports suggest a defect in
double-strand break repair which may arise from abnormal recruitment and retention of
DNA repair proteins at sites of damage (for review, see (Gonzalo and Kreienkamp, 2015)).
Many studies suggest that accumulation of DNA damage and genomic instability are major
contributing factors to diminished stem cell homeostasis during normal aging (Behrens et
al., 2014;Jones and Rando, 2011;Maslov and Vijg, 2009); this is exaggerated in DNA repair
deficient disorders. For example, an Ercc1—-/-mouse defective in an endonuclease required
for nucleotide excision repair (NER) reveals a collection of premature aging phenotypes
(Niedernhofer et al., 2006). Among these is spontaneous bone marrow failure (BMF)
occurring within their one-month lifespan (Prasher et al., 2005). For further reading on the
topic of tissue-accelerated aging dictated by a deficiency in NER, see (Niedernhofer, 2008).
Aging is a major risk factor for cancer, which is also highly prevalent in genetic diseases
with a NER deficiency (for review, see (Diderich et al., 2011)). Rossi et al. examined the
effect of DNA damage repair deficiency on hematopoietic stem cells by studying mice that
were genetically deficient in the DNA repair pathways of NER or non-homologous end-
joining, or telomere maintenance (Rossi et al., 2007). Although stem cell reserves were
retained in these mouse models of accelerated aging, the functional capacity of
hematopoietic stem cells declined significantly with age, and this correlated with an age-
dependent accumulation of DNA damage.

Fanconi Anemia (FA), a disease of BMF, initially presents as macrocytosis/megaloblastic
anemia, frequently followed by pancytopenia. Mutations in 19 different genes are causal
(Duxin and Walter, 2015). Many of the proteins participate in DNA repair pathways,
particularly those involved in the removal of DNA interstrand crosslinks (ICLs). As has been
known for many years, cells from FA patients are highly sensitive to oxidative stress (Joenje
et al., 1981) and show increased levels of oxidative DNA damage (Pagano et al., 2005).
Consequently, in addition to its identity as a BMF syndrome, FA is recognized as a DNA
repair disorder (Cantor and Brosh, Jr., 2014). More broadly, FA displays features
symptomatic of accelerated aging (Figure 1), which will be the emphasis of this review
article.
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3. FA: a premature aging disorder

While FA presents clinically as a disease of BMF, it is also associated with a number of
diverse features, including endocrine dysfunction (Giri et al., 2007;Petryk et al., 2015),
osteoporosis (Giri et al., 2007), sarcopenia (Neveling et al., 2009), immune deficiency
(Fagerlie and Bagby, 2006;Giri et al., 2015), myelodysplastic syndromes (MDS) and cancer
(Alter, 2003), among others. In an early study Young and coworkers concluded that many of
the characteristics of FA at the cellular level were similar to those of senescent cells (Liu et
al., 1994). More recently, Schindler and colleagues perceptively observed that aspects of FA
recapitulate normal aging (Neveling et al., 2009). For example, they cited MDS, the
development of which is associated with an elevation in TNF-a levels (Calado, 2011). The
frequency of MDS begins to rise in affected normal individuals at age 50, with ever
increasing probability as a function of age afterwards (Ma, 2012). The median ages of onset
of MDS is 10 years in FA patients and 70 years in the general (non-FA) population. Whereas
for AML, the median age of onset is also around 70 years for the general population, and 30
years for most FA patients (although it is typically diagnosed by 5 years of age in Fanconi
patients carrying mutations in FA-D1 and FA-N) (Alter, 2014;Neveling et al.,
2009;Rosenberg et al., 2008). Similarly, in the general population the average age of onset of
squamous cell carcinoma of the head and neck is in the early 60°s (Leibovitch et al., 2005),
while it occurs 30-40 years earlier in FA patients (Velleuer and Dietrich, 2014).
Consequently, FA is proposed to be a segmental premature aging disorder (Neveling et al.,
2009), much as WS, BS, CS, and HGPS.

What is the molecular basis for the premature aging phenotype in FA? Production of
hydroxyl radicals from FA leukocytes is elevated, and FA cells also display mitochondrial
dysfunction and elevated levels of reactive oxygen species (ROS) (Kumari et al.,
2014;Pagano et al., 2014). DNA from FA patients shows higher levels of 8-oxo-
deoxyguanosine (8-oxo0-dG), a marker of base oxidation, than in DNA from aged matched
normal controls. Thus FA is characterized by a pro-oxidant state (Degan et al., 1995;Pagano
et al., 2004;Pagano et al., 2012). FA cells exposed to oxygen under standard tissue culture
conditions incur enhanced mutation frequencies relative to wild type cells (Liebetrau et al.,
1997). The increased sensitivity of FA cells to ROS has been interpreted as due to a
deficiency in repair of ROS-induced DNA damage (D'Andrea, 2001). In this view FA is a
syndrome in which elevated ROS production, combined with repair deficiency, results in
higher levels of DNA oxidative lesions, which drive the disorder (see below).

4. Why is ROS production elevated in FA?

Increased levels of circulating inflammatory cytokines, such as TNF-a. (Briot et al.,
2008;Du et al., 2014;Dufour et al., 2003;Rosselli et al., 1994;Schultz and Shahidi, 1993),
11-6 (Korthof et al., 2013), and IL-1p (Ibanez et al., 2009), are characteristic of FA.
Persistent DNA damage, including oxidative damage, is well known to stimulate the
production of inflammatory mediators (Chatzinikolaou et al., 2014;Palmai-Pallag and
Bachrati, 2014), a dynamic that is exacerbated by DNA repair deficiency (Karakasilioti et
al., 2013). Furthermore, Yanagi and co-workers have reported that ubiquitinated FANCD2
inhibits NF-xB transcriptional activity and suppresses transcription of the TNF-a gene
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(Matsushita et al., 2011). Thus, there are multiple effectors of an inflammatory condition in
FA. Consequently, FA patients at an early age phenocopy the inflammaging of normal aging,
suggesting that FA should be characterized as a premature inflammaging disorder, from
which flow the pathologies that overlap with those of normal aging (see above) (Figure 1).
Since DNA damage can induce inflammation and inflammation can provoke DNA damage
(Palmai-Pallag and Bachrati, 2014), FA patients are trapped in a downward spiral.

5. Alterations to hematopoietic stem cell function and progenitors as a

causative force underlying aging phenotypes

Consistent with the cyclic relationship of DNA damage and inflammation, deficiency in the
FA DNA repair pathway was recently demonstrated by several labs to also lead to significant
alterations of hematopoietic stem cell function and changes in progeny as a consequence of
differentiation (discussed below). Perturbations to stem cell functionality or progeny are
likely to both contribute to the accelerated loss of stem cell capacity of the hematopoietic
compartment in FA. In addition, DNA damage-induced differentiation checkpoint may limit
hematopoietic stem cell self-renewal (Wang et al., 2012). FA mutant mouse models are also
characterized by impairment of hematopoietic stem cell function ((Du et al., 2015) and
references therein); however, spontaneous BMF is not observed and the mechanism
underlying this difference between human and mouse is still not understood.

6. Recent discoveries connect FA and accelerated aging with DNA damage

accumulation and hematopoietic system failure

While there has been much interest in the relationship between DNA damage and stem cell
decline, detailed mechanistic insight has been lacking. It was proposed that pro-
inflammatory cytokines mediate FA BMF, but how DNA damage accumulates and plays a
role in this pathway is not well understood. In 2012, Ceccaldi et al. determined from an
analysis of bone marrow samples of FA patients and healthy donors that FA is characterized
by a deficiency in hematopoietic stem cell number appearing even before the onset of
clinical BMF (Ceccaldi et al., 2012). The p53/p21 axis of the DNA damage response is
hyper-activated in FA patient cells, triggering cell cycle arrest. Significantly, p53 knockdown
was able to rescue the hematopoietic stem cell defects, supporting a model in which
unresolved DNA damage in FA cells is responsible for p53/p21-mediated checkpoint cell
cycle arrest of FA hematopoietic stem cells.

Milsom and colleagues investigated the physiological source of DNA damage that
accumulates in hematopoietic stems cells in a FA mutant mouse model under conditions of
stress induced by infection or chronic blood loss (Walter et al., 2015). They determined that
genomic instability and DNA damage as evidenced by COMET assay and detection of the
double-strand markers »H2AX and 53BP1, as well as accumulation of the homologous
recombination (HR) intermediates marked by RADS51 foci, accompany the early exit of
hematopoietic stem cells from their quiescent state. Furthermore, experimental data
indicated that mitochondrial ROS enriched in stress-induced proliferating hematopoietic
stem cells compared to quiescent ones led to oxidative base lesions such as 8-oxo-dG. The
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perturbation in mitochondrial metabolism was found to be exacerbated in Fanca—/- mutant
mice that are defective in the FA pathway. In FA mutant mice, DNA damage that
accumulates in hematopoietic stem cells which escaped from dormancy is repaired in an
error-prone fashion, resulting in their eventual exhaustive depletion from the hematopoietic
stem cell pool. Repeated rounds of hematopoietic stem cell activation in Farnca—/-mice led
to severe aplastic anemia, recapitulating the progressive BMF observed in FA patients.
These observations suggest that stress-induced hematopoietic stem cell activation leads to
DNA damage and collapse of the hematopoietic system. This may be relevant in not only
genetic disease states such as FA but also to normal aging where pro-inflammatory
conditions often persist.

The Passegue group examined aging hematopoietic stems cells in mice and determined that
they have elevated replication stress, cell cycle defects and chromosomal instability
attributed to reduced expression of mini-chromosome maintenance (MCM) helicase sub-
units, resulting in perturbed replication fork dynamics and accumulation of damage in
ribosomal DNA (Flach et al., 2014). These observations are consistent with earlier work
documenting a role of the FA pathway to respond to replication stress induced by the DNA
polymerase inhibitor aphidicolin and its destabilizing effect on chromosome integrity at
common fragile sites (Howlett et al., 2005). FA proteins (FANCD2, BRCAL, RAD51) team
up to protect stalled replication forks from degradation, in a pathway that is independent of
their DNA repair function (Schlacher et al., 2012).

In another study with a mouse model, it was determined that hypomorphic expression of the
origin licensing factor MCM3 which limits the response to replication stress by reducing
origin licensing negatively affected fetal erythropoiesis and hematopoietic stem cell
performance, ultimately causing lethal anemia during embryogenesis (Alvarez et al., 2015).
Consistent with the earlier study (Flach et al., 2014), gene expression profiles showed that
Mcmz2-7 are downregulated in old hematopoietic stem cells compared to young ones,
suggesting that replication stress is an underlying cause of hematopoietic stem cell decline in
functionality. It was proposed that improvements to the replication stress response may be a
means to combat the age-associated impairment of the hematopoietic system observed not
only in blood cancers but also aging.

7. Endogenous formaldehyde linked to hematopoietic stem cell attrition in

FA

Accumulation of toxins over time is a central theme in theories of aging. Defining precisely
what poisons are responsible for cell and tissue decline in structure, integrity and function
has been a challenge to researchers. Endogenous biochemical processes, such as oxidative
phosphorylation (as mentioned above), or exposure to environmental pollutants over the
course of a lifetime may both contribute to the “Wear and Tear” events responsible for
carcinogenesis and/or age-related diseases (Wilson, 111 et al., 2008). Experimental evidence
from the Patel laboratory suggests that DNA damage which arises from endogenous
formaldehyde is a major factor driving hematopoietic stem cell attrition when the FA
pathway is defective (Garaycoechea et al., 2012;0berbeck et al., 2014;Rosado et al., 2011).
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Formaldehyde, a byproduct of enzymatic demethylation, acts to covalently cross-link DNA
and proteins. Detoxification of formaldehyde by alcohol dehydrogenase ADH5 or the DNA
damage inducing agent acetaldehyde by acetaldehyde-catabolizing enzyme ALDH? are
widely believed to preserve genomic stability, and recent evidence points toward the FA
pathway to help cells cope with the lesions. An Adh5-/-Fancd2-/-mouse defective in both
alcohol dehydrogenase 5 and FANCD2 displayed hematopoietic stem cell attrition and
progressive BMF, as well as endogenous DNA damage in hematopoietic stem cells,
hepatocytes, and nephrons; consequently, the mice acquired leukemia, kidney dysfunction/
karyomegaly, and liver dysfunction/cancer (Pontel et al., 2015). The authors proposed a
model in which DNA repair mediated by the FA pathway protects against the damage
caused by endogenous formaldehyde, thereby suppressing cancer and organ damage
observed in the ADH5-FA mouse model and possibly other human DNA ICL repair
defective accelerated aging disorders.

8. New molecular insight to the role of the FA pathway in controlling

genomic instability caused by RNA-DNA hybrids

Emerging evidence supports the view that DNA damage caused by free radicals or chemical
metabolites such as aldehydes is a major driving force of BMF in FA; however, it is yet
unclear what DNA lesions are precisely responsible, and if these same lesions contribute to
normal aging. In terms of the FA pathway, recent papers by Schwab et al. (Schwab et al.,
2015) and Garcia-Rubio et al. (Garcia-Rubio et al., 2015) argue that the FA pathway
suppresses replication stress by helping to stabilize the replication fork when it encounters a
transcription-associated DNA-RNA hybrid, the so-called R-loop, and allowing for R-loop
resolution. Interestingly, it was shown that formaldehyde exposure can cause R-loops to
form in FA-deficient cells (Schwab et al., 2015), suggesting that the compound’s toxicity
may be related to the generation of RNA-DNA hybrids; however, this mechanism remains
uncharacterized. It was demonstrated, however, that FANCM translocase is able to resolve
RNA-DNA hybrids, suggesting a potential contribution to replication restart. Although these
findings suggest a direct role of the FA pathway to eliminate a replication-blocking lesion by
acting at the interface of replication and transcription, several questions persist: 1) Does
accumulation of RNA-DNA hybrids directly contribute to hematopoietic stem cell attrition?
2) How relevant is RNA-DNA hybrid resolution by the FA pathway to normal aging
processes? 3) Are other replication-blocking obstacles cleared by the FA pathway, and are
these also relevant to disease phenotypes or aging? Abundant interest in R-loop metabolism
suggests that answers to these questions are on the horizon. However, given the evidence
that endogenous aldehydes cause a spectrum of lesions including ICLs and protein-DNA
cross-links (Duxin and Walter, 2015), it remains to be seen how relevant R-loops are to the
pathological phenotypes observed in FA and progressive BMF so prevalent in the disorder.

9. Is FA exclusively a deficiency of DNA repair?

The designation of FA as a DNA repair disorder, and the recent literature cited above, leads
naturally to the inclination to interpret all pathologies as the result of this deficiency.
However, the groups of Grover Bagby and Qishen Pang, among others, have argued that the
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BMF observed in FA children is a consequence of multiple adverse effects provoked by the
pro-inflammatory state of FA patients (Bagby, Jr., 2003;Du et al., 2014). This view is
extended in recent work in which it was shown that DNA damage and repair deficiencies do
not explain the over-production of inflammatory cytokines by FA cells (Garbati et al., 2015).
Pang and Bagby have called attention to the cytotoxicity of TNF-a to FA hematopoietic
cells (Koh et al., 1999;Pang et al., 2001). While the toxicity of TNF-a could be indirect, due
to DNA damage mediated by ROS, it is also known to be a direct inducer, via receptor-
mediated pathways, of both apoptosis and necrosis (Chu, 2013).

In addition to their role in resolving DNA damage, individual FA gene products have
functions that are non-nuclear and appear to be quite distinct from participation in DNA
repair pathways. FANCC directly binds and inhibits a subset of microsomal NADPH
cytochrome-P450 reductase (Kruyt et al., 1998;Kruyt and Youssoufian, 2000). This enzyme
reduces cytochrome P450, which is involved in ROS-producing redox reactions with a broad
range of exogenous and endogenous substrates. Similarly, FANCG associates with
cytochrome P4502E1, which generates ROS. The activity of CYP2EL is elevated in
FANCG-deficient cells and lowered on complementation with wild type FANCG (Futaki et
al., 2002). Mitochondrial peroxidase peroxiredoxin-3 (PRDX3), which reduces H,0,, is
bound by FANCG. The activity of PRDX3 is substantially reduced in FANCG-deficient
cells. Additionally, FANCG cells show aberrant mitochondrial morphology (Mukhopadhyay
etal., 2006). Thus, as either positive or negative effectors, in normal individuals these FA
proteins act to lower ROS. Collectively, the published results suggest FA patients suffer
BMF because of their failure to respond effectively to DNA damage, and also because of the
chronic exposure of the FA marrow to inflammatory factors, to which they are particularly
sensitive.

10. Other consequences of defective FA functions

The preceding discussion has focused on the view of FA as a disorder of accelerated
inflammaging. However, there are reports pointing to other contributors to BMF. In another
example of a non-repair related function of an FA protein, FANCL (the E3 ubiquitin ligase
of the FA pathway) ubiquitinates p-catenin. B-catenin ubiquitination stimulates the activity
of this multifunctional protein, which is involved in cell adhesion as well as binding and
regulating the activity of transcription factors. p-catenin plays a critical role in development,
and is important for hematopoietic stem cell development, the maintenance of pluripotency,
and the hematopoietic stem cell pool (Fleming et al., 2008). In the absence of FANCL, these
functions of B-catenin are reduced with negative implications for the hematopoietic stem cell
pool (Dao et al., 2012).

11. Abnormal epigenetic regulation may underlie defective hematopoiesis

characteristic of FA

A recent review by Beerman and Rossi summarizes a series of papers which make a strong
case for the importance of epigenetic control of stem cell potential to preserve normal
cellular homeostasis and suppression of aging-related and disease phenotypes (Beerman and
Rossi, 2015). They argued that abnormal epigenetic control in stem cells perturbs the
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heritable transmittance of genetic information and programs passed on to differentiated cell
progeny as well as disrupting normal homeostasis of the stem cell pool that renews itself in
subsequent divisions. Epigenetic dysregulation in FA mutant stem cells may underlie the
poor hematopoietic potential characteristic of FA. A key mechanism of epigenetic regulation
is DNA methylation and demethylation, which is well documented to regulate the processes
of stem cell self-renewal versus differentiation in a variety of tissue-specific cell types. From
an FA standpoint, abnormal methylation patterns may perturb the self-renewal and
differentiation of hematopoietic stem cells, potentially leading to the progressive BMF
characteristic of the disorder. Thus, FA may be thought of as a disease displaying an
accelerated decline of hematopoietic potential that occurs at least in part from aberrant
epigenetic controls of gene expression that maintain the hematopoietic stem cell
compartment. In addition to abnormal DNA methylation, unusual histone modifications may
contribute to defective hematopoietic stem cell homeostasis in FA. A variety of histone
modifications (methylation, acetylation, phosphorylation, sumoylation, ubiquitination, etc)
influence chromatin state and accessibility which may alter gene expression in stem cells.
Further characterization of DNA methylation patterns (hypo- or hyper-methylation) or
histone modifications in FA and how these profiles may relate to known aging signatures
may be informative for understanding the pathological basis of FA progressive BMF and
perhaps other clinical symptoms characteristic of the disorder.

What experimental evidence supports the tenet that epigenetic alterations are perturbed in
FA? A recent study assessed if epigenetic modifications uniquely found in clinical samples
of FA patients affected cancer-related cellular phenotypes (Belo et al., 2015). The
researchers found that peripheral blood mononuclear cells from blood samples of FA
patients displayed hypo-methylation in tumor suppressor gene promoters, and that exposure
to a histone deacetylase inhibitor (Morinostat) altered gene expression patterns in a FA-
specific manner; moreover, Vorinostat exposure to FA mutant cells suppressed DNA cross-
linker induced chromosomal breaks. It was suggested that the protective effect of the histone
deacetylase inhibitor may be a potential approach to alleviating the known toxicity of
chemotherapy DNA damaging drugs for FA patients. Given that hematological malignancy
is highly prevalent in FA, the development of novel anti-cancer strategies such as modulation
of epigenetic alterations is a valuable area to explore.

Aside from regulation of transcription, it is possible that epigenetic modifications may affect
DNA repair dependent on the FA pathway. This concept was investigated by the Moses lab
in which the biological significance of the interaction between FANCD2 and the
acetyltransferase TIP60 was explored (Renaud et al., 2015). Histone H4K16 acetylation by
TIP60 was previously shown to be instrumental for HR repair by suppressing 53BP1
accumulation at DNA ends that arise from double strand breaks (Tang et al., 2013). Renaud
et al. determined that FA pathway dysfunction resulted in accumulation of 53BP1 and
RAPS8O0 at chromatinized double-strand breaks thereby suppressing HR, allowing the lower
fidelity nonhomologous end-joining to persist (Renaud et al., 2015). This effect could be
suppressed by deacetylase inhibition. Whether H4K16 acetylation is relevant to double
strand break repair and genome integrity by this mechanism in hematopoietic stem cells
remains to be determined. Nonetheless, it seems probable that epigenetic modifications such
as acetylation or methylation are likely to have broad effects on gene regulation and DNA
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repair that would likely affect tissues and cells of various types, including those of the
hematopoietic stem cell compartment.

12. Telomere defects and FA

Telomeres are specialized structures consisting of tandem repeats (TTAGGG in mammals)
together with telomere associated proteins to form caps at the ends of linear chromosomes.
Telomere maintenance is involved in two inter-related, sequential cellular processes that
determine cell fate in ageing: cellular senescence/apoptosis and inappropriate survival/
immortalization. Critically short telomeres can trigger DNA damage responses that
subsequently lead to cellular senescence and apoptosis, which commonly limits cell survival
and malignant transformation. Cellular immortalization can be achieved by maintaining
critically short telomeres through either activation of telomerase or HR-based alternative
lengthening of telomere (ALT) pathway (Cesare and Reddel, 2008;Shay, 1997).

Telomerase replenishes telomere loss due to incomplete DNA replication and is essential in
telomere length maintenance (Greider, 1998). Telomerase deficiency leads to progressive
telomere shortening in mice, accompanied by cell proliferation defect and apoptosis in
highly proliferating organs, e.g. hematopoietic lineage (Liu and Harrington, 2012).
Mutations in genes involved in telomere biology have been linked to accelerated telomere
shortening and the development of rare human disorders with inherited BMF as seen in FA,
e.g. Dyskeratosis congenita (DC) and acquired aplastic anemia (Savage and Alter, 2008).
Unlike DC, telomere shortening in FA patient leukocytes is relatively subtle (Gadalla et al.,
2010), and the involvement of telomere abnormalities in the pathogenesis of FA needs
further investigation. Laboratory models, however, implicate FA proteins (FANCC, D2, and
P) in maintenance of telomeres in hematopoietic and ALT cancer cells (Fan et al.,
2009;Lyakhovich et al., 2011;Rhee et al., 2010;Sarkar et al., 2015;Wan et al., 2013;Wilson et
al., 2013).

It has been shown that FANCC does not play a direct role in regulating telomere length and
telomere capping in mice, but Fancc null murine bone marrow cells display excessive
telomere attrition after serial transplantation, supporting the role of FANCC in telomere
length maintenance during high hematopoietic cell turnover. In addition, ablation of FANCC
function promotes HR-based telomere length maintenance of critically short telomeres to
take place (Rhee et al., 2010). It remains unclear if FANCC limits hematopoietic cell death
or immortalization via suppressing either telomere attrition or ALT pathway. Although
currently there is lack of direct evidence of FA proteins in initiation and/or maintenance of
ALT cells, both FANCD2 and FANCP (or SLX4) localize to ALT telomeres and regulate
telomere length maintenance and telomere HR events, e.g. telomere sister chromatid
exchanges and extrachromosomal telomere fragment or circle formation (Fan et al.,
2009;Lyakhovich et al., 2011;Sarkar et al., 2015;Wan et al., 2013;Wilson et al., 2013).

Telomeres are difficult-to-replicate regions (resembling genomic common fragile sites)
(Sfeir et al., 2009). Because of high cell turnover, hematopoietic cells may face high
replicative stress. For tumorigenesis of ALT cells, telomeres must be maintained by a HR-
dependent process. Given that FA proteins are critical in safeguarding genome stability and
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FA patients without functional FA proteins are predisposed to BMF and malignancies
(D'Andrea and Grompe, 2003), we speculate that FA proteins may participate in telomere
maintenance by relieving telomere replication stress and regulating telomere HR in
hematopoietic cells and ALT cancers.

13. Model for hematopoietic stem cell defects and bone marrow failure in

FA

More work is required to fully comprehend the complex heterogeneity of FA and its
associated accelerated aging phenotypes. While FA is now generally accepted as a DNA
repair and chromosomal instability disorder, multiple lines of evidence indicate that the
genetic disorder is characterized by elevated oxidative stress and an aberrant inflammatory
response. We believe these deficiencies are intertwined with one another and act
synergistically to cause not only hematopoietic stem cell defects and progressive BMF
punctuated by blood cancers at an early age but also problems in endocrine function,
immune response, osteoporosis, and sarcopenia. The basis for these clinical features may
derive from defects in the classic FA pathway, i.e., FANCD?2 ubiquitination-dependent DNA
transactions, epigenetic abnormalities in transcription regulation, inflammation coupled to
DNA damage, and sensitivity of the stem cell compartment to the toxic effects of TNF-a
(Figure 2). Although complex in its origin, the cellular and tissue-specific defects of FA
resemble features often observed in normal aging, only at an accelerated pace. Therefore,
understanding the causes of FA may not only benefit efforts to treat and cure patients but
expand to promote healthy aging throughout the population.
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Highlights

. Fanconi Anemia displays features commonly associated with normal
aging

. Accelerated decline of hematopoietic stem cells is characteristic of
Fanconi Anemia

. Oxidative stress and inflammation underlie defects observed in Fanconi
Anemia

. Understanding pathology of Fanconi Anemia may provide insights for

healthy aging
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Figure 1. Clinical symptoms and cellular phenotypes of FA symptomatic of accelerated aging
FA patients face many health issues in their childhood (teens) and early adulthood (twenties)

that also challenge healthy individuals as they age into their fifties and sixties. These include
but are not limited to: a dysfunctional bone marrow leading to anemia and
immunodeficiency, chronic inflammation, as wells as squamous cell carcinomas and acute
myeloid leukemia. Another set of clinical features shared by aging individuals and FA
patients are: a decline in endocrine functions, sarcopenia and osteopenia.
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Figure 2. Dual problems in DNA transactions and inflammatory response are responsible for

hematopoietic stem cell defects and bone marrow failure in FA

Reactive aldehydes and ROS generated during cellular metabolism and as a consequence of
an inflammatory response will induce DNA damage, triggering the DNA damage response
(DDR). This will halt cell cycle progression and trigger repair pathways that will attempt to
repair the damage. A persistent DDR will eventually lead to either apoptosis or senescence.
Senescent cells are characterized by the senescence associated secretory phenotype (SASP)
that will induce inflammatory responses in neighboring cells. In FA cells, the inflammation/
senescence cycle is fueled at several levels: (a) deficient oxidative stress signaling induces a
pro-oxidant state, (b) inefficient repair results in a persistent DDR, and (c) an increase in the

transcription of NF-xB induces the SASP, generating more inflammation (d) and

perpetuating the vicious cycle.
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