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The hallmarks of the rare inherited disorder Fanconi anemia (FA) are progressive bone marrow failure and susceptibility
to cancer. The former is the major cause of death for patients with FA, as it usually occurs earlier in life than cancer
development. Despite spectacular advances in unraveling the molecular details of FA, the origin of the bone marrow
failure that is central to this condition for most patients has long been puzzling and controversial. Two studies recently
published in the JCI, including one in this issue, will add to the debate. They also highlight the fact that studying rare
disorders can elucidate important new clinical and biological principles.
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Cytokinesis failure and attenuation:
new findings in Fanconi anemia
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The hallmarks of the rare inherited disorder Fanconi anemia (FA) are
progressive bone marrow failure and susceptibility to cancer. The for-
mer is the major cause of death for patients with FA, as it usually occurs
earlier in life than cancer development. Despite spectacular advances in
unraveling the molecular details of FA, the origin of the bone marrow
failure that is central to this condition for most patients has long been
puzzling and controversial. Two studies recently published in the JCI,
including one in this issue, will add to the debate. They also highlight the
fact that studying rare disorders can elucidate important new clinical and

biological principles.

Fanconi anemia (FA) is a recessive, inher-
ited disorder that occurs with an inci-
dence of approximately 1 per 350,000
births, that is, relatively rarely. One of the
major hallmarks of FA is bone marrow
failure (BMF), which is the major caused
of death in patients with FA, but it is also
associated with an increased susceptibil-
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ity to leukemia and certain cancers (1). FA
is caused by mutations in one of fourteen
or more genes (the so-called FA genes),
whose products cooperate to ensure the
repair of interstrand crosslinks that form
during DNA replication (i.e., during the S
phase of the cell cycle) (2). Failure to repair
these lesions efficiently leads to the acti-
vation of S and G; cell cycle checkpoints
that trigger cell cycle arrest (3, 4). Failure
of cells, particularly HSCs and blood cell
precursors, to progress through the cell
cycle has been thought to contribute to
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the BMF experienced by patients with FA
(5). Despite intensive investigation of the
nature and function of the FA genes, the
precise mechanism(s) underlying BMF
and cancer susceptibility in FA has not
been fully elucidated and remains con-
troversial. The same can be said of other
inherited BMF syndromes, such as dys-
keratosis congenita, Diamond-Blackfan
anemia, and Shwachman-Diamond syn-
drome (6). In these diseases, BMF devel-
ops slowly over the course of many years,
making the process difficult to investi-
gate in a cell line or even in a short-lived
mouse model.

Two remarkable studies recently pub-
lished in the JCI, including one in this
issue, report findings that will change the
way we think about BMF in FA and may
eventually change the way patients with
the disease are cared for and treated (7, 8).
In a recent issue of the JCI, Vinciguerra et
al. (7) reported that some FA cells proceed
past the G, checkpoint with DNA that is
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incompletely replicated and complete
mitosis with sister chromatids in daugh-
ter nuclei still connected by ultrafine
DNA bridges. It is at the cytokinesis stage,
the point of division of the cytoplasm into
two daughter cells, that problems arise.
As reported in the second paper (8), which
is published in this issue of the JCI, Cec-
caldi et al. found that a proportion of FA
patients, who live longer than others and
do not have severe BMF, have developed a
clone of blood cells that is still deficient
in repairing interstrand crosslinks but
no longer activates the G, checkpoint to
trigger cell cycle arrest. This is due to a
somatically acquired dampening of the
signaling pathway that regulates the G;/M
transition, although the precise molecu-
lar change was not defined.

Failure of cytokinesis as a possible
mechanism of BMF

The impetus for the study by Vinciguerra
et al. (7) was the recent finding that chro-
matin foci containing monoubiquitinated
FA, complementation group D2 (FANCD?2)
and FANCI, which assemble during S
phase and disassemble late in S phase
when DNA repair is complete, sometimes
persist during and after mitosis at fragile
sites in which DNA replication is slow
(9, 10). In these cases, the sites in sister
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chromatids in which these foci are locat-
ed are connected by ultrafine bridges
(UFBs). These bridges are coated by two
DNA helicases: Bloom syndrome, RecQ
helicase-like (BLM), the protein mutated
in Bloom syndrome (a rare autosomal
recessive disorder characterized by a high
frequency of chromosomal breaks and
rearrangements), and Plkl-interacting
checkpoint helicase (PICH), a checkpoint
helicase (11). Crosslinking agents, such
as mitomycin C (MMC), to which FA
cells are exquisitely sensitive, increase the
number of UFBs.

These findings led Vinciguerra et al. to
study the effect of FA mutant phenotypes
on the behavior of UFBs (7). They found
that the number of UFBs was increased
in fibroblasts and cell lines from patients
with FA and in HeLa cells depleted of spe-
cific FA proteins. They went on to show
that late in mitosis the UFBs were coat-
ed with the FA protein FANCM, which
is important in recruiting the FA core
complex to the sites of crosslinks and in
facilitating the monoubiquitination of
FANCD2 and FANCI. FANCM mutant
cell lines do not ubiquitinate FANCD2
and are MMC sensitive (12). Interesting-
ly, a FANCM mutant that does not have
ATPase activity corrected the ubiquitina-
tion defect but not the MMC sensitivity
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Figure 1

Cytokinesis failure in FA. PICH-BLM UFBs
are ultrafine DNA bridges that have FANCD2-
FANCI foci at their extremities and are most
likely derived from unresolved replication
intermediates. The paper by Vinciguerra et
al. (7) shows that hematopoietic cells from
patients with FA have an increased number
of UFBs between daughter nuclei that may
inhibit cytokinesis, leading to binucleated or
multinucleated cells. These cells may undergo
apoptosis, contributing to BMF, or may lead to
genomic instability and malignancy.

or the increased number of UFBs, sug-
gesting that ATPase activity is needed for
preventing or resolving the bridges. The
consequence of the increased number of
UFBs is an increased number of binucle-
ate or multinucleate cells arising from
cytokinesis failure. Multinucleate cells
were also generated by knock down of sev-
eral FA proteins. BLM knock down and
the FANCM ATPase mutation also result
in an increase in the number of multinu-
cleate cells (13). Can cytokinesis failure
contribute to BMF in FA? Mice null for
Fancg or Fancd2 show a HSC defect but
not overt BMF. HSCs purified from these
mice showed a higher percentage of mul-
tinucleate cells than did controls. More-
over, bridges joining the nuclei stained
with lamin-associated polypeptide 2, a
nuclear membrane protein that accu-
mulates around chromatin at the end of
mitosis. The fate of cells failing cytokine-
sis is either apoptosis or cell cycle arrest
and senescence. In the mice, an increase
in apoptosis correlated with the increase
in multinucleate cells (Figure 1).
Thisbody of work reported by Vinciguerra
and colleagues (7) highlights the impor-
tance of the FA proteins in cell division,
in which they are shown to be important
in the resolution of UFBs that arise from
unresolved replication intermediates.
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The question now is how important is the
observed failure of cytokinesis in BMF or
in progression to cancer? FANC mutant
cells show increased chromosomal breaks
at fragile sites (14), providing a connec-
tion between UFBs and genomic instabil-
ity. If genomic instability or multinucle-
ated cells result in apoptosis in HSCs, as
Vinciguerra and colleagues observed (7),
UFBs could contribute to BMF. Further-
more, if the cells are allowed to progress
by somatic mutations compromising
checkpoint regulation, this may lead to
the development of cancer. However,
BLM-deficient cells behave like the FA
cells, in terms of the formation of UFBs
and multinucleate cells, and patients
with Bloom syndrome do not develop
BMEF. This implies that there may be a
qualitative difference in the resolution
of UFBs in Bloom syndrome versus FA,
due to the presence or absence of FANC
proteins at the UFB termini; alternatively,
there might be an intrinsic difference in
the downstream response, as discussed by
Vinciguerra and colleagues (7).

Attenuation of BMF for the price

of leukemia later in life

The study by Ceccaldi et al. began with
the observation that a small number of
patients have only two of the usual three
criteria for FA (8). Like those of other FA
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patients, the peripheral blood cells (stim-
ulated lymphocytes) of these patients
lacked the crucial monoubiquitination of
FANCD?2 and showed increased chromo-
somal breaks after MMC treatment. But,
unlike the cells from most FA patients,
they did not show the characteristic G,
arrest after MMC treatment. A cohort of
97 patients was examined in this way, and
this phenotype was seen in 17 patients.
Most of these patients were among the
oldest in the cohort, their blood counts
were almost normal, and five of them
developed myelodysplastic syndrome
(MDS) or acute myeloid leukemia (AML).
The fact that this “attenuation” of the
G; checkpoint in response to DNA dam-
age was an acquired characteristic was
apparent, because the MMC-induced G,
arrest was still operational in fibroblasts
from the same patients and because two
patients were observed to convert to the
attenuated phenotype from typical FA
over the course of the analysis.
Attenuation was accompanied by
clonal hematopoiesis, as demonstrated
by a biased X-inactivation (8), implying
that all peripheral blood cells derived
from a single progenitor cell in which a
molecular event took place, giving rise to
attenuated G; arrest (Figure 2). However,
three out of six classical FA patients also
showed clonal hematopoiesis, as is com-
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Figure 2

Clonal attenuation of a G, checkpoint in FA.
Hematopoietic cells from patients with FA
exhibit slow growth and accumulate in G,
leading to BMF. Ceccaldi et al. (8) show that,
in some patients, blood counts are normal-
ized due to the appearance of a clone of
cells, in which the arrest at the G, checkpoint
does not take place. Hematopoiesis in these
patients is greatly improved, but the trade off
is an increased susceptibility to later develop-
ment of MDS and AML. This scenario, identi-
fied in FA, is likely to be a theme, applicable
not only to many forms of inherited BMF syn-
dromes but possibly to other regenerative
disorders associated with an increased risk
of malignant transformation.

monly seen in individuals with inherited
BMF syndromes (15). Arrest at the G,
checkpoint is modulated by a pathway
involving ataxia telangiectasia and Rad3
related (ATR) phosphorylation, p53 stabi-
lization, and CHKI1 checkpoint homolog
(CHK1) expression (16). p53 and CHK1
levels were low in attenuated cells from
six out of the nine patients with this phe-
notype, and CHKI mRNA levels were low
in attenuated cells from most of them.
The search for the molecular explana-
tion did not come up with any mutation
or deletion in the P53 or CHKI genes or
any alterations in their methylation pat-
tern. However, of two micro RNAs previ-
ously shown to target CHKI1 expression,
one of them, miR-15a, was present at a
higher level in attenuated patients. That
this might be important in the attenua-
tion mechanism was supported by the
authors’ demonstration that CHK1 had
a higher turnover, as assessed by proteos-
ome inhibition studies, in attenuated cells
(8). Verification that FA-induced arrest at
the G, checkpoint can be regulated by the
ATR and CHK1 pathway was provided by
experiments with a HeLa cell line with a
silenced FANCD2 gene. Knocking down
ATR or CHKI1 in these cells removed
the arrest at the G, checkpoint. A CHK1
inhibitor was also shown to attenuate
EBV lines from patients with the classi-
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cal FA phenotype, while a CHK2 inhibitor
had no effect. These cells were also pro-
tected from MMC-induced death by the
CHKI1 inhibitor. The cost of the attenu-
ated FA phenotype in these patients was
a higher risk of malignancy. Of the 97
patients in the cohort, five had excess
blasts or overt myeloid leukemia. All of
these had the attenuated phenotype. In
four of these patients, blasts could be
purified, and they all had very low CHK1
levels. Interestingly, low CHK1 levels are
characteristic of AML generally, not only
when arising from FA (17).

There are several important aspects of
this work by Ceccaldi et al. (8). The atten-
uation phenotype may explain the very
different clinical outcomes sometimes
seen in two members of the same family
who carry the same causative mutation,
particularly in the absence of any evi-
dence of genetic reversion (18). In addi-
tion, attenuation, identified by the disso-
ciation of chromosomal breakage and G,
arrest after exposure to DNA crosslinking
agents, is associated with a higher chance
of transformation to malignancy, thus
identifying patients who, although mild-
er in their presentation of BMF, might
need continuous, intensified tumor sur-
veillance. Finally, the study by Ceccaldi
et al. (8) identifies a druggable target, the
G; checkpoint, that, when suppressed,
improves blood cell production and may
prolong the survival of FA patients if the
increased incidence of cancer can be con-
trolled. If the checkpoint could be acti-
vated or restored, it could, in principle, be
used to limit the growth of cancer cells by
inducing cell cycle arrest and cell death.

Conclusions and prospects

Most previous studies have focused on the
role of the FANC proteins in S phase. The
papers by Vinciguerra et al. (7) and Cec-
caldi et al. (8) provide important insights
into different aspects of FA pathogenesis
that converge on events in the G, phase
of the cell cycle and during mitosis. Vin-
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ciguerra et al. showed that in FA there is
an increase in the number of cells that
enter mitosis with incompletely repli-
cated DNA and that this can lead to the
formation of multinucleated cells. These,
in turn, can lead to BMF by apoptosis or
to genomic instability and cancer. Cec-
caldi et al. showed that, in FA patients,
clones of blood cells can arise in which
the G; checkpoint has been attenuated
and no longer slows cell cycle progression.
This leads to an improvement in blood
counts and lifespan but carries with it an
increased risk of malignancy. Both papers
illustrate that studying a rare disease can
lead to the discovery of important clini-
cal and biological principles, with impli-
cations far beyond the original investiga-
tion. In this case, DNA repair proteins are
shown to be involved in the resolution of’
a new kind of ultrafine DNA bridge that,
if unresolved, is associated with cytokine-
sis failure and cell death, providing a pos-
sible additional mechanism for BMF. The
Ceccaldi paper, on the contrary, demon-
strates that overcoming a cell cycle check-
point is associated with an improvement
in BMF, highlighting the importance of
the activated G; checkpoint in the patho-
genesis of BMF.
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The blood-brain barrier (BBB) presents a significant obstacle to delivery
of targeted therapies to brain tumors. In this issue of the JCI, Staquicini
and colleagues apply an in vivo phage-displayed library of random peptides
to identify differentially expressed peptides that can be used to transport
targeted agents across the intact BBB. The authors uncover a non-canoni-
cal, peptide-mediated iron-mimicry mechanism to induce transport of the
transferrin/transferrin receptor complex across the BBB. They then dem-
onstrate the ability of phage-targeting approaches to deliver therapeutic
cargo and molecular imaging reporters across the BBB in an intracranial

glioblastoma mouse model.

Malignant gliomas are the most common
primary brain tumor in adults and one of
the most lethal of all cancers. With a medi-
an survival rate of one year, they present
an almost unparalleled clinical challenge.
Whether they arise from the constitu-
ent cells of the brain or metastasize from
other sites, gliomas are often located in
the most functionally important areas of
the brain, making complete surgical resec-
tion a virtual impossibility. Furthermore,
most brain tumors are relatively radio- and
chemoresistant, while the surrounding
normal brain tissue is relatively sensitive,
making attempts at successful treatment
resemble Ulysses’ frightening effort to pass
between Scylla and Charybdis, as described
in Homer’s Odyssey.

Comprehensive genomic surveys have
identified a number of potentially targe-
table mutations in glioblastoma (GBM),
the most common and malignant type of
glioma. These mutations, which cluster
along the EGFR/PTEN/PI3K, p53, and
pRb1 signaling pathways (1, 2), have
been demonstrated to play a causative
role in malignant glioma formation and
progression in mouse genetic models
(3, 4), which suggests that small-mol-
ecule inhibitors and antibodies targeting
these pathways may play an important
role in reshaping the future treatment of
patients with GBM. However, delivering
these treatments to the brain remains a
significant challenge.
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The BBB: an obstacle to the delivery
of brain tumor treatments
The brain is a privileged site, sheltered
from the systemic circulation by the
blood-brain barrier (BBB) — a structure
composed of endothelial cells, associated
astrocytic end-feet processes, perivascu-
lar neurons, and pericytes (Figure 1). The
endothelial cells are connected by tight
junctions that form an almost impen-
etrable barrier to all compounds except
highly lipidized small molecules of less
than 400 Da. Thus, delivery of the vast
majority of therapeutic small molecules
to the brain parenchyma is greatly limited.
Brain tumors such as GBM may partially
disrupt the BBB by inducing large gaps
between endothelial cells (5). However,
the extent of BBB disruption among indi-
vidual patients, and/or among various
regions within a single tumor, appears
to be highly variable. Therefore, the BBB
presents a significant obstacle to deliv-
ery of targeted brain tumor treatments.
Attempts to artificially disrupt the BBB
by intra-arterial infusion of hyperosmot-
ic solutions presents one potential thera-
peutic option, as recently demonstrated
by intra-arterial infusion of the VEGF-
specific antibody bevacizumab after BBB
disruption by mannitol in patients with
recurrent malignant glioma (6). However,
disruption of the BBB could potentially
lead to other serious complications, such
as brain edema. Therefore, development
of strategies to deliver targeted agents
across the BBB is a critical priority.
Several strategies to get therapeutic mol-
ecules across the BBB have recently been
studied in malignant glioma patients.
These include: (a) transnasal delivery (7);
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(b) convection-enhanced delivery (CED),
whereby a therapeutic agent is continu-
ously infused into the tumor bed under
positive pressure to create a pressure gra-
dient, enabling delivery to a larger region
of the brain than can be achieved by diffu-
sion (8); (c) packaging drugs and/or inter-
fering RNAs into polyethylene glycol-
encapsulated liposomes that more readily
cross the BBB and show tumor reduction
and increase in survival in mice compared
with systemic delivery, an approach that
can be combined with CED (9, 10); (d)
use of replication-competent retroviruses
to deliver oncolytic therapies (11); and (e)
use of mesenchymal (12) or neural stem
cells to deliver small molecules, antibod-
ies, or toxic payloads (13, 14). Alternative-
ly, other investigators have sought to take
advantage of endogenous BBB transport-
ers to increase delivery of targeted agents.
There are three main classes of BBB trans-
porters: (a) carrier-mediated transporters,
including the glucose and amino acid
transporters; (b) active efflux transport-
ers, including P-glycoprotein and the
other ABC gene family members; and (c)
receptor-mediated transporters, of which
transferrin receptor (TfR), insulin recep-
tor, and low-density lipoprotein receptor
are the best characterized (15). Attempts
to target GBM by delivering EGFR-spe-
cific shRNA in PEGylated liposomes bear-
ing insulin receptor- and TfR-specific
antibodies in an in vivo model has shown
some promise (16). However, these anti-
body-based approaches have yet to trans-
late into the clinic. Developing the right
targeting antibodies to facilitate crossing
of the BBB in humans, and uncovering
the molecular mechanism by which the
process works, remain significant impedi-
ments to clinical application.

Phage display to identify
differentially expressed peptides that
can be used to transport targeted
agents across the intact BBB

In this issue of the JCI, Staquicini et al.
provide an ingenious alternative strategy
to overcoming the obstacle of delivering
targeted agents across the BBB, based on
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