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Abstract Fanconi anemia (FA) is an autosomal recessive disorder characterized by progressive bone marrow failure (BMF)
during childhood, aside from numerous congenital abnormalities. FA mouse models have been generated; however, they do not
fully mimic the hematopoietic phenotype. As there is mounting evidence that the hematopoietic impairment starts already in
utero, a human pluripotent stem cell model would constitute a more appropriate system to investigate the mechanisms
underlying BMF in FA and its developmental basis. Using zinc finger nuclease (ZFN) technology, we have created a knockout of
FANCA in human embryonic stem cells (hESC). We introduced a selection cassette into exon 2 thereby disrupting the FANCA
coding sequence and found that whereas mono-allelically targeted cells retain an unaltered proliferation potential, disruption
of the second allele causes a severe growth disadvantage. As a result, heterogeneous cultures arise due to the presence of cells
still carrying an unaffected FANCA allele, quickly outgrowing the knockout cells. When pure cultures of FANCA knockout hESC
are pursued either through selection or single cell cloning, this rapidly results in growth arrest and such cultures cannot be
maintained. These data highlight the importance of a functional FA pathway at the pluripotent stem cell stage.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Introduction

Fanconi anemia (FA) is an autosomal recessive disease
characterized by congenital abnormalities and progressive bone
marrow failure (BMF) in the first decades of life, which develops
into hematologic malignancies in 33% of cases (Kutler et al.,
2003; Auerbach, 2009). The high cancer predisposition and
hypersensitivity to cross-linking agents (Sasaki and Tonomura,
1973; Ishida and Buchwald, 1982; Auerbach et al., 1989), used
as a diagnostic criterion, reflect the genomic instability of these
patients and illustrate the link with DNA repair processes. FA
results from mutations in any of the 16 genes linked together
in the FA pathway (FANCA, FANCB, FANCC, FANCD1, FANCD2,
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FANCE, FANCF, FANCG, FANCI, FANCJ, FANCL, FANCM, FANCN,
FANCO, FANCP, FANCQ) (Garaycoechea and Patel, 2014). This
pathway is activated upon detection of DNA damage to help
resolve stalled replication forks at double strand breaks (DSB)
and promote faithful DNA repair through homologous recom-
bination (HR) (Kee and D'Andrea, 2010; Adamo et al., 2010;
Pace et al., 2010). When the FA pathway is disrupted, DSB are
no longer diverted away from the more error-prone non-
homologous end-joining (NHEJ) repair pathway in favor of HR,
which likely results in the acquisition of cytogenetic abnor-
malities (Adamo et al., 2010; Pace et al., 2010; Blanpain et
al., 2011).

It is well understood that cytogenetic abnormalities underlie
events such as leukemic transformation (Look, 1997). Insights
on how accumulation of DNA damage contributes to progres-
sive BMF, however, have only recently started to emerge
(Niedernhofer, 2008; Milyavsky et al., 2010; Zhang et al.,
2011; Blanpain et al., 2011). Ceccaldi et al. demonstrated that
BMF in FA is triggered by an exacerbated p53/p21 DNA damage
response that impairs hematopoietic stem and progenitor cells
(HSPC), leading to the progressive elimination of these cells in
FA patients (Ceccaldi et al., 2012). Furthermore, hypersensi-
tivity to cross-linking agents and thus the genomic instability
can be restored to wild type (WT) levels in somatic FA cells
when the NHEJ pathway is inhibited (Adamo et al., 2010; Pace
et al., 2010). Whether NHEJ inhibition in FA-deficient cells
would also restore the hematopoietic defects by reducing
genomic instability and concomitant accumulation of DNA
damage is unknown.

Although FA knockout mouse models have been established,
they do not display spontaneous BMF and therefore do not fully
mimic the hematopoietic condition seen in FA patients (Parmar
et al., 2009). For this reason, a human disease model is more
informative when investigating the mechanisms underlying the
progressive BMF. Moreover it has been suggested that the
hematopoietic defect in FA already starts in utero with a
reduced HSPC pool during prenatal life, which is further
challenged by additional age-related cellular stress and DNA
damage resulting in HSPC exhaustion and BMF during childhood
(Tulpule et al., 2010; Ceccaldi et al., 2012; Kamimae-Lanning et
al., 2013). In this context, a human pluripotent stem cell model
for FA would create an opportunity to interrogate the
mechanism(s) underlying the decreased HSPC pool during
development, and determine the role of aberrant NHEJ usage
on hematopoiesis during the earliest stages of hematopoietic
ontogeny, captured in the process of hematopoietic differen-
tiation from pluripotent cells.

In 2009, Raya et al. found that somatic cells from FA patients
could only be reprogrammed after correction of the genetic
defect, suggesting an important role for the FA pathway in
establishing pluripotency (Raya et al., 2009). However, Tulpule
et al. subsequently created the first human-specific pluripotent
FA stem cell model in hESC through knockdown (KD) of FA
proteins using a lentiviral RNA interference (RNAi) approach
(Tulpule et al., 2010). Recently it has been demonstrated that
the reprogramming process itself triggers DNA damage and
that efficient reprogramming requires key HR genes, including
Brca1, Brca2 (Fancd1) and Rad51 (Gonzalez et al., 2013;
Navarro et al., 2014). Given the close interplay of the FA
and HR DNA repair pathways, it might not be surprising that
difficulties are seen upon reprogramming FA-deficient
cells. Nevertheless, several groups recently succeeded in
reprogramming uncorrected FA patient cells, albeit with
low efficiency (Muller et al., 2012; Yung et al., 2013; Liu et
al., 2014). In addition, many of the established FA human
induced pluripotent stem cell (hiPSC) lines could not be
maintained in culture for more than a few passages (Yung et
al., 2013). Together, these reports on FA hiPSC suggest an
important role for the FA pathway not only in the establishment
of pluripotency but also in the maintenance of pluripotent stem
cells.

The aim of our study was to establish a human pluripotent
disease model for FA through the creation of a FANCA
knockout in hESC that would allow addressing the influence
of loss of FANCA on hematopoietic development without
interference of possible reprogramming-mediated mutations
or the mutational load that somatic FA cells have collected
during their life span, likely present in FA hiPSC. We
demonstrate that FANCA knockout (FANCA−/−) hESC, in
contrast to the previously established FA KD hESC model,
display a severe growth disadvantage at the pluripotent stage,
consistent with the notion that the FA pathway is vital for
pluripotent stem cell proliferation.

Material and methods

hESC culture and maintenance

hESC line H9 (WA09) was purchased from WiCell Research
Institute. H9 cells and all ZFN-targeted clones derived
from it were expanded on inactivated mouse embryonic
fibroblast (MEF) feeder layers in hESC medium (DMEM/F12
(Invitrogen) supplemented with 20% KnockOut Serum
Replacement (Invitrogen), 1% non-essential amino acids
(Invitrogen), 1 mM L-glutamine (Sigma-Aldrich), 0.1 mM
β-mercaptoethanol (Sigma-Aldrich) and 4 ng/ml bFGF
(Peprotech)). Feeder-free (FF) cultures for DNA sampling
purposes were established by passaging the hESC onto
Matrigel (Becton Dickinson)-coated plates in mTeSR I medium
(Stemcell Technologies). Single cell dissociation to establish
clonal cultures was performed with Trypsin 0.05% (Invitrogen)
for MEF cultures or Accutase (Sigma) for FF cultures and cells
were plated in medium containing 10 mM ROCK inhibitor
(Sigma-Aldrich). Following the second targeting, cells were
cultured at 37 °C in 5% CO2 and 5% O2.

FANCA targeting

A specific ZFN set for FANCA (Sigma-Aldrich) was generated
targeting the first nucleotides of exon 2 (validation results in
Fig. S1). A targeting vector carrying a selection cassette and
homology arms flanking the double strand break was created
so that its site-specific incorporation would disrupt the
FANCA coding sequence (Fig. 1A). The different components
for the FANCA targeting vector were cloned into the pCR2.1
plasmid (Life Technologies). The plasmids used for the first
(Fig. S2) and second (Fig. S3) rounds of targeting carry
Puromycin (Puro) and Hygromycin (Hygro) resistance cassettes
respectively. Two million hESC were nucleofected with the
targeting vector (11.5 μg for Puro and 12 μg for Hygro
targeting) and 5 μl of ZFN mRNA using hESC Nucleofector
solution 2 (Lonza), program A13 following the manufacturer's
instructions. Cells were plated on inactivated DR4 MEF



Figure 1 Schematic overview of ZFN-mediated FANCA targeting and demonstration of targeted integration in Puromycin-resistant
clones. A) The FANCA locus and the expectedmodifications after each round of targeting are shown. Primers used to amplify thewild type
allele (WT1 + WT2), the Puromycin (P1 + P2) and Hygromycin (H1 + H2) junctions by PCR are indicated. Thick black areas flanking the
double strand break (DSB) depict homology arms (HA). Probe used for Southern blot (SB probe) is shown with a gray part annealing to the
WT FANCA locus and awhite part annealing to the EF1a promoter. Dashed vertical lines indicate DraI restriction sites for SB. B) Puromycin
junction assay (primers P1 + P2) for a representative set of Puromycin-resistant clones with a positive control for the junction (P+) and
untargeted hESC (H9) as a negative control. C) Southern blot (SB) results for representative set of Puromycin-resistant clones after DraI
digest of genomic DNA. D) SB results after DraI digest shown for (left panel) clone 1 after initial selection but before Puromycin reselection
(P1), (middle panel) clone 1 immediately after Puromycin reselection (P1+PURO) and its unselected parallel culture at that time (P1−PURO),
(right panel) clone 1 some passages after Puromycin reselection (P1NPURO). The probe anneals to both the transgenic EF1a promoter (TG)
and the endogenous human EF1a promoter (hEF1a). hESC (H9)were taken as an untargeted reference for thewild type (WT) allele. Clones
with random integration events are marked with *.
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(GlobalStem) in media containing 10 mM ROCK inhibitor
(Sigma-Aldrich). The Puro targeted hESC were selected with
300 ng/ml Puromycin (Sigma-Aldrich) and resistant colonies
were individually picked and expanded after 7–13 days.
After Hygro targeting, selection with up to 30 μg/ml of
Hygromycin (Sigma-Aldrich) was performed. Surviving colonies
were individually picked and expanded after 10 days. In the
reselection process up to 500 ng/ml of Puromycin was used for
Puro targeted clones and concentrations up to 50 μg/ml of
Hygromycin in the case of Hygromycin reselection.
PCR genotyping

Genotyping PCRs were performed according to standard
procedures using primers listed in Table S4. A schematic
representation of the primer pairs can be found in Fig. 1A.
For the Puromycin and Hygromycin junction assays a forward
primer annealing to the selection cassette and a reverse
primer in the FANCA locus outside the homology arms (HA)
were combined. The correct amplification of the junctions
was confirmed through sequencing both in controls and
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samples. Positive controls used for the junction assays are
listed in Table S5. Primers flanking the double strand break
(DSB) were used for the WT allele amplification assay and
correct amplification was confirmed through sequencing. To
assess random integration by PCR two sets of primers were
designed along the backbone of the plasmid used during
ZFN-mediated targeting.
Proliferation kinetics

The growth delay of clones cultured on MEF and on Matrigel
(FF) was visualized by plotting the subsequent passages
(y-axis) against a cumulative growth delay factor (x-axis),
which was calculated as follows: time to reach confluence
(time between subsequent passages in days) divided by
expansion factor: “time to confluence/expansion factor”.
This means that the longer it takes for a culture to become
confluent (increase in numerator) or the less it can be
expanded (decrease in denominator), the bigger the increase
on the x-axis. This will result in a flatter slope for slow growing
cultures and a steeper slope for fast growing cultures. The
values used to calculate the cumulative growth delay for
each cell line can be found in Table S6 (MEF) and Table S7
(FF).
Southern blot analysis

Genomic DNA was isolated using the QiaAmp DNA mini kit
(Qiagen). Southern blots were performed using the DIG High
Prime DNA Labeling and Detection starter kit II (Roche)
according to the manufacturer's instructions. The primer set
used for the generation of the Southern blot probe can be
found in Table S4. A schematic representation of the probe
and the fragment sizes after DraI (Fermentas) digestion can
be found in Fig. 1A.
aCGH

Genomic DNA was isolated using the QiaAmp DNA mini kit
(Qiagen). Samples were hybridized against commercially
available female control DNA (Kreatech) and subjected to a
whole genome analysis using 180 k Cytosure ISCA v2 arrays
(Oxford Gene Technologies). Array data were extracted
using Feature Extraction software v10.7 and visualized using
CytoSure Interpret Software V4.5.3. Copy number altered
regions were detected using statistics provided by the CytoSure
Interpret Software V4.5.3, considering a minimum number of
five consecutive probes.
Western blot analysis

Western blot analysis was performed using a rabbit poly-
clonal antibody for FANCA (1:2000; Abcam) and a mouse
monoclonal antibody for GAPDH (1:5000; Santa Cruz
Biotechnology) followed by horseradish peroxidase-conjugated
swine anti-rabbit secondary antibody (1:3000; Dako) and goat
anti-mouse secondary antibody (1:3000; Dako) respectively.
QuantiGene® FlowRNA assay

Probes against Puromycin N-acetyl-transferase and hygromycin
B phosphotransferase mRNA transcripts were designed by
Affymetrix. The QuantiGene® FlowRNA assay (Affymetrix) was
conducted according to the manufacturer's instructions. Data
was analyzed by FlowJo software.
Results

Growth advantage for FANCA+/− hESC over
FANCA−/− hESC

To create a human pluripotent stem cell model for FA, we
aimed at knocking out FANCA in hESC through insertion of a
Puromycin resistance (Puro) cassette in exon 2, thereby
disrupting the FANCA coding sequence. As FA is a recessive
disease, bi-allelic targeting is required to establish the
appropriate model. After nucleofection of hESC (H9) with a
FANCA-specific ZFN pair and a donor plasmid harboring a
Puro cassette flanked by homology arms (HA) (Fig. 1A),
recombinant clones were selected with 300 ng/ml Puromycin.
Resistant colonies were picked after 7–13 days of selection
and site-specific integration of the Puro cassette could be
demonstrated in 37 out of 50 clones through amplification of
the cassette junction by PCR (Fig. 1B). Southern blot (SB) data
confirmed the targeted integration of the Puro cassette but as
the WT allele could still be detected in all clones, no bi-allelic
targeting events could be identified (Fig. 1C). For one clone
(clone P1), SB suggested a higher abundance of transgenic
than WT alleles (Fig. 1C). As hESC were split as clumps rather
than through single cell dissociation, we hypothesized that
this clone might represent a mixture of mono-allelically
(FANCA+/−) and bi-allelically (FANCA−/−) targeted cells both
withstanding the applied selection pressure. Disappearance of
the band corresponding to the WT allele upon reselection with
500 ng/ml Puromycin confirmed this hypothesis (Fig. 1D). This
coincidedwith the observation that some colonies in the culture
disappeared upon reselection whereas others seemed not to
be affected by this higher concentration. However, when
the same clone was assessed by SB a few passages after
Puromycin reselection, the WT allele was again detected
(Fig. 1D), suggesting a selective growth advantage of FANCA+/−
cells, which can escape or withstand selection pressure, over
FANCA−/− cells.

FANCA −/− hESC display a severe growth disadvantage
resulting in growth arrest

As we were unable to maintain bi-allelically targeted hESC
as a pure population of FANCA−/− cells, we adopted an
alternative targeting approach wherein we nucleofected
mono-allelically targeted hESC (FANCA+/−) with a second
selection cassette (Fig. 1A). First, an additional round of
Puromycin selection was conducted on a clone previously
confirmed to carry a unique insertion of the Puro cassette
in FANCA (clone P21) to eliminate possible remnants of
untargeted cells. Next, a Hygromycin resistance (Hygro)
cassette was inserted into the untargeted allele via a second
round of ZFN-mediated HR. We identified several clones
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carrying both a Hygro and a Puro cassette in the FANCA locus
as judged by the amplification of the respective junctions by
PCR (Figs. 2A,B). Further confirmation of bi-allelic targeting
was seen in the inability to amplify the WT allele in some of
these (Fig. 2C). Clones fitting all three criteria of bi-allelic
targeting (clones PH4, PH16 and PH18) were chosen for
further expansion, as these were considered FANCA−/− hESC.

Though undetectable in the first passage after ZFN
targeting, the WT FANCA allele could again be amplified in
nearly all clones the next passage both in cultures on
inactivated mouse embryonic fibroblasts (MEF) as well as in
feeder-free (FF) cultures (Figs. 2D, E). The different amplicons
were sequenced to verify that they indeed represented the
expected cassette junctions or WT allele. To further purify
FANCA−/− cells, Hygromycin selection was reinitiated. The
three bi-allellically targeted clones cultured on MEF showed a
profound growth delay and underwent growth arrest one
passage (19–22 days) after reinitiation of Hygromycin selection
(Fig. 3A). Following splitting, only a few colonies attached. The
colonies that attached displayed the characteristic hESC
appearance without any signs of differentiation but showed
only a minimal increase in size and after some time remained as
such without any visible growth. Clones maintained feeder-free
however, though clearly affected, did not all display the same
rate of growth arrest as on MEF (Fig. 3B). The most severe
growth delaywas seen in clone PH16where, in contrast to other
clones, the WT allele did not reappear immediately the next
passage. Whereas culture of untargeted hESC on Matrigel
requires colonies to be split about every 5 days, clone PH16
did not reach confluency even after 14 days in the absence of
selection. Clone PH18 on the other hand, clearly affected by
Hygromycin selection as the time between subsequent passages
increased to roughly two-fold the regular 5-day interval, could
be kept in culture for an extended number of passages. DNA
taken at subsequent passages under Hygromycin reselection
continuously showed amplification of the WT allele in addition
Figure 2 PCR genotyping for Hygromycin-resistant clones. A–E) PC
resistant clones. A) Hygromycin junction assay with a positive control fo
B) Puromycin junction assaywith a positive control for the junction (P+) a
amplification assay at the first passage after picking Hygromycin-resist
conditions (E). H9 are included as a positive control for the WT locus.
to both cassette junctions (Figs. 3C,D,E). The presence of WT
FANCA in spite of clear demonstration of bi-allelic targeting in
PH18 was further substantiated by Western blot data demon-
strating FANCA protein expression (Fig. 3F). Attempts to
establish clonal cultures from this clone and others through
single cell dissociation were not successful as few cells grew out
to become colonies and these quickly displayed growth arrest.

Demonstration of bi-allelic targeting at the single
cell level

To unequivocally demonstrate that FANCA knockout cells
are present within this culture initially confirmed to be
bi-allelically targeted based on the amplification of both
Puro and Hygro cassette junctions and the absence of the WT
allele, we made use of the QuantiGene® FlowRNA assay.
Using probes against Puromycin N-acetyl-transferase and
Hygromycin B phosphotransferase mRNA transcripts we ana-
lyzedwhether these selection cassette transcripts were present
together at the single cell level. The FlowRNA assay clearly
demonstrates that clone PH18 harbors a population of cells
positive for both the Puro and Hygro cassettes (Fig. 4A). As we
also verified the absence of random integrations in this clone
both by SB and PCR (Figs. 4B, C), we can safely conclude that
this population represents a FANCA knockout hESC population
with a Puro cassette disrupting one allele of FANCA and a Hygro
cassette disrupting the other.

Heterogeneity in FANCA−/− cultures

As FA is associated with genomic instability and genetic
rearrangements are recurrently found in iPSC generated
from FA-deficient cells (Muller et al., 2012; Yung et al., 2013),
we investigated whether rearrangements in the genome of
these bi-allelically targeted clones could possibly explain the
R genotyping results during the first two passages of Hygromycin-
r the junction (H+) and untargeted hESC (H9) as a negative control.
nd untargeted hESC (H9) as a negative control. C–E)Wild type allele
ant colonies (C) or after one additional passage on MEF (D) or in FF
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Figure 3 Bi-allelically targeted clones show a severe growth disadvantage and a persistent presence of WT FANCA in those cultures
that can be maintained in culture. A) Proliferation kinetics of cultures on MEF. Values on the x-axis are representative for the growth
delay a certain cell line displays. These values are calculated as time to reach confluence (time between subsequent passages in days)
divided by expansion factor: “time to confluence/expansion factor”. This means that the longer it takes for a culture to be confluent
(increase in numerator) or the less it can be expanded (increase in denominator), the bigger the increase on the x-axis. This will result
in a flatter slope for slow growing cultures and a steeper slope for fast growing cultures. The arrow indicates the start of Hygromycin
reselection. Untargeted H9 (H9) are included as a reference (unselected) and a mono-allelically Hygro targeted cell line (PH8(mono))
cultured in parallel under the same Hygromycin selection regimen is included as a control. * indicates when maintenance of the
culture became impossible due to growth arrest. # represents the point at which a confluent culture was frozen. B) Proliferation
kinetics of FF cultures. Passages under Hygromycin reselection are labeled as H1–H6 on the right axis. The arrow indicates the start of
Hygromycin reselection. Untargeted H9 (H9) are included as a reference (unselected) and a mono-allelically Hygro targeted cell line
(PH14(mono)) cultured in parallel under the same Hygromycin selection regimen is included as a control. * indicates when maintenance of
the culture became impossible due to growth arrest. # represents the point at which a confluent culture was frozen. ° indicates the point at
which cultures were discontinued due to persistent heterogeneity or after the confirmation of loss of the FANCA−/− cells. C) Puromycin
junction assaywith a positive control for the junction (P+) and untargeted HepG2 andH9 as negative controls. D) Hygromycin junction assay
with a positive control for the junction (H+) and untargeted HepG2 and H9 as negative controls. E) Wild type allele amplification assay with
untargeted HepG2 and H9 included as positive controls for theWT locus. F)Western blot showing FANCA expression in Hygromycin-resistant
clones with untargeted H9 as a reference.
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genotyping results, where three different versions of the
FANCA locus could be identified. An array comparative
genomic hybridization (aCGH) screenwas performed on clones
PH4 and PH18 (Fig. 5), which did not reveal significant copy
number variations compared to the untargeted hESC line or
clone P21 used for the second round of targeting with a Hygro
cassette. For clone PH18 however, a duplication of 6.6 Mb on
the short arm of chromosome 5 (5p14.1p13.2(28,340,612–
35,004,191) × 3) was detected shortly after targeting that was
not present in clone P21 from which the clone was derived.
The duplication could no longer be detected in a subsequent
sample of clone PH18 following a few passages. This suggests
that this duplication arose in a subpopulation of cells that then
disappeared from the culture over the next passages.

image of Figure�3


Figure 4 Demonstration of bi-allelic targeting at the single cell level. A) Flow RNA plot showing Puromycin N-acetyl-transferase
(Puro probe) and Hygromycin B phosphotransferase (Hygro probe) expression for clone PH18 (red) compared to untargeted H9 (blue).
B) Southern blot after DraI digest for clone PH18 after 2 (H2) and 5 (H5) passages under Hygromycin reselection demonstrating absence
of random integrations. C) PCR results demonstrating absence of random integrations. Untargeted H9 were included as negative
control. Positive controls are HEK293 harboring randomly integrated pieces of the plasmid used for targeting (+) and the targeting
plasmid itself (plasmid). Upper and lower panels represent primers spanning the backbones 3′ and 5′ from the selection cassette
respectively.
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More evidence for selective outgrowth of subpopulations
of cells were found in the behavior of clone PH4. PCR data
showed that for clone PH4 the Puro junction could no longer
be amplified at passage 3 during Hygromycin reselection (H3)
whereas the passage before (H2) (Fig. 3C) it was still
present. This was confirmed by the simultaneous loss of
Puromycin resistance; hence again creating a mono-allelically
targeted cell population. This is consistentwith the hypothesis
that the culture remains mixed, and that the FANCA−/−
subpopulation disappears due to its inherent growth disad-
vantagewhile others, not bi-allelically targeted, take over the
culture. Further corroborating this hypothesis is the fact that
the H2 culture required 14 days to reach sufficient confluence
to be split into H3 (Fig. 3B). From H3 onwards, the growth rate
of the now mono-allelically targeted cells was restored to
levels similar to those of untargeted H9.
Discussion

Fanconi anemia is an intriguing yet devastating condition at
the intersection of DNA repair and hematopoietic dysfunc-
tion. Whereas the functions of FA proteins in DNA repair are
well documented (Moldovan and D'Andrea, 2009; de Winter
and Joenje, 2009), the mechanism underlying the character-
istic BMF is less well understood as many model systems,
including FA knockout mice, fail to recapitulate the hemato-
poietic phenotype in all its aspects (Parmar et al., 2009).
Recently however, clues on how these two features are linked
came from the demonstration that an exacerbated p53/p21
DNA damage response impairs HSPC causing progressive
elimination of these cells in FA patients, ultimately resulting
in BMF (Ceccaldi et al., 2012). Compared with normal fetal
liver samples, p21 levels in the liver from FA fetuses were
significantly higher, consistent with the onset of FA-induced
loss of HSPC during prenatal life. To identify the earliest
effects of FA deficiency on hematopoietic development, we
aimed at creating a human pluripotent FA stem cell model.
We generated a FANCA knockout in hESC via ZFN-mediated
HR, disrupting both alleles of FANCA. Such FANCA knockout
hESC, however, displayed a severe growth disadvantage,
which paves the way for non-FA-deficient cells, be it
mono-allelically targeted or untargeted cells, to take over
the culture as they have a growth advantage over the
FA-deficient cells. When FANCA−/− hESC were purified from
these contaminating cells, either through selection or single
cell cloning, they rapidly underwent growth arrest and such
cultures could not bemaintained, making them not suitable as
a FA disease model.

Interfering with DNA repair at the pluripotent stage, tightly
regulated not to propagatemutations to its progeny (Fortini et
al., 2013; Rocha et al., 2013), is not without risks. However,
no problems in the maintenance of pluripotent cells were
reported after knocking down FA proteins in hESC (Tulpule et
al., 2010). Loss of p53 and ATM in hESC, to model two major
genetic instability syndromes, also did not affect hESC
proliferation (Song et al., 2010). Nevertheless, we here
demonstrate that whereas mono-allelically targeted cells have
unaltered proliferation potential compared to untargeted hESC,
disruption of the second FANCA allele causes a severe growth
disadvantage.

Initially it was postulated that a functional FA pathway is a
prerequisite for cells to be reprogrammed to the pluripotent
stage as reprogramming could only be achieved in FA patient
cells after correction of the FA defect (Raya et al., 2009). More
recently however, several groups demonstrated that FA cells
are resistant but not refractory to reprogramming as they
succeeded in generating FA iPSC, albeit at a greatly reduced
efficiency (Muller et al., 2012; Yung et al., 2013; Navarro et
al., 2014; Liu et al., 2014). Although Yung et al. succeeded in
reprogramming FA patient cells under normoxic conditions,
Muller et al. described a disease-associated advantage for
reprogramming FA cells under hypoxia and therefore used
hypoxic conditions to generate FA hiPSC (Muller et al., 2012;
Yung et al., 2013). In contrast to these reports and in agreement
with an exacerbated p53 stress response in FA cells (Ceccaldi et
al., 2012) and the rate-limiting effect of p53 on reprogramming
(Marion et al., 2009; Hong et al., 2009; Utikal et al., 2009), Liu
et al. could only generate FA hiPSC when p53 shRNA was added
to the reprogramming cocktail (Liu et al., 2014). When p53
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Figure 5 aCGH data showing a duplication of 6.6 Mb at the short arm of chromosome 5 in clone PH18 shortly after targeting. Clones
PH4 and PH18 were analyzed by aCGH shortly after targeting and following 5 passages under Hygromycin reselection (H5). Untargeted
H9 cells and clone P21 from which clones PH4 and PH18 are derived were included in the screen as references. Log2 ratios are
depicted on the vertical axis.
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shRNA was omitted, reprogramming barriers could not be
overcome despite the presence of epigenetic remodeler sodium
butyrate and hypoxic conditions. The integration-free FA hiPSC
generated in this study displayed slower kinetics as they
appeared only after 40 (instead of 22) days of reprogramming.
Moreover, a threefold reduction in the amount of colonies
present after seeding similar numbers of cells was observed for
FA hiPSC compared to control hiPSC (Liu et al., 2014). Besides
this decrease in clonogenicity described by Liu et al., also the
proliferation and/or maintenance of previously generated FA
hiPSC lines seemed to be compromised. Whereas Muller et al.
mentioned slightly delayed growth kinetics in FA hiPSC, Yung et
al. reported that most of the FA hiPSC lines established in their
study could not be maintained in culture for more than a few
passages (Muller et al., 2012; Yung et al., 2013). The only two
lines that could be maintained had a very abnormal karyotype,
which leaves room to speculate that genetic events possibly
compensating for the absence of the FA pathway enabled
successful reprogramming andmaintenance (Yung et al., 2013).
This would be consistent with the observation that corrected
FA iPSC fail to silence the transgenic FANCA copy after
reprogramming, suggesting a selective pressure for continued
correction of the FA pathway and that knockdown of the FANCA
transgene resulted in loss of hiPSC proliferation (Raya et al.,
2009; Muller et al., 2012). Combined with these data, our
findings convincingly support the relevance of a functional FA
pathway for the maintenance of pluripotent stem cells.

While others and we find that maintenance of pluripotent
stem cells is compromised in case of a defective FA pathway,
total absence of FANCA protein in humans does not reduce
embryonic viability (Castella et al., 2011). Most likely this
discrepancy can be contributed to the fact that hESC and
hiPSC are the in vitro equivalents of pluripotent cells found
in the blastocyst, artificially maintained in the undifferen-
tiated state through tailor-made culture conditions that
continuously stimulate the cells to divide symmetrically.
These in vitro stimuli expose the cells to high levels of
replicative stress that might not be present in vivo, or only
for a short period of time. In addition hESC and hiPSC are
inevitably exposed to oxidative stress during culture and when
handling the cells. Considering the sensitivity of FA-deficient
cells to oxidative and replicative stress (Joenje et al., 1981;
Schindler and Hoehn, 1988; Ceccaldi et al., 2012), these
elevated levels in culture in vitro compared to in vivo likely
account for an accumulation of DNA damage at a stage tightly
controlled not to propagate mutations to the progeny. This

image of Figure�5


248 K. Vanuytsel et al.
might well be the underlying cause of the accelerated
replicative crisis observed in FANCA knockout hESC and FA
hiPSC.

In this study we were also confronted with heterogeneous
cultures of mono-allelically and bi-allelically targeted cells
both withstanding the applied selection pressure. Similar
mixtures have been reported after ZFN targeting (Yao et al.,
2012) and are a direct consequence of the fact that hESC are
generally passaged as clumps rather than through single cell
dissociation. Immediately after targeting, the cells are plated
as single cells, which then grow into resistant colonies during
the selection process. When selection is complete, judged by
the elimination of untargeted cells in a control well exposed to
the same concentration of the antibiotic, resistant colonies
are manually cut in smaller pieces to establish a subculture.
The resulting culture is not necessarily clonal in nature, as we
cannot exclude the presence of different cell clones in one
resistant colony. In fact, data obtained shortly after targeting
suggests the co-existence of some incompletely targeted cells
amongst the bulk of bi-allelically targeted hESC as the WT
band that could not be detected by PCR in the first passage
after targeting could again be amplified one passage later in
most clones. This demonstrates that non-FA-deficient cells,
even when representing a negligible percentage of the total
population, quickly out-proliferate FANCA knockout cells due
to the inherent growth disadvantage of the latter. This
observation is akin to somatic mosaicism which confers a
selective growth advantage over FA-deficient cells onto their
gene corrected counterparts (Waisfisz et al., 1999; Gregory et
al., 2001; Gross et al., 2002). Moreover our data suggest that
even though antibiotic concentrations were used that were
carefully titrated to result in complete elimination of unmod-
ified hESC, still some untargeted cells managed to persist and
give rise to heterogeneous cultures. Attempts to establish
clonal cultures through single cell dissociation to circumvent
this issue were not successful as the few colonies that grew out
rapidly displayed growth arrest.

Given the severely compromised proliferation upon disrup-
tion of the second FANCA allele, we have considered combining
the knockout strategy with an inducible overexpression of
FANCA, whichwould allow bi-allelic targeting in the presence of
a functional FA pathway. Even though this could facilitate the
initial characterization of the bi-allelic targeting, at the point
where we would induce the knockout by removing the
transgenic FANCA expression, similar complications as discussed
above would most likely arise. Irrespective of the method
(Cre–LoxP, FRT–Flipase, doxycycline inducible systems), it
remains challenging to completely eliminate the expression of
the transgenic FANCA in all cells of the culture. As our data
show that even a negligible amount of non-FA-deficient cells
can quickly take over resulting in a heterogeneous culture and
that rapid growth arrest occurs when we try to circumvent
such heterogeneity issues by generating clonal knockout cell
lines, we believe that considerable technical challenges will
prevent us from obtaining a pure FANCA−/− population for
further functional testing, even with a conditional approach.
Conclusion

The inherent growth defect of FANCA knockout hESC reported
in this study hampers the establishment of a human
pluripotent FA disease model and therefore our question
whether disabling error-prone DNA repair in a FA context
would restore hematopoiesis, as it does for the genomic
instability in somatic FA cells, remains unanswered. The
creation of a FANCA knockout in hESC however did allow us
to address the consequences of a complete loss of FANCA at
the pluripotent stage in an unbiased way as the cells
established in this study did not carry any mutational load
associated with reprogramming in a DNA repair-deficient
context. We show that disabling the FA pathway in hESC by
disrupting both copies of FANCA (FANCA−/−) leads to a severe
growth disadvantage, ultimately resulting in growth arrest. As
such, FANCA knockout hESC surface additional problems
compared to a FA KD hESC model, possibly reflecting a
difference between the complete absence of a functional FA
pathway and presence of some residual FA proteins, albeit at
very low amounts. It cannot be excluded however that other
variables such as the culture system and in vitro stress levels
are also in part responsible for the extent to which a growth
deficit becomes apparent as a recently generated FANCA
knockout hESC model displayed milder growth deficits at the
pluripotent stage than what is reported here (Liu et al., 2014).
Nevertheless, the demonstration that proliferation is compro-
mised in FA-deficient pluripotent stem cells is a consistent
observation in agreement with recent reports on FA hiPSC and
emphasizes the importance of a functional FA pathway at the
pluripotent stem cell stage.
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