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Abstract: Induced pluripotent stem cells (iPSCs) have revolutionized the study of human diseases
as they can renew indefinitely, undergo multi-lineage differentiation, and generate disease-specific
models. However, the difficulty of working with iPSCs is that they are prone to genetic instability.
Furthermore, genetically unstable iPSCs are often discarded, as they can have unforeseen consequences
on pathophysiological or therapeutic read-outs. We generated iPSCs from two brothers of a previously
unstudied family affected with the inherited retinal dystrophy choroideremia. We detected complex
rearrangements involving chromosomes 12, 20 and/or 5 in the generated iPSCs. Suspecting an
underlying chromosomal aberration, we performed karyotype analysis of the original fibroblasts,
and of blood cells from additional family members. We identified a novel chromosomal translocation
t(12;20)(q24.3;q11.2) segregating in this family. We determined that the translocation was balanced
and did not impact subsequent retinal differentiation. We show for the first time that an undetected
genetic instability in somatic cells can breed further instability upon reprogramming. Therefore, the
detection of chromosomal aberrations in iPSCs should not be disregarded, as they may reveal
rearrangements segregating in families. Furthermore, as such rearrangements are often associated
with reproductive failure or birth defects, this in turn has important consequences for genetic
counseling of family members.

Keywords: induced pluripotent stem cells; genetic instability; retinal differentiation; inherited retinal
dystrophies; choroideremia; underprenylated cell phenotype

1. Background

Cell culture is the backbone of biomedical research, but most human cell lines are genetically
modified to drive immortal growth and carry genetic artifacts [1]. Conversely, primary cultures are more
genetically faithful but can only be cultured for a limited time prior to de-differentiation or senescence.
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Pluripotent stem cells (PSCs) have revolutionized this field as they can self-renew indefinitely and
undergo multi-lineage differentiation [2]. A main source of human PSCs is embryonic stem cells,
derived from the inner cell mass of the blastocyst. However, the associated ethical considerations
hinder their availability and application due to strict regulations. The advent of induced pluripotent
stem cell (iPSC) technology, which derives from adult somatic cells, most commonly fibroblasts [3,4] or
peripheral blood circulating monocytes [5], has circumvented these limitations to create a multifaceted
tool for human studies [6]. Furthermore, as iPSCs can be generated from the cells of patients with
inherited disorders [7], this has opened up a host of possibilities concerning the use of iPSC-derived
tissues for disease modelling and therapeutic studies.

One domain that has highly benefited from disease-specific iPSC technology is the study of
inherited retinal dystrophies (IRD) [8]. IRDs are characterized by progressive visual impairment due to
degeneration of the light-sensing photoreceptors of the neuroretina and the underlying support tissue,
the retinal pigment epithelium (RPE). The potential of iPSCs to recapitulate eye development in vitro
by differentiating into a stratified neuroretina containing photoreceptors [9,10] and fully functional
iPSC-derived RPE [11,12] has resulted in the modelling of an array of IRDs as well as efficiency testing
of novel therapies [13–20]. This approach has been particularly pertinent for the IRD choroideremia
(CHM; MIM: 303100). CHM is due to mutations in the X-linked gene CHM, which encodes Rab escort
protein-1 or REP1 [21]. REP1 acts as a chaperon for Rab guanosine triphosphatases (Rab GTPases) to
enable their prenylation and delivery to their target membranes [22]. Thus, in the absence of REP1,
unprenylated Rab GTPases accumulate in the cytosol. There is a paucity of appropriate disease models
to study CHM as both the knockout zebrafish [23] and mouse [24] models are lethal, and the conditional
knockout mouse model does not reproduce the disease observed in human males [25]. We thus
generated human CHM-specific iPSC-derived RPE and were the first to show that it reproduced
the biochemical defect of patients and was an excellent tool for assessing the efficiency of a gene
replacement strategy [13,19]. Recently, another team exploited the same approach [26], thus reinforcing
its pertinence.

For all their advantages, the disadvantage of using iPSCs is their highly documented genetic
instability [27], which can have unforeseen consequences on pathophysiological or therapeutic
read-outs. Numerous studies have highlighted the link between chromosomal mis-segregation,
replication stress and genomic instability [28]. A pertinent fundamental and clinical question is
the impact of chromosomal abnormalities and structural variations on the genomic instability of
iPSC lines. In relation to this topic, karyotype analysis of iPSCs generated from two brothers with a
typical CHM clinical phenotype detected an uncommonly high frequency of complex rearrangements
involving chromosomes 12, 20 and/or 5. We suspected an underlying chromosomal aberration and
karyotyped the original fibroblasts from the two brothers, as well as blood cells from all family members.
We identified a novel chromosomal translocation denoted t(12;20)(q24.3;q11.2) that segregated from
the father to three of the four siblings. We determined that this translocation is balanced and does not
impact subsequent retinal differentiation. Importantly, we show for the first time that a chromosomal
rearrangement in somatic cells can breed a high level of genetic instability following reprogramming.
Therefore, unstable iPSCs should not be automatically discarded, as they can uncover chromosomal
aberrations segregating in unsuspecting families. Furthermore, due to the high rate of association of
such rearrangements with reproductive failure or birth defects, this in turn has important consequences
for future family planning.

2. Materials and Methods

2.1. Genetic and Clinical Investigations

Haplotype analysis was performed using a polymorphic marker (AR) in the androgen
receptor gene, the microsatellite markers DXS8076 (UCSC Human Genome Browser (GRCh37/hg19)
Xq21.1:82779309-82779564) and DXS1002 (Xq21.2:85527058-85527406) flanking the CHM gene, and an



Cells 2019, 8, 1068 3 of 21

intragenic STR in intron 14 (I-14) of CHM, as described [29]. The patients were examined using standard
ophthalmologic tests (i.e., refraction, visual acuity, slit-lamp examination and applanation tonometry).
Best-corrected visual acuity, kinetic visual fields and full-field electroretinography were performed as
previously described [19]. Color fundus images were performed using a Topcon Imagenet (Ophthalmic
Imaging Systems, Japan) or a Nidek non-mydriatic automated fundus camera AFC 330 (Nidek Inc.,
Japan). Fundus autofluorescence and Spectral Domain Optical Coherence Tomography (SD-OCT)
imaging were performed with a Combined Heidelberg Retina Angiograph + Spectralis OCT device
(Heidelberg Engineering, Dossenheim, Germany).

2.2. Skin Biopsy and Fibroblast Culture

The skin biopsies of the proband CHM4 and his brother CHM5 were performed following
informed consent at the National Reference Centre for Inherited Sensory Diseases (CHU Montpellier)
under the biomedical research authorization number 2014-A00549-38. The explants and emerging
fibroblasts were cultured as previously described [29].

2.3. Reprogramming of iPSCs

Fibroblasts were reprogrammed using the CytoTune-iPS 1.0 Reprogramming kit (Life Technologies,
ThermoFisher Scientific) containing four Sendai virus-based reprogramming vectors expressing OCT4,
SOX2, KLF4 and c-MYC at a multiplicity of infection of 3 for each vector, as previously described (20).
Briefly, fibroblasts were seeded on day (D) -1, transduced on D0, and passaged onto feeder cells [13] at D5.
Resulting iPSCs were mechanically passaged in ES media (Knockout DMEM containing 20% KnockOut
Serum Replacement, 200 mM GlutaMAX, 1% non-essential amino acids, 0.1% β-mercaptoethanol
and 1% penicillin-streptomycin; Gibco, ThermoFisher Scientific, Villebon sur Yvette, France) in the
presence of 10 µM StemMACS Y-27632 (Miltenyi Biotech, Paris, France). The iPSC clone 2 from CHM5
was subsequently adapted to feeder-free culture conditions on 1:100 dilution of Corning Matrigel
hESC-Qualified Matrix (Dominique Dutscher, Brumath, France) in Essential 8 (E8) media (Gibco) and
subsequent passages were performed using Versene solution (Gibco).

2.4. In Vitro Differentiation Assay

On D0, the iPSCs were dissociated with Accutase (Stemcell Technologies, Grenoble, France) and
seeded on ultra-low attachment dishes in E8 medium containing 10 µM Y-27632. At D3, the medium
was changed to DMEM/F12 containing 20% KnockOut Serum Replacement, 1% penicillin-streptomycin,
1% GlutaMax, 55mM β-mercaptoethanol and 1% non-essential amino acids. At D7, the differentiated
embryoid bodies were seeded onto Matrigel-coated Nunc LabTek chamber slides (ThermoFisher
Scientific) and cultured until D17.

2.5. Differentiation of iPSC-Derived RPE

The spontaneous differentiation of the CHM5 iPSCs into RPE was performed as previously
described [19]. Briefly, iPSCs were grown to confluence and the E8 media was changed to ES media.
Pigmented foci were manually dissected, dissociated with 0.25% trypsin, passed through a 40-µm filter
and seeded on a 1:30 dilution of Matrigel. The iPSC-derived RPE was used at cell culture passage (P)
3 for all experiments.

2.6. qPCR Analysis

RNA was isolated using the QiaShredder and RNeasy mini kits (Qiagen), treated with RNase-Free
DNase 1 (Qiagen), and 0.5 µg was reverse transcribed using the Superscript III Reverse Transcriptase
kit (Life Technologies). For the quantitative PCR (qPCR) studies, primer sequences were previously
reported as follows: endogenous NANOG, SOX2, OCT4, LIN28A and CHM [13]; PAX6, ZO1, MERTK,
TYR, RLBP1, RDH5 and BEST1 [19]. RNA from wild type iPSCs [30] or iPSC-derived RPE [19] was
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used as a positive control, and from fibroblasts as a negative control. Reactions were performed in
triplicate using the LightCycler® 480 SYBR Green I Master mix on a LightCycler® 480 II thermal cycler
(Roche) and analyzed as described [19]. Quantification was performed using the ∆∆Ct method and
expression levels were normalized to GAPDH expression.

2.7. Western Blot Analysis

Cells were collected, resuspended in 2x Laemmli’s sample buffer (Biorad, Marne La Coquette,
France), loaded onto an AnyKD precast MiniProtean TGX Stain Free gel (Biorad) and electrotransferred
using a Trans-Blot® Turbo™ PVDF Transfer Pack and System (Biorad). Western blot analysis was
performed using a monoclonal mouse anti-REP1 antibody (clone 2F1; Millipore, Saint Quentin en
Yvelines, France), and a monoclonal mouse anti-β-actin antibody as a loading control, as previously
described without modification [19].

2.8. Karyotype Analysis

Following informed consent, whole heparinized blood was added to a 25 cm2 flask containing
Chromosome Medium P (Euroclone S.p.A., Pero, Italy) and incubated at 37 ◦C under 5% CO2 for 48 h.
The cells were then sequentially incubated with synchronization solution A (Euroclone S.p.A., Pero,
Italy) overnight, solution B for 5 h and colchicine (Sigma-Aldrich, Saint-Quentin Fallavier, France)
for 1 h. Fibroblasts and iPSCs were grown to 50% confluence in 75 cm2 flasks and 8 cm2 dishes,
respectively, and processed as previously described [19]. Karyotype analysis was performed on at
least 20 metaphases using standard RHG banding procedures. Karyotypes were analyzed using Ikaros
software (MetaSystems, Altlussheim, Germany). Multicolor fluorescence in situ hybridization (FISH)
labeling [31] was performed with commercial whole chromosome probe kit 24XCyte (Metasystems
Probes, Altlussheim, Germany) according to the suppliers’ instructions.

2.9. Copy Number Variant Analysis

Genomic DNA was isolated from the fibroblasts of patients CHM4 and CHM5 using the
DNeasy Blood & Tissue Kit (Qiagen, Les Ulis, France) according to the manufacturer’s instructions.
Array Comparative Genomic Hybridization (aCGH) was performed using SurePrint G3 Human CGH
Microarray 60K (Agilent, Santa Clara, CA, USA), according to the supplier’s instructions. Results were
processed and visualized using Cytogenomics 4.0.2.21 software (Agilent, Santa Clara, CA, USA).

2.10. Immunofluorescence Studies

For the RPE characterization studies, iPSC-derived RPE was seeded and processed as
previously described (19). For the differentiation assay, embryoid bodies were fixed with 4% PFA,
permeabilized with 0.1% Triton X-100 and blocked in 10% donkey serum (Millipore) and 1% BSA
(Sigma-Aldrich). Primary antibodies were diluted in 1% donkey serum and 1% BSA, and incubated
overnight at 4 ◦C. Secondary antibodies were incubated 45 min at room temperature with 0.2 µg/ml
bisBenzimide Hoechst (Sigma-Aldrich) prior to mounting in ProLong Diamond Antifade Mountant
(Molecular probes, Life Technologies). Primary antibodies: 1:100 dilution rabbit anti-human ZO-1
(Invitrogen, Life technologies), 1:250 rabbit anti-human LRAT (Abcam), 1:500 mouse anti-human
Bestrophin-1 (Abcam), 1:200 mouse anti-Nestin (Novus Biologicals, Lille, France), 1:200 mouse
anti-SMA (Dako, Les Ulis, France) and 1:200 mouse anti-AFP (Sigma-Aldrich). Secondary antibodies:
1:500 dilution donkey anti-rabbit IgG-Alexa Fluor 594, and donkey anti-mouse IgG-Alexa Fluor
488 (Jackson ImmunoResearch). Images were taken using a Zeiss ApoTome 2 Upright wide-field
microscope (Carl Zeiss SAS).
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2.11. Transmission Electron Microscopy

Eight-weeks post-passaging, the iPSC-derived RPE culture inserts were processed and embedded
as previously described without modification [19]. Thin (70 nm) sections were counterstained and
observed using a Tecnai F20 transmission electron microscope at 200KV (CoMET, MRI facility).

2.12. Transepithelial Resistance Measurements

The TER of the iPSC-derived RPE culture inserts was measured using the Epithelial Volt/Ohm
Meter EVOM2 (World Precision Instruments, Hertfordshire, UK) as described [19]. The background
value of a cell-free Matrigel-coated insert was subtracted from the recording and the value multiplied
by the growth surface area. Final TER values, expressed as Ω/cm2, represent the average measure of
three filters.

2.13. Phagocytosis Assay

Dissected and homogenized bovine neuroretinas were placed in 20% sucrose and loaded onto a
discontinuous 20–60% sucrose gradient. The gradient was ultracentrifuged at 75,600× g for 1 h at 10 ◦C
and the photoreceptor outer segments (POS) collected from the 40% layer. The POS were washed twice
with HBSS (ThermoFischer Scientific), resuspended in 2.5% sucrose and the concentration determined
by flow cytometry (BD Accuri flow cytometer, BD Biosciences). For the fluorescent labeling, the POS
were washed in 0.1 M NaHCO3, pH = 9, centrifuged at 21,130× g for 10 min at RT and resuspended in
0.1 M NaHCO3 containing 1:10 dilution of FITC Isomer I (Invitrogen). The samples were incubated
overnight at 4 ◦C in the dark, then washed in PBS and resuspended in ES media. For the phagocytosis
assay, two 0.32 cm2 wells of iPSC-derived RPE per condition were incubated with 10 POS/cell for 2.5 h
at 37 ◦C, washed, dissociated and analyzed by flow cytometry.

2.14. In Vitro Prenylation Assay

iPSC-derived RPE grown in 1.9 cm2 wells (one well per condition) was collected and
resuspended in cold, freshly prepared, degased prenylation lysis buffer as previously described [13].
The freshly prepared lysate was incubated with 9 µM biotin-labelled geranyl pyrophosphate (B-GPP;
Euromedex, Souffelweyersheim, France), 22 µM GDP, 70 ng/µL recombinant REP1 (Euromedex) and
80 ng/µL recombinant RGGTase II (Euromedex) at 37 ◦C for 1 h, and the unprenylated cytosolic Rab
pool was analyzed by western blot analysis as described without modification [19]. The amount of
biotinylated Rab proteins was quantified using Image J software and expressed as a function of the
β-actin signal.

2.15. Statistical Analysis

Statistical analyses of three or more groups were performed using a Kruskal Wallis test and
post-hoc 2 × 2 comparisons using a Mann and Whitney test.

3. Results

3.1. Typical Choroideremia Clinical Phenotype

The CHM family reported herein comprises four siblings (three affected males and one carrier
female) born from a female carrier (individual III:1; Figure 1A). The proband in this study is individual
IV:1, herein referred to as CHM4 in reference to an anonymized chronological ordering of our patient
fibroblast bank. The segregating CHM mutation is a previously reported 1.52 Mb deletion at Xq21.2,
which removes the entire gene [29,32]. Haplotype analysis of the extended family suggested that the
deletion segregated from the maternal great grandmother to all four siblings (Figure 1A).

At the clinical level, the proband was examined at 18 years of age. Visual acuity was 20/20 in both
eyes with −0.75 (−1.25, 45◦) in the right eye and (−1.00, 155◦) in the left eye. Fundus examination
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showed peripheral patches of atrophy of the choroid and the RPE with a large preserved macular area
(Figure 1B). On a Goldmann visual field, the peripheral isopter V4 was preserved with several small
annular scotoma in the 40–60◦ area (data not shown). By SD-OCT, the outer retina was preserved and
well segmented in the foveal zone (Figure 1B). The ellipsoid zone and the outer nuclear layer were
absent in areas with atrophy of the choroid and the outer retina. Fundus autofluorescence detected a
large preserved posterior pole surrounded by hypoautofluorescent patches of RPE and choroid atrophy
(Figure 1B).

The two younger brothers of the proband were asymptomatic at 14 years (individual IV:2;
herein referred to as CHM5) and 9 years (individual IV:4) of age, with a visual acuity of 20/20 in
both eyes. Goldmann visual field was unremarkable (data not shown). Individual IV:2 (CHM5) had
a few mid-peripheral patches of chorioretinal atrophy (Figure 1C) and individual IV:4 had patchy
pigment mottling of the peripheral retina (Figure 1D). SD-OCT did not detect major alterations in
either brother. The full-field electroretinogram responses of the three affected brothers were not
recordable in dark-adapted conditions whereas discernible but reduced responses were detected in
light-adapted conditions (data not shown). The proband’s sister (individual IV:3) is a CHM carrier
with patchy pigment mottling and areas of hypopigmentation in both eyes (Figure 1E), as was also
the case for the mother (data not shown). Fundus autofluorescence demonstrated multiple small,
round hypoautofluorescent lesions at the posterior pole and in the mid-peripheral retina (Figure 1E).

Taken together, the clinical profiles of the family members are typical of CHM and consistent with
the X-linked segregation pattern.
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Figure 1. Family history and clinical phenotype. (A) Pedigree indicating males affected with 
choroideremia (filled symbols), carrier females (symbols with a dark dot) and unaffected 
individuals (open symbols). Diagonal lines indicate deceased individuals. In generation II, grey 
symbol indicates an individual who was reported as blind due to diabetes mellitus. The numbering 
of individuals in this generation is not continuous, as four additional siblings who died in childhood 
have not been indicated on the pedigree. The proband, (individual IV:1; CHM4) is indicated by an 
arrow. Disease-associated haplotypes are indicated by black rectangles and normal haplotypes by 
white rectangles. A recombination between the normal and CHM allele (black and white rectangles) 
appears to have occurred. AR—polymorphic marker in the gene encoding the androgen receptor. 
DXS8076 and DSX1002—polymorphic markers flanking the CHM gene. I-14—single tandem repeat 
in intron 14 of CHM. (B) Multimodal imaging of the right eye of the 18 year-old proband IV:1. 
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Figure 1. Family history and clinical phenotype. (A) Pedigree indicating males affected with
choroideremia (filled symbols), carrier females (symbols with a dark dot) and unaffected individuals
(open symbols). Diagonal lines indicate deceased individuals. In generation II, grey symbol indicates
an individual who was reported as blind due to diabetes mellitus. The numbering of individuals
in this generation is not continuous, as four additional siblings who died in childhood have not
been indicated on the pedigree. The proband, (individual IV:1; CHM4) is indicated by an arrow.
Disease-associated haplotypes are indicated by black rectangles and normal haplotypes by white
rectangles. A recombination between the normal and CHM allele (black and white rectangles) appears
to have occurred. AR—polymorphic marker in the gene encoding the androgen receptor. DXS8076 and
DSX1002—polymorphic markers flanking the CHM gene. I-14—single tandem repeat in intron
14 of CHM. (B) Multimodal imaging of the right eye of the 18 year-old proband IV:1. Upper left
panel, fundus photographs showing the scalloped chorioretinal atrophy of the mid-periphery and
preserved appearance of the posterior pole. Upper right panel, fundus autofluorescence highlighting
the string-like pattern of the preserved macular area (white arrows) that contrasts with the dark
appearance of the peripheral chorioretinal atrophy. Lower panel, SD-OCT scan showing a preserved
ellipsoid zone at the posterior pole that is delimited by the two arrows. On the peripheral part of
the scan, the ellipsoid zone vanishes and the outer nuclear layer is thinner. The white bar indicates
the thinning of the choroid beneath the fovea. (C) The younger brother (VI:2; CHM5) at 14 years of
age. Upper left panel, funduscopy showing a salt and pepper pattern of the mid-periphery of the
retina. By autofluorescence imaging (upper right panel), the atrophic patches are better identified
as they appear black (white arrows) and contrast with the preserved posterior pole. By SD-OCT,
the ellipsoid zone is identifiable on the entire scan. (D) The youngest brother (IV:4) at 9 years of age
with early stage lesions. Upper left panel, typical multiple mottling of the retinal pigment epithelium
can be seen in the mid-periphery of the fundus. Upper right panel, autofluorescence imaging discloses
multiple small hypo-autofluorescent dots (arrowheads) but no complete atrophic lesions. The posterior
pole is preserved and has an almost normal appearance on the SD OCT scan (lower panel). (E) The
asymptomatic heterozygous sister (IV:3) with a typical reticular pattern of pigmentary mottling of
the retinal pigment epithelium (upper left panel) and hypo-autofluorescent thin dots or speckles
(arrowheads) in the mid-periphery and outer part of the posterior pole (upper right panel). There are
no significant lesions detectable on the SD-OCT scan (lower panel).
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3.2. Lack of REP1 Production in the iPSCs of CHM4 and CHM5

In 2014, we reported for the first time the generation of iPSCs for choroideremia, from a patient
referred to as CHM1, using a lentivirus vector platform [13]. Although we obtained genetically stable
iPSCs for CHM1, reprogramming efficiency was low. We thus switched to the non-integrative Sendai
virus platform and obtained genetically stable iPSCs for two other patients (CHM3 and CHM6) with
a notable increase in efficiency [19,20]. Similarly here, we used Sendai virus vectors to successfully
reprogram the fibroblasts from the proband (IV:1; CHM4) and his brother (IV:2; CHM5). We selected
and amplified two iPSC clones for each line. We assayed for pluripotency by qPCR analysis of the
expression of the endogenous markers NANOG, SOX2, OCT4 and LIN28A. Both the CHM4 (Figure 2A)
and CHM5 (Figure 2B) iPSC lines expressed the pluripotency markers similar to a previously validated
wild type iPSC line. By contrast, no expression could be detected in fibroblast controls (C-). In parallel,
to homogenize the origin of our CHM iPSC bank, we reprogrammed the fibroblasts of CHM1 using
the non-integrative Sendai vector method and determined the pluripotency of two selected clones
by qPCR analysis. Both clones expressed the pluripotency markers similar to the wild type control
(Figure 2C). We next tested CHM transcript levels in control and patient iPSCs by qPCR analysis.
No CHM expression was detected in the iPSCs of patients CHM4 and CHM5 in comparison with the
reduced expression (20% of wild type) detected for the CHM1 cells (Figure 2D). Consistently, REP1
expression was not detected in the iPSCs of patients CHM4 or CHM5 by western blot analysis
(Figure 2E), compared to wild type cells. Similarly, REP1 expression was not detected in the CHM1
iPSCs consistent with our previous observations [13].

Therefore, the pluripotent iPSCs generated from for CHM4 and CHM5 did not show detectable
CHM transcript or REP1 levels consistent with the deletion of the CHM gene.Cells 2019, 8, x FOR PEER REVIEW 9 of 22 
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clone shown for each cell line). This was significantly different to the residual transcript levels in the 
CHM1 iPSCs, which carry a truncating frameshift mutation (data expressed as mean ± SEM, n=3; 
Mann and Whitney test p<0.05). (E) REP1 protein was not detected in the CHM1, CHM4 and CHM5 
iPSCs (one clone shown for each cell line), as compared to wild type (WT) cells. β-actin expression 
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Table 1). The karyotype anomalies were complex and involved combinations of the chromosomes 
12, 20 and/or 5. In both clones of the cell line CHM4, we detected a translocation between 
chromosome 12 and 20, which we denoted t(12;20)(q24.3;q11.2), and the derivative chromosome 12 
was also duplicated (Figure 3A and 3B). In addition, in clone 1, a trisomy of chromosome 5 was also 
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Figure 2. Pluripotency and CHM expression of the generated iPSCs. qPCR analysis showing an
expression of endogenous NANOG, SOX2, OCT4 and LIN28A, relative to GAPDH expression, in CHM4
(A), CHM5 (B) and CHM1 (C) iPSCs (grey bars), as compared to the absence of expression in fibroblasts
(C-). As a positive control, the same pluripotency markers were expressed in a previously validated
wild type iPSC line (black bars). Cl1 and Cl2 indicate clone 1 and clone 2, respectively. (D) qPCR
analysis of CHM expression (relative to GAPDH) shows that the CHM deletion carried by the CHM4
and CHM5 iPSCs results in the absence of a CHM transcript (one clone shown for each cell line).
This was significantly different to the residual transcript levels in the CHM1 iPSCs, which carry a
truncating frameshift mutation (data expressed as mean ± SEM, n=3; Mann and Whitney test p < 0.05).
(E) REP1 protein was not detected in the CHM1, CHM4 and CHM5 iPSCs (one clone shown for each
cell line), as compared to wild type (WT) cells. β-actin expression serves as the loading control.

3.3. High Level of Genetic Instability in the iPSCs of CHM4 and CHM5

The iPSC clones for CHM4 and CHM5 were then amplified for karyotype analysis.
Unexpectedly, both cell lines showed the presence of chromosomal aberrations (summarized in
Table 1). The karyotype anomalies were complex and involved combinations of the chromosomes 12,
20 and/or 5. In both clones of the cell line CHM4, we detected a translocation between chromosome
12 and 20, which we denoted t(12;20)(q24.3;q11.2), and the derivative chromosome 12 was also
duplicated (Figure 3A,B). In addition, in clone 1, a trisomy of chromosome 5 was also observed
(Figure 3A). In the cell line CHM5, we detected the t(12;20)(q24.3;q11.2) translocation in both clones
(Figure 3C,D). Furthermore, in clone 1, this translocation was also associated with a rearrangement
of chromosome 5 (Figure 3C). Multicolor FISH labeling was used to more clearly delineate the more
complex rearrangements. In clone 1 of CHM4, the trisomy of chromosome 5, the translocation
between chromosomes 12 and 20, and the duplication of the derivative chromosome 12 was confirmed
(Figure 3E). In clone 1 of CHM5, the long arm of chromosome 5 was added to the derivative chromosome
12, which was duplicated. Moreover, part of chromosome 20 was added distal to the centromere of the
aberrant chromosome 5 (Figure 3F). By contrast, by karyotype analysis we detected relatively simple
anomalies in the clones of CHM1, which involved the loss of the long arm of chromosome 7 distal to
q21 in clone 1 (Figure 3G). In clone 2, an isochromosome 7p was detected, whereby the entire long arm
of chromosome 7 was lost and the short arm was duplicated (Figure 3H).

Taken together, the iPSCs for CHM4 and CHM5 were genetically unstable with complex aberrations
involving chromosomes 12, 20 and/or 5, depending on the clone.
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Figure 3. Genetic instability of the generated iPSCs. (A) RHG banding of clone 1 of CHM4 detected
a trisomy of chromosome 5 (arrow) and translocation between chromosome 12 and chromosome
20 (arrowheads). The rearranged chromosome 12 was duplicated. (B) RHG banding of clone 2 detected
the same rearrangements of chromosomes 12 and 20, including a duplication of the derivative
chromosome 12 (arrowheads), whereas no rearrangement of chromosome 5 could be detected. (C) RHG
banding of clone 1 of CHM5 detected a loss of the long arm of chromosome 5 (arrow) and the same
translocation between chromosome 12 and chromosome 20 (arrowheads) detected in (A). (D) RHG
banding of clone 2 exclusively detected the translocation between chromosomes 12 and 20 (arrowheads).
(E) Multicolor FISH of the clone 1 of CHM4 shows the trisomy 5 in red, a normal chromosome 12 in
green, a normal chromosome 20 in yellow and the derivative 12;20 chromosomes in green and yellow.
(F) Multicolor FISH of clone 1 of CHM 5 shows that part of chromosome 20 (in orange) is also added
to the truncated chromosome 5 (in blue) and that the majority of the long arm of chromosome 5 is
added to the derivative chromosome 12 (in pink, orange and blue), which is duplicated. The derivative
chromosome 20 can be seen in orange and blue. (G) Karyotype analysis by RHG banding of clone 1 of
CHM1 detected a deletion of the long arm of chromosome 7 (arrow). (H) In clone 2 the long arm of
chromosome 7 was deleted and replaced by a duplication of the short arm (arrow).
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Table 1. Summary of the chromosomal aberrations carried by the CHM iPSC clones.

CHM iPSC Clones Passage Aberrations Consequences

CHM4 Clone 1 P21 48,XY,+5,t(12;20)(q24.3;q11.2),
+der(12)t(12;20)(q24.3;q11.2)

Trisomy 5,
Partial trisomy 12,
Partial trisomy 20

Clone 2 P19 47,XY,t(12;20)(q24.3;q11.2),
+der(12)t(12;20)

Partial trisomy 12,
Partial trisomy 20

CHM5 Clone 1 P13
47,XY, der(5)(5pter ->q12::q13.1->qter),-12,

+der(12)(12qter->q24.3::q11.2->q13.1::5q12->5qter)x2,
der(20)(20qter->q11.2::12q24.3->12qter)

Partial trisomy 5,
Partial trisomy 12,
Partial trisomy 20

Clone 2 P15 46,XY,t(12;20)(q24.3;q11.2) Balanced

CHM1 Clone 1 P17 46,XY,del(7)(q21) Monosomy distal to 7q21

Clone 2 P19 46,XY,i(7)(p10) Monosomy 7q,
Trisomy 7p

3.4. Familial Segregation of a Novel Chromosomal Translocation

As we had previously generated genetically stable iPSCs with the fibroblasts of patient CHM1,
we knew that the anomalies in the Sendai vector-generated CHM1 iPSCs arose post-reprogramming.
In order to determine if this was also the case with the CHM4 and CHM5 iPSCs, we performed
karyotype analysis of the original fibroblasts. We detected the t(12;20)(q24.3;q11.2) translocation
(Figure 4A) but no other rearrangements in the cells of both patients. To rule out a tissue culture artifact,
we extracted blood from all six members of the family, individuals III:1, III:2, IV:1, IV:2, IV:3 and IV:4,
and performed karyotype analysis. We detected the translocation in the father (individual III:1) and in
three of the four children: individual IV:1 (CHM4), individual IV:2 (CHM5) and their sister, individual
IV:3 (schematically summarized in Figure 4B). By contrast, the youngest son (individual IV:4) did not
inherit the rearrangement. In comparison, the maternally inherited CHM deletion was transmitted to
all four siblings. Taken together, of the iPSCs generated, only clone 2 of CHM5, which exclusively
carried the t(12;20)(q24.3;q11.2) translocation, represented a genetically stable iPSC line.

To determine if the t(12;20)(q24.3;q11.2) translocation resulted in a gain or loss of genetic material in
the patients, we performed an aCGH analysis of the fibroblasts of CHM4 and CHM5. At the resolution of
the microarray used, we did not detect any copy number variations at the chromosomal regions 12q24.3
and 20q11.2, suggesting that the translocation was balanced. Furthermore, we confirmed the presence
of the causative CHM deletion at Xq21, arr(GRCh37/hg19) Xq21.2-q21.31(85089328-86428594)x0,
which wholly encompassed the genes CHM (85116185-85302566) and DACH2 (85403462-86087607).
However, in addition, we detected a previously unreported 5.4 Mb duplication of the region
Xq21.1-q21.2(79502972-84948148)x2 associated with the causative CHM deletion, which encompassed
the genes FAM46D, BRWD3, HMGN5, SH3BGRL, POU3F4, CYLC1, RPS6KA6, HDX, APOOL, SATL1,
ZNF711, and POF1B (Figure 4C).

To conclude, we identified a novel reciprocal translocation, t(12;20)(q24.3;q11.2), with a paternal
segregation in this family. Moreover, we determined that the maternally inherited causative CHM
deletion was associated with a 5.4-Mb duplication.
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Figure 4. Analysis and segregation of chromosomal anomalies. (A) Partial karyotype by RHG
banding of the fibroblasts of individual CHM5 and ideogram showing the breakpoints of the reciprocal
translocation t(12;20)(q24.3;q11.2). (B) Results of blood karyotyping of all the individuals from the
immediate family of the proband, generations III and IV of the pedigree shown in Figure 1 demonstrated
that the translocation t(12;20)(q24.3;q11.2) (indicated as t(12;20)) was transmitted from the father to all
the siblings (red outlines) with the exception of the youngest brother. The complementary segregation
of the CHM deletion from the mother to all the siblings is also indicated (black shading or black
dot). (C) aCGH profile of chromosome X of individual CHM5 showing chromosome copy number
(Y axis; log2 ratio) and the chromosome region they span (X axis). The 1.5-Mb deletion (red box) spans
the genes CHM and DACH2. The 5.4-Mb duplication (blue box) spans the genes FAM46D, BRWD3,
HMGN5, SH3BGRL, POU3F4, CYLC1, RPS6KA6, HDX, APOOL, SATL1, ZNF711, and POF1B (outlined
by dashed box).

3.5. CHM Retinal Phenotype Is Not Further Impacted by the Translocation or Duplication

We previously showed that iPSC-derived RPE from CHM patients reproduces the biochemical
defect of the disease, i.e., an underprenylation of Rab GTPases due to defective or absent REP1
expression [13,19,20]. Thus, to assay the retinal phenotype in this family, we generated iPSC-derived
RPE from clone 2 of CHM5. To this end, we first used an embryoid body assay to determine whether
this clone (Figure 5A) could differentiate into the three germ layers. Immunofluorescence (IF) studies of
the CHM5 embryoid bodies identified ectoderm layers, as determined by Nestin expression (Figure 5B),
mesoderm layers by Smooth Muscle Actin (SMA) expression (Figure 5C) and endoderm layers by
α-fetoprotein (AFP) expression (Figure 5D).



Cells 2019, 8, 1068 13 of 21Cells 2019, 8, x FOR PEER REVIEW 15 of 22 

 
Figure 5. Characterization of CHM5 iPSC-derived RPE. (A) Bright-field microscopy of CHM5 iPSC 
colonies cultured under feeder-free conditions. Scale bar = 200 µm. Embryoid bodies staining 
positive for the ectoderm marker Nestin (B), the mesoderm marker SMA (C) and the endoderm 
marker AFP (D). Scale bars = 50 µm. (E) Bright-field microscopy of the pigmented and cobblestoned 
iPSC-derived RPE monolayer. Scale bar = 20 µm. (F) Transmission electron micrograph of the 
polarized iPSC-derived monolayer showing an RPE cell with apical microvilli, apical tight junctions 
(arrows), apically located melanosomes, basally located nucleus and basally secreted collagen 
(asterisks). Scale bar = 1 µm. (G) TER measurements in normalized Ω/cm2 of the CMH5 iPSC-
derived RPE (grey curve) as a function of the number of weeks after P3 seeding in comparison to the 
wild type (WT; black curve). Data expressed as mean ± SEM, n = 3. (H) qPCR analysis of the 
expression in relative units of typical RPE genes in the CHM5 iPSC-derived RPE in comparison to 
wild type (WT). Data normalized to GAPDH expression and expressed as mean ± SEM, n = 3. (I) IF 
studies of the CHM5 iPSC-derived RPE showing expression of apical ZO1 (in red; nuclei labelled in 
blue) Scale bar = 20 µm. (J) IF studies of the CHM5 iPSC-derived RPE showing expression of baso-
lateral Bestrophin-1 (in green) and peri-nuclear LRAT (in red). Scale bar = 20 µm. (K) Phagocytosis 
assay performed in duplicate of the percentage of CHM5 iPSC-derived RPE cells (grey bar) with 
internalized FITC-labelled bovine POS in comparison to the wild type (WT; black bar). Data 
expressed as mean ± SEM. (L) Western blot showing the larger biotinylated Rab pool in CHM5 
iPSC-derived RPE in comparison to the wild type (WT). β-actin expression represents the loading 
control. (M) Semi-quantification of two independent prenylation assays showing a significant 5-fold 
higher level of biotinylated Rabs in CHM5 iPSC-derived RPE compared to the wild type (WT). Data 
expressed as mean ± SEM; Mann and Whitney test p < 0.05). 

  

Figure 5. Characterization of CHM5 iPSC-derived RPE. (A) Bright-field microscopy of CHM5 iPSC
colonies cultured under feeder-free conditions. Scale bar = 200 µm. Embryoid bodies staining positive
for the ectoderm marker Nestin (B), the mesoderm marker SMA (C) and the endoderm marker AFP (D).
Scale bars = 50 µm. (E) Bright-field microscopy of the pigmented and cobblestoned iPSC-derived RPE
monolayer. Scale bar = 20 µm. (F) Transmission electron micrograph of the polarized iPSC-derived
monolayer showing an RPE cell with apical microvilli, apical tight junctions (arrows), apically located
melanosomes, basally located nucleus and basally secreted collagen (asterisks). Scale bar = 1 µm.
(G) TER measurements in normalized Ω/cm2 of the CMH5 iPSC-derived RPE (grey curve) as a
function of the number of weeks after P3 seeding in comparison to the wild type (WT; black curve).
Data expressed as mean ± SEM, n = 3. (H) qPCR analysis of the expression in relative units of typical
RPE genes in the CHM5 iPSC-derived RPE in comparison to wild type (WT). Data normalized to
GAPDH expression and expressed as mean ± SEM, n = 3. (I) IF studies of the CHM5 iPSC-derived
RPE showing expression of apical ZO1 (in red; nuclei labelled in blue) Scale bar = 20 µm. (J) IF
studies of the CHM5 iPSC-derived RPE showing expression of baso-lateral Bestrophin-1 (in green)
and peri-nuclear LRAT (in red). Scale bar = 20 µm. (K) Phagocytosis assay performed in duplicate
of the percentage of CHM5 iPSC-derived RPE cells (grey bar) with internalized FITC-labelled bovine
POS in comparison to the wild type (WT; black bar). Data expressed as mean ± SEM. (L) Western blot
showing the larger biotinylated Rab pool in CHM5 iPSC-derived RPE in comparison to the wild type
(WT). β-actin expression represents the loading control. (M) Semi-quantification of two independent
prenylation assays showing a significant 5-fold higher level of biotinylated Rabs in CHM5 iPSC-derived
RPE compared to the wild type (WT). Data expressed as mean ± SEM; Mann and Whitney test p < 0.05).

We then differentiated the iPSCs into RPE, which, from P3, consisted of a monolayer of polygonal
pigmented cells (Figure 5E). Transmission electron microscopy studies showed a polarized monolayer
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with apical microvilli and tight junctions between cells, apically located melanosomes accounting
for the pigmentation, basal nuclei, and basally secreted collagen (Figure 5F). Consistent with the
expression of ZO1, the RPE was confirmed as tight (>150 Ω/cm2) by measuring the transepithelial
resistance (TER) of the tissue. The TER of both wild type and CHM5 RPE increased until 8 weeks
post-seeding whereupon it remained stable (Figure 5G). Furthermore, qPCR analysis showed expression
of typical RPE markers in the CHM5 iPSC-derived RPE at levels similar to or superior to wild type:
PAX6, an early differentiation marker; ZO1 and MERTK, apical tight junction and microvilli markers,
respectively; TYR, a melanosome marker; RLBP1 and RDH5, cytosolic visual cycle markers, and BEST1,
a baso-lateral membrane marker (Figure 5H). We also used IF studies to confirm the expression of the
RPE-specific markers ZO1 (Figure 5I) and Bestrophin-I (Figure 5J), as well as the visual cycle protein
LRAT (Figure 5J). Furthermore, the iPSC-derived RPE was functional as determined by its ability to
phagocytize FITC-labelled photoreceptor outer segments (POS) at levels similar to wild type RPE,
as determined by flow cytometry (Figure 5K).

Lastly, we assayed for a prenylation defect in CHM5 iPSC-derived RPE in comparison to wild
type cells using an in vitro prenylation assay. In this assay, the cytosolic cell fraction is isolated and
a biotinylated prenyl donor is added. If an unprenylated Rab GTPase population is available in the
cytosol, the newly prenylated Rabs will be detectable by western blot analysis, and the intensity of the
signal will be proportional to the size of the unprenylated pool. In wild type iPSC-derived RPE a faint
biotin signal is detected following western blot analysis in contrast to the stronger signal seen in the
CHM5 RPE (Figure 5L). A semi-quantification of two independent assays showed a significant 5-fold
increase in cytosolic Rab content in CHM5 iPSC-derived RPE compared to the wild type (Figure 5M).
This fold difference is in the range of our previous observations on iPSC-derived RPE carrying CHM
mutations [13,19,20].

Taken together, the iPSCs of patient CHM5 differentiated into bona fide RPE that showed an
underprenylation defect comparable to that of other patients.

4. Discussion

Stem cell technology has revolutionized the study of inherited diseases in terms of validating
causative genes, identifying disease pathways, and testing the efficiency of novel therapeutics.
The generation of iPSCs, which originate from somatic cells, has further facilitated this research axis as
it avoids ethical considerations associated with the use of human embryonic stem cells. However, the
genetic instability associated with iPSC generation calls for rigorous quality controls. Over recent
years, we have generated a bank of fibroblasts and genetically stable iPSCs from individuals affected
with the IRD CHM for both mutation validation [29,33] and therapeutic [13,19,20] studies. Here, we
describe a novel CHM family carrying a deletion of the entire CHM gene. Intriguingly, and in contrast
with our past experience, karyotype analysis of the iPSCs generated from two brothers of this family
(CHM4 and CHM5) showed a high level of genetic instability. Underlying this instability, we identified
a novel reciprocal chromosomal translocation, t(12;20)(q24.3;q11.2), that was segregating in the family.
Thus, we show for the first time, that an existing instability in somatic cells can exacerbate the genetic
instability associated with iPSCs.

The CHM phenotype in the family results from a maternally inherited 1.52-Mb deletion at
Xq21.2-21.3 on the X chromosome [29,32] that removes the entire CHM gene and presumably the
promoter region [34]. This correlates with the absence of a CHM transcript and REP1 in the cells of
individuals CHM4 and CHM5. DACH2 expression was not directly tested in these patients but, as the
deletion removes the 5′ part of the gene, it is likely that it abolishes gene expression. However, it is
unlikely that the DACH2 deletion impacts the phenotype, as studies in the mouse Dach2-/- model suggest
that there is a compensation of its function by another member of the same family, Dach1 [35] (murine
homologue of human DACH1; MIM 603803). Moreover, in cases where DACH2 variants have been
identified in individuals with disease phenotypes, variants in a second gene were also identified [36,37].
Therefore, to date, there is no conclusive evidence linking DACH2 to a clinical phenotype.
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We further determined that the causative CHM deletion is associated with a previously unreported
5.4-Mb duplication. There are twelve genes located within this duplication, half of which have
been linked to a clinical phenotype. Although the exact function of the zinc finger protein ZNF711
is unknown, variants in this gene have been described as associated with cognitive disability [38].
Similarly, mutations in BRWD3, which may have a chromatin-binding function, have been associated
with cognitive disabilities [39,40], and the ribosomal S6-kinase, RPS6KA6, is commonly deleted in
patients with X-linked mental retardation [41]. Disruption of HDX, encoding a highly divergent
homeobox protein with DNA-binding activity [42], and POF1B, encoding an actin-binding protein [43],
have both been associated with premature ovarian failure. Mutations in POU3F4 have been associated
with X-linked deafness type 3 [44,45]. Interestingly, there has been a report of a female patient carrying a
balanced chromosomal translocation t(X;4)(q21.2;p16.3) and presenting with CHM, mild sensorineural
deafness and primary ovarian failure [46,47]. Of the remaining genes, the function of FAM46D and
SH3BGRL is currently unknown, and HMGN5, CYLC1, APOOL and SATL1 (paralogue of SAT1),
although their roles have been elucidated, have not been linked to a clinical phenotype. To our
knowledge, the effect of a potential duplication of these genes is unknown with the exception
of APOOL. APOOL encodes a cardiolipin-binding protein, which, when overexpressed, leads to
deregulation of mitochondrial cristae morphology [48]. In males it has been reported that large
duplications of the X chromosome can be benign [49]. Nonetheless, the multiple rearrangements
present in this family argue for a more extensive extra-ocular clinical evaluation, with particular focus
on neurological testing.

The segregating t(12;20)(q24.3;q11.2) translocation identified in this family does not appear to
negatively impact the health of the individuals, as it is carried by the unaffected father. This is consistent
with the aCGH array data that suggest that this translocation is balanced. Generally, balanced reciprocal
translocations do not have a phenotypic effect in carriers, but they can lead to meiotic instability and thus
give rise to reproductive problems, usually recurrent pregnancy loss, chromosomally abnormal offspring
or infertility [50–52], as well as to full-term pregnancies with birth defects [53]. Parental chromosomal
rearrangements have been reported in 2–5% of couples with recurrent miscarriages. However, the
reproductive risks may be different for male and female carriers of the same translocation. One report
of a paternally inherited translocation resulted in four miscarriages in the carrier daughter [54].
Therefore, although the t(12;20)(q24.3;q11.2) translocation did not appear to provoke infertility in the
father, or recurrent miscarriages within the couple, the situation may be different for his offspring,
in particular his daughter. Furthermore, the susceptibility of the iPSCs carrying the reciprocal
translocation to undergo further extensive rearrangements, as shown in this study, may be indicative
of the imbalances that could occur in an embryo. It is now established that an embryo from a carrier
of a balanced chromosomal abnormality exhibits more instability and shows an increased rate of
chromosomal mis-segregation leading to a higher number of aneuploidies than a normal embryo [55].
The presence of an abnormal chromosome, such as a derivative chromosome from a Robertsonian
translocation, destabilizes the mitotic spindle symmetry leading to an abnormal segregation of the
structurally normal chromosome. This phenomenon, known as an inter-chromosomal effect [56],
can also explain the exacerbation of genetic instability associated with iPSCs.

Concerning carriers of chromosomal abnormalities, an in silico analysis with the database HC forum
(www.hc-forum.net) [57] predicted that the most likely modes of segregation for the t(12;20)(q24.3;q11.2)
rearrangement in the offspring are adjacent 1 (whereby a rearranged chromosome is transmitted with a
normal homologue) and 3:1 (whereby a rearranged chromosome is transmitted with its homologue and
with a normal homologue, or with two normal homologues). These segregation modes will result in the
potential formation of viable unbalanced zygotes carrying trisomy of the normal, or of the derivative,
chromosomes 12 or 20. This predictive meiosis segregation is reminiscent of our results showing a
duplication of the derivative chromosome 12 in one of the clones of both patients. Furthermore, HC
forum predicted a risk of approximately 20% of a viable birth with poly-malformative syndrome

www.hc-forum.net
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and/or intellectual disabilities. Consequently, the three siblings should be advised to undergo genetic
counseling when family planning is envisaged.

Despite their significant advantages, iPSCs do harbor some limitations. In vivo, the renewal
potential of PSCs is only transient but, by contrast, in vitro, this characteristic is exploited indefinitely
and hence is associated with the risk of the occurrence of genetic instability [27]. PSCs have shorter cell
cycles than differentiated cells due to a shortened G1 phase [58]. Therefore, when somatic cells are
reprogrammed into iPSCs, they begin to proliferate rapidly and acquire short cell cycles, which incur a
higher risk for the acquisition of genetic aberrations. Furthermore, this increase in successive rounds of
DNA replication imposes a major hurdle for the DNA machinery, thus allowing replication defects and
defective chromosomal segregation to pass through weakened checkpoints [27]. It has been estimated
that ~20% of human iPSC lines generated exhibit at least one large chromosomal aberration [27].
Furthermore, recurrent aberrations have been identified and these most commonly involve gains of
chromosomes 1, 12, 17 and 20, or fragments thereof [59]. In general, it is thought that these genetic
changes provide variant cells with a growth advantage.

Interestingly, the t(12;20)(q24.3;q11.2) rearrangement reported herein involves two of the four
chromosomes that are sites of recurrent aberrations in iPSCs. More precisely, a recurrent genomic
instability of 20q11.21 has been identified in PSCs, which, when amplified, provides a selective
advantage [59–61]. Along this line, the amplification of this region is associated with a variety of
cancers [60]. Similarly, partial or full trisomies of chromosome 12, notably 12p, have also been associated
with iPSCs [62,63]. These gains were linked to an overexpression of the pluripotency genes NANOG
and GDF3 and cell cycle genes, thus likely conferring growth advantage. The complex aberrations that
we report here in the iPSC clones CHM4 and CHM5 that carry the t(12;20)(q24.3;q11.2) translocation,
resulted in a partial trisomy of both chromosomes 12 and 20, and thus are also likely to have resulted
in positive selection. Furthermore, although less common, trisomy of chromosome 5 has also been
reported in iPSCs [59], thus may also confer a selective advantage.

In contrast, the iPSC clones of CHM1 that were generated from genetically stable somatic cells
showed much simpler anomalies consisting of a monosomy of 7q and/or a trisomy of 7p. Gains or
losses of chromosome 7, in particular the loss of 7p, have been previously reported in multiple cell
lines [59]. The complexity of the anomalies in the CHM4 and CHM5 iPSCs, compared to CHM1,
strongly suggest that they built upon the breakpoints of the existing translocation. We have shown that
these aberrations vary between clones of the same individual suggesting that the existing translocation
confers an additional fragility to the cells, which can be the source of further random instability at
each passage. This information is particularly important in an era where iPSC-based transplants
are being performed in humans, and reinforces the need for strict quality controls [64]. Thus, if
iPSCs are to be produced from patient cells that are known to carry rearrangements, particular care
needs to be taken with the reprogramming process and passaging, and karyotype analysis should be
rigorously performed.

Along this line, to reprogram the iPSCs in this study, we switched from an inefficient lentiviral
reprogramming method [13] to a highly efficient Sendai viral method, which resulted in a large
number of clones simultaneously emerging and requiring passaging. Furthermore, during this period,
we were using a time-consuming mechanical passaging protocol and culturing the iPSCs on feeder
layers, which comprised irradiated human fibroblasts. Accordingly, fluctuations in temperature
and CO2 concentrations, as well as in feeder cell quality, may have resulted in sub-optimal culture
conditions [65] and exacerbated the appearance of the rearrangements. This likely explains the
chromosome 7 rearrangements in the CHM1 clones generated here, as compared to the stable line
that we generated previously. Technological evolutions in recent years that allow reprogramming
under feeder-free conditions and passaging using rapid chemical dissociation protocols, have, in our
experience [66–69], helped limit the emergence of genetically unstable cells.

We have previously shown that wild type iPSC-derived RPE is morphologically characteristic and
functional, and can be used to study host-cell interactions for pathogens, such as Zika virus [70,71].
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Moreover, we showed that choroideremia-specific iPSC-derived RPE mimics the biochemical defect
of patients and is a highly pertinent model for proof-of-concept gene therapy studies [13,19] and for
testing the efficiency of pharmacological agents [20]. Similarly, we differentiated the cells of patient
CHM5 into iPSC-derived RPE and examined general RPE phenotype and function, as well as the
CHM-specific biochemical defect. We show that the CHM5 RPE is morphologically and functionally
characteristic of the wild type RPE. Furthermore, we show that the prenylation defect is similar to that
measured in the fibroblasts of the same patient [29] as well as in the iPSC-derived RPE of other CHM
patients with loss-of-function mutations [13,19,20]. Therefore, the cumulative chromosomal anomalies
in this family do not appear to further impact the retinal phenotype. However, the family should
be evaluated closely over time, as it cannot be excluded that the anomalies have an effect on other
functions, notably fertility.

In conclusion, we present a novel outcome for iPSC technology whereby the high level of complex
genetic instability resulted in the identification of a segregating translocation, which will need to be
taken into account for future family planning. The important take-home message is that the detection
of chromosomal aberrations in iPSC culture should be carefully analyzed, as, in addition to influencing
the interpretation of biological studies, may reveal previously undetected rearrangements segregating
in families.

Author Contributions: Conceptualization, F.P. and V.K.; Formal Analysis, N.E., V.G., S.T., F.P. and V.K.;
Funding Acquisition, C.A., F.P. and V.K.; Investigation, N.E., V.G., S.T., P.B., V.D.L., K.D., N.C. and R.S.-A.;
Methodology, N.E., V.G., S.T., J.P., C.A., F.P. and V.K.; Project Administration, F.P. and V.K.; Resources, C.P.H. and
I.M.; Supervision, C.A., F.P. and V.K.; Validation, N.E., V.G., S.T., C.S.-S., J.P., F.P. and V.K.; Visualization, N.E., V.G.,
S.T., F.P. and V.K.; Writing—Original Draft Preparation, V.K.; Writing—Review & Editing, N.E., V.G., S.T., C.S.-S.,
J.P., C.A., I.M., F.P. and V.K.

Funding: This work was funded by the associations France Choroïdérémie, Association de Afectados Coroideremia
(Spain), Retina France and Association Française contre les Myopathies, by the Spanish Instituto de Salud Carlos
III (ISCIII), including FIS – FEDER (European Regional Development Fund) (PI16/00425), and by the CHU research
platform CHROMOSTEM (http://www.chu-montpellier.fr/fr/chercheurs/plateformes/les-plateformes-recherche/
chromostem/).

Acknowledgments: The authors are grateful to the family who contributed to this study. We thank Annie Charnet
(National Reference Centre for Inherited Sensory Diseases), Gaël Manes (Institute for Neurosciences of Montpellier;
INM), Maria Jose Trujillo and Maria Gracia-Hoyos (Fundacion Jimenez Diaz) for help with the haplotype analysis.
We also thank the Montpellier Resource Imaging (MRI) facility for microscopy analysis, and Chantal Cazevieille
(MRI-CoMET) for electron microscopy expertise. We are grateful to Daria Mamaeva (INM) for critical reading
of the manuscript. The authors pay tribute to Christian P. Hamel for his passion and dedication to both science
and medicine.

Conflicts of Interest: The authors have no conflict of interest to declare.

References

1. Grimm, S. The art and design of genetic screens: Mammalian culture cells. Nat. Rev. Genet. 2004, 5, 179–189.
[CrossRef] [PubMed]

2. Yu, J.; Thomson, J.A. Pluripotent stem cell lines. Genes Dev. 2008, 22, 1987–1997. [CrossRef] [PubMed]
3. Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of

pluripotent stem cells from adult human fibroblasts by defined factors. Cell 2007, 131, 861–872. [CrossRef]
[PubMed]

4. Yu, J.; Vodyanik, M.A.; Smuga-Otto, K.; Antosiewicz-Bourget, J.; Frane, J.L.; Tian, S.; Nie, J.; Jonsdottir, G.A.;
Ruotti, V.; Stewart, R.; et al. Induced pluripotent stem cell lines derived from human somatic cells. Science 2007,
318, 1917–1920. [CrossRef] [PubMed]

5. Trokovic, R.; Weltner, J.; Nishimura, K.; Ohtaka, M.; Nakanishi, M.; Salomaa, V.; Jalanko, A.; Otonkoski, T.;
Kyttala, A. Advanced feeder-free generation of induced pluripotent stem cells directly from blood cells.
Stem Cells Transl. Med. 2014, 3, 1402–1409. [CrossRef] [PubMed]

6. Nishikawa, S.; Goldstein, R.A.; Nierras, C.R. The promise of human induced pluripotent stem cells for
research and therapy. Nat. Rev. Mol. Cell Biol. 2008, 9, 725–729. [CrossRef] [PubMed]

http://www.chu-montpellier.fr/fr/chercheurs/plateformes/les-plateformes-recherche/chromostem/
http://www.chu-montpellier.fr/fr/chercheurs/plateformes/les-plateformes-recherche/chromostem/
http://dx.doi.org/10.1038/nrg1291
http://www.ncbi.nlm.nih.gov/pubmed/14970820
http://dx.doi.org/10.1101/gad.1689808
http://www.ncbi.nlm.nih.gov/pubmed/18676805
http://dx.doi.org/10.1016/j.cell.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18035408
http://dx.doi.org/10.1126/science.1151526
http://www.ncbi.nlm.nih.gov/pubmed/18029452
http://dx.doi.org/10.5966/sctm.2014-0113
http://www.ncbi.nlm.nih.gov/pubmed/25355732
http://dx.doi.org/10.1038/nrm2466
http://www.ncbi.nlm.nih.gov/pubmed/18698329


Cells 2019, 8, 1068 18 of 21

7. Park, I.H.; Arora, N.; Huo, H.; Maherali, N.; Ahfeldt, T.; Shimamura, A.; Lensch, M.W.; Cowan, C.;
Hochedlinger, K.; Daley, G.Q. Disease-specific induced pluripotent stem cells. Cell 2008, 134, 877–886.
[CrossRef] [PubMed]

8. Sanjurjo-Soriano, C.; Kalatzis, V. Guiding Lights in Genome Editing for Inherited Retinal Disorders:
Implications for Gene and Cell Therapy. Neural Plast. 2018, 5056279. [CrossRef]

9. Eiraku, M.; Takata, N.; Ishibashi, H.; Kawada, M.; Sakakura, E.; Okuda, S.; Sekiguchi, K.; Adachi, T.; Sasai, Y.
Self-organizing optic-cup morphogenesis in three-dimensional culture. Nature 2011, 472, 51–56. [CrossRef]

10. Nakano, T.; Ando, S.; Takata, N.; Kawada, M.; Muguruma, K.; Sekiguchi, K.; Saito, K.; Yonemura, S.;
Eiraku, M.; Sasai, Y. Self-formation of optic cups and storable stratified neural retina from human ESCs.
Cell Stem Cell 2012, 10, 771–785. [CrossRef]

11. Hirami, Y.; Osakada, F.; Takahashi, K.; Okita, K.; Yamanaka, S.; Ikeda, H.; Yoshimura, N.; Takahashi, M.
Generation of retinal cells from mouse and human induced pluripotent stem cells. Neurosci. Lett. 2009,
458, 126–131. [CrossRef] [PubMed]

12. Meyer, J.S.; Shearer, R.L.; Capowski, E.E.; Wright, L.S.; Wallace, K.A.; McMillan, E.L.; Zhang, S.C.;
Gamm, D.M. Modeling early retinal development with human embryonic and induced pluripotent stem
cells. Proc. Natl. Acad. Sci. USA 2009, 106, 16698–16703. [CrossRef] [PubMed]

13. Cereso, N.; Pequignot, M.O.; Robert, L.; Becker, F.; De Luca, V.; Nabholz, N.; Rigau, V.; De Vos, J.; Hamel, C.P.;
Kalatzis, V. Proof of concept for AAV2/5-mediated gene therapy in iPSc-derived retinal pigment epithelium
of choroideremia patients. Mol. Ther. Methods Clin. Dev. 2014, 1, 14011. [CrossRef] [PubMed]

14. Burnight, E.R.; Wiley, L.A.; Drack, A.V.; Braun, T.A.; Anfinson, K.R.; Kaalberg, E.E.; Halder, J.A.;
Affatigato, L.M.; Mullins, R.F.; Stone, E.M.; et al. CEP290 gene transfer rescues Leber congenital amaurosis
cellular phenotype. Gene Ther. 2014, 21, 662–672. [CrossRef] [PubMed]

15. Li, Y.; Wu, W.H.; Hsu, C.W.; Nguyen, H.V.; Tsai, Y.T.; Chan, L.; Nagasaki, T.; Maumenee, I.H.; Yannuzzi, L.A.;
Hoang, Q.V.; et al. Gene therapy in patient-specific stem cell lines and a preclinical model of retinitis
pigmentosa with membrane frizzled-related protein defects. Mol. Ther. 2014, 22, 1688–1697. [CrossRef]
[PubMed]

16. Singh, R.; Kuai, D.; Guziewicz, K.E.; Meyer, J.; Wilson, M.; Lu, J.; Smith, M.; Clark, E.; Verhoeven, A.;
Aguirre, G.D.; et al. Pharmacological Modulation of Photoreceptor Outer Segment Degradation in a Human
iPS Cell Model of Inherited Macular Degeneration. Mol. Ther. 2015, 23, 1700–1711. [CrossRef] [PubMed]

17. Schwarz, N.; Carr, A.J.; Lane, A.; Moeller, F.; Chen, L.L.; Aguila, M.; Nommiste, B.; Muthiah, M.N.; Kanuga, N.;
Wolfrum, U.; et al. Translational read-through of the RP2 Arg120stop mutation in patient iPSC-derived
retinal pigment epithelium cells. Hum. Mol. Genet. 2015, 24, 972–986. [CrossRef]

18. Ramsden, C.M.; Nommiste, B.; Lane, A.R.; Carr, A.F.; Powner, M.B.; Smart, M.J.K.; Chen, L.L.; Muthiah, M.N.;
Webster, A.R.; Moore, A.T.; et al. Rescue of the MERTK phagocytic defect in a human iPSC disease model
using translational read-through inducing drugs. Sci. Rep. 2017, 7, 51. [CrossRef]

19. Torriano, S.; Erkilic, N.; Faugere, V.; Damodar, K.; Hamel, C.P.; Roux, A.F.; Kalatzis, V. Pathogenicity of
a novel missense variant associated with choroideremia and its impact on gene replacement therapy.
Hum. Mol. Genet. 2017, 26, 3573–3584. [CrossRef]

20. Torriano, S.; Erkilic, N.; Baux, D.; Cereso, N.; De Luca, V.; Meunier, I.; Moosajee, M.; Roux, A.F.; Hamel, C.P.;
Kalatzis, V. The effect of PTC124 on choroideremia fibroblasts and iPSC-derived RPE raises considerations
for therapy. Sci. Rep. 2018, 8, 8234. [CrossRef]

21. Seabra, M.C.; Brown, M.S.; Slaughter, C.A.; Sudhof, T.C.; Goldstein, J.L. Purification of component A of Rab
geranylgeranyl transferase: Possible identity with the choroideremia gene product. Cell 1992, 70, 1049–1057.
[CrossRef]

22. Andres, D.A.; Seabra, M.C.; Brown, M.S.; Armstrong, S.A.; Smeland, T.E.; Cremers, F.P.; Goldstein, J.L.
cDNA cloning of component A of Rab geranylgeranyl transferase and demonstration of its role as a Rab
escort protein. Cell 1993, 73, 1091–1099. [CrossRef]

23. Starr, C.J.; Kappler, J.A.; Chan, D.K.; Kollmar, R.; Hudspeth, A.J. Mutation of the zebrafish choroideremia
gene encoding Rab escort protein 1 devastates hair cells. Proc. Natl. Acad. Sci. USA 2004, 101, 2572–2577.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2008.07.041
http://www.ncbi.nlm.nih.gov/pubmed/18691744
http://dx.doi.org/10.1155/2018/5056279
http://dx.doi.org/10.1038/nature09941
http://dx.doi.org/10.1016/j.stem.2012.05.009
http://dx.doi.org/10.1016/j.neulet.2009.04.035
http://www.ncbi.nlm.nih.gov/pubmed/19379795
http://dx.doi.org/10.1073/pnas.0905245106
http://www.ncbi.nlm.nih.gov/pubmed/19706890
http://dx.doi.org/10.1038/mtm.2014.11
http://www.ncbi.nlm.nih.gov/pubmed/26015956
http://dx.doi.org/10.1038/gt.2014.39
http://www.ncbi.nlm.nih.gov/pubmed/24807808
http://dx.doi.org/10.1038/mt.2014.100
http://www.ncbi.nlm.nih.gov/pubmed/24895994
http://dx.doi.org/10.1038/mt.2015.141
http://www.ncbi.nlm.nih.gov/pubmed/26300224
http://dx.doi.org/10.1093/hmg/ddu509
http://dx.doi.org/10.1038/s41598-017-00142-7
http://dx.doi.org/10.1093/hmg/ddx244
http://dx.doi.org/10.1038/s41598-018-26481-7
http://dx.doi.org/10.1016/0092-8674(92)90253-9
http://dx.doi.org/10.1016/0092-8674(93)90639-8
http://dx.doi.org/10.1073/pnas.0308474100
http://www.ncbi.nlm.nih.gov/pubmed/14983050


Cells 2019, 8, 1068 19 of 21

24. van den Hurk, J.A.; Hendriks, W.; van de Pol, D.J.; Oerlemans, F.; Jaissle, G.; Ruther, K.; Kohler, K.;
Hartmann, J.; Zrenner, E.; van Bokhoven, H.; et al. Mouse choroideremia gene mutation causes photoreceptor
cell degeneration and is not transmitted through the female germline. Hum. Mol. Genet. 1997, 6, 851–858.
[CrossRef] [PubMed]

25. Tolmachova, T.; Anders, R.; Abrink, M.; Bugeon, L.; Dallman, M.J.; Futter, C.E.; Ramalho, J.S.; Tonagel, F.;
Tanimoto, N.; Seeliger, M.W.; et al. Independent degeneration of photoreceptors and retinal pigment
epithelium in conditional knockout mouse models of choroideremia. J. Clin. Investig. 2006, 116, 386–394.
[CrossRef] [PubMed]

26. Duong, T.T.; Vasireddy, V.; Ramachandran, P.; Herrera, P.S.; Leo, L.; Merkel, C.; Bennett, J.; Mills, J.A. Use of
induced pluripotent stem cell models to probe the pathogenesis of Choroideremia and to develop a potential
treatment. Stem Cell Res. 2018, 27, 140–150. [CrossRef] [PubMed]

27. Weissbein, U.; Benvenisty, N.; Ben-David, U. Quality control: Genome maintenance in pluripotent stem cells.
J. Cell Biol. 2014, 204, 153–163. [CrossRef] [PubMed]

28. Aguilera, A.; Gomez-Gonzalez, B. Genome instability: A mechanistic view of its causes and consequences.
Nat. Rev. Genet. 2008, 9, 204–217. [CrossRef]

29. Sanchez-Alcudia, R.; Garcia-Hoyos, M.; Lopez-Martinez, M.A.; Sanchez-Bolivar, N.; Zurita, O.; Gimenez, A.;
Villaverde, C.; Rodrigues-Jacy da Silva, L.; Corton, M.; Perez-Carro, R.; et al. A Comprehensive Analysis of
Choroideremia: From Genetic Characterization to Clinical Practice. PLoS ONE 2016, 11, e0151943. [CrossRef]

30. Ramirez, J.M.; Bai, Q.; Pequignot, M.; Becker, F.; Kassambara, A.; Bouin, A.; Kalatzis, V.; Dijon-Grinand, M.;
De Vos, J. Side scatter intensity is highly heterogeneous in undifferentiated pluripotent stem cells and predicts
clonogenic self-renewal. Stem Cells Dev. 2013, 22, 1851–1860. [CrossRef]

31. Moralli, D.; Yusuf, M.; Mandegar, M.A.; Khoja, S.; Monaco, Z.L.; Volpi, E.V. An improved technique for
chromosomal analysis of human ES and iPS cells. Stem Cell Rev. 2011, 7, 471–477. [CrossRef] [PubMed]

32. Garcia-Hoyos, M.; Lorda-Sanchez, I.; Gomez-Garre, P.; Villaverde, C.; Cantalapiedra, D.; Bustamante, A.;
Diego-Alvarez, D.; Vallespin, E.; Gallego-Merlo, J.; Trujillo, M.J.; et al. New type of mutations in three spanish
families with choroideremia. Investig. Ophthalmol. Vis. Sci. 2008, 49, 1315–1321. [CrossRef] [PubMed]

33. Vache, C.; Torriano, S.; Faugere, V.; Erkilic, N.; Baux, D.; Garcia-Garcia, G.; Hamel, C.P.; Meunier, I.;
Zanlonghi, X.; Koenig, M.; et al. Pathogenicity of novel atypical variants leading to choroideremia as
determined by functional analyses. Hum. Mutat. 2019, 40, 31–35. [CrossRef] [PubMed]

34. Radziwon, A.; Arno, G.; Wheaton, K.D.; McDonagh, E.M.; Baple, E.L.; Webb-Jones, K.; Birch, G.D.;
Webster, A.R.; MacDonald, I.M. Single-base substitutions in the CHM promoter as a cause of choroideremia.
Hum. Mutat. 2017, 38, 704–715. [CrossRef] [PubMed]

35. Davis, R.J.; Pesah, Y.I.; Harding, M.; Paylor, R.; Mardon, G. Mouse Dach2 mutants do not exhibit gross defects
in eye development or brain function. Genesis 2006, 44, 84–92. [CrossRef] [PubMed]

36. Bione, S.; Rizzolio, F.; Sala, C.; Ricotti, R.; Goegan, M.; Manzini, M.C.; Battaglia, R.; Marozzi, A.; Vegetti, W.;
Dalpra, L.; et al. Mutation analysis of two candidate genes for premature ovarian failure, DACH2 and
POF1B. Hum. Reprod. 2004, 19, 2759–2766. [CrossRef] [PubMed]

37. Zhang, Y.; Liu, Y.; Li, Y.; Duan, Y.; Zhang, K.; Wang, J.; Dai, Y. Exome sequencing identifies mutations in
ABCD1 and DACH2 in two brothers with a distinct phenotype. BMC Med. Genet. 2014, 15, 105. [CrossRef]
[PubMed]

38. van der Werf, I.M.; Van Dijck, A.; Reyniers, E.; Helsmoortel, C.; Kumar, A.A.; Kalscheuer, V.M.;
de Brouwer, A.P.; Kleefstra, T.; van Bokhoven, H.; Mortier, G.; et al. Mutations in two large pedigrees
highlight the role of ZNF711 in X-linked intellectual disability. Gene 2017, 605, 92–98. [CrossRef]

39. Field, M.; Tarpey, P.S.; Smith, R.; Edkins, S.; O’Meara, S.; Stevens, C.; Tofts, C.; Teague, J.; Butler, A.; Dicks, E.;
et al. Mutations in the BRWD3 gene cause X-linked mental retardation associated with macrocephaly. Am. J.
Hum. Genet. 2007, 81, 367–374. [CrossRef]

40. Grotto, S.; Drouin-Garraud, V.; Ounap, K.; Puusepp-Benazzouz, H.; Schuurs-Hoeijmakers, J.; Le Meur, N.;
Chambon, P.; Fehrenbach, S.; van Bokhoven, H.; Frebourg, T.; et al. Clinical assessment of five patients
with BRWD3 mutation at Xq21.1 gives further evidence for mild to moderate intellectual disability and
macrocephaly. Eur. J. Med. Genet. 2014, 57, 200–206. [CrossRef]

41. Yntema, H.G.; van den Helm, B.; Kissing, J.; van Duijnhoven, G.; Poppelaars, F.; Chelly, J.; Moraine, C.;
Fryns, J.P.; Hamel, B.C.; Heilbronner, H.; et al. A novel ribosomal S6-kinase (RSK4; RPS6KA6) is commonly

http://dx.doi.org/10.1093/hmg/6.6.851
http://www.ncbi.nlm.nih.gov/pubmed/9175730
http://dx.doi.org/10.1172/JCI26617
http://www.ncbi.nlm.nih.gov/pubmed/16410831
http://dx.doi.org/10.1016/j.scr.2018.01.009
http://www.ncbi.nlm.nih.gov/pubmed/29414605
http://dx.doi.org/10.1083/jcb.201310135
http://www.ncbi.nlm.nih.gov/pubmed/24446481
http://dx.doi.org/10.1038/nrg2268
http://dx.doi.org/10.1371/journal.pone.0151943
http://dx.doi.org/10.1089/scd.2012.0658
http://dx.doi.org/10.1007/s12015-010-9224-4
http://www.ncbi.nlm.nih.gov/pubmed/21188651
http://dx.doi.org/10.1167/iovs.07-1169
http://www.ncbi.nlm.nih.gov/pubmed/18385043
http://dx.doi.org/10.1002/humu.23671
http://www.ncbi.nlm.nih.gov/pubmed/30341801
http://dx.doi.org/10.1002/humu.23212
http://www.ncbi.nlm.nih.gov/pubmed/28271586
http://dx.doi.org/10.1002/gene.20188
http://www.ncbi.nlm.nih.gov/pubmed/16470613
http://dx.doi.org/10.1093/humrep/deh502
http://www.ncbi.nlm.nih.gov/pubmed/15459172
http://dx.doi.org/10.1186/s12881-014-0105-6
http://www.ncbi.nlm.nih.gov/pubmed/25234129
http://dx.doi.org/10.1016/j.gene.2016.12.013
http://dx.doi.org/10.1086/520677
http://dx.doi.org/10.1016/j.ejmg.2013.12.012


Cells 2019, 8, 1068 20 of 21

deleted in patients with complex X-linked mental retardation. Genomics 1999, 62, 332–343. [CrossRef]
[PubMed]

42. Okten, G.; Gunes, S.; Onat, O.E.; Tukun, A.; Ozcelik, T.; Kocak, I. Disruption of HDX gene in premature
ovarian failure. Syst. Biol. Reprod. Med. 2013, 59, 218–222. [CrossRef] [PubMed]

43. Lacombe, A.; Lee, H.; Zahed, L.; Choucair, M.; Muller, J.M.; Nelson, S.F.; Salameh, W.; Vilain, E. Disruption of
POF1B binding to nonmuscle actin filaments is associated with premature ovarian failure. Am. J. Hum. Genet.
2006, 79, 113–119. [CrossRef] [PubMed]

44. de Kok, Y.J.; van der Maarel, S.M.; Bitner-Glindzicz, M.; Huber, I.; Monaco, A.P.; Malcolm, S.; Pembrey, M.E.;
Ropers, H.H.; Cremers, F.P. Association between X-linked mixed deafness and mutations in the POU domain
gene POU3F4. Science 1995, 267, 685–688. [CrossRef] [PubMed]

45. Bitner-Glindzicz, M.; Turnpenny, P.; Hoglund, P.; Kaariainen, H.; Sankila, E.M.; van der Maarel, S.M.;
de Kok, Y.J.; Ropers, H.H.; Cremers, F.P.; Pembrey, M.; et al. Further mutations in Brain 4 (POU3F4) clarify
the phenotype in the X-linked deafness, DFN3. Hum. Mol. Genet. 1995, 4, 1467–1469. [CrossRef] [PubMed]

46. Garcia-Hoyos, M.; Sanz, R.; Diego-Alvarez, D.; Lorda-Sanchez, I.; Trujillo-Tiebas, M.J.; Cantalapiedra, D.;
Ramos, C.; Ayuso, C. New approach for the refinement of the location of the X-chromosome breakpoint in a
previously described female patient with choroideremia carrying a X;4 translocation. Am. J. Med. Genet.
Part A 2005, 138, 365–368. [CrossRef] [PubMed]

47. Lorda-Sanchez, I.J.; Ibanez, A.J.; Sanz, R.J.; Trujillo, M.J.; Anabitarte, M.E.; Querejeta, M.E.;
Rodriguez de Alba, M.; Gimenez, A.; Infantes, F.; Ramos, C.; et al. Choroideremia, sensorineural deafness,
and primary ovarian failure in a woman with a balanced X-4 translocation. Ophthalmic Genet. 2000,
21, 185–189. [CrossRef]

48. Weber, T.A.; Koob, S.; Heide, H.; Wittig, I.; Head, B.; van der Bliek, A.; Brandt, U.; Mittelbronn, M.; Reichert, A.S.
APOOL is a cardiolipin-binding constituent of the Mitofilin/MINOS protein complex determining cristae
morphology in mammalian mitochondria. PLoS ONE 2013, 8, e63683. [CrossRef] [PubMed]

49. Maurin, M.L.; Arfeuille, C.; Sonigo, P.; Rondeau, S.; Vekemans, M.; Turleau, C.; Ville, Y.; Malan, V.
Large Duplications Can Be Benign Copy Number Variants: A Case of a 3.6-Mb Xq21.33 Duplication.
Cytogenet. Genome Res. 2017, 151, 115–118. [CrossRef]

50. Mackic-Djurovic, M.; Hasic, S.; Kiseljakovic, E.; Rukavina, D.; Ibrulj, S. Cytogenetic Abnormalities Found in
Patients with Reproductive Problems. Med. Arch. 2017, 71, 396–399. [CrossRef]

51. Mackie Ogilvie, C.; Scriven, P.N. Meiotic outcomes in reciprocal translocation carriers ascertained in 3-day
human embryos. Eur. J. Hum. Genet. 2002, 10, 801–806. [CrossRef] [PubMed]

52. Suzumori, N.; Sugiura-Ogasawara, M. Genetic factors as a cause of miscarriage. Curr. Med. Chem. 2010,
17, 3431–3437. [CrossRef] [PubMed]

53. Redin, C.; Brand, H.; Collins, R.L.; Kammin, T.; Mitchell, E.; Hodge, J.C.; Hanscom, C.; Pillalamarri, V.;
Seabra, C.M.; Abbott, M.A.; et al. The genomic landscape of balanced cytogenetic abnormalities associated
with human congenital anomalies. Nat. Genet. 2017, 49, 36–45. [CrossRef] [PubMed]

54. Arumugam, B.; Samuel, C.R.; Thyagarajan, S.S. Balanced Autosomal Translocations in Two Women Reporting
Recurrent Miscarriage. J. Clin. Diagn. Res. 2016, 10, GD01–GD03. [CrossRef] [PubMed]

55. Vanneste, E.; Voet, T.; Le Caignec, C.; Ampe, M.; Konings, P.; Melotte, C.; Debrock, S.; Amyere, M.; Vikkula, M.;
Schuit, F.; et al. Chromosome instability is common in human cleavage-stage embryos. Nat. Med. 2009,
15, 577–583. [CrossRef] [PubMed]

56. Alfarawati, S.; Fragouli, E.; Colls, P.; Wells, D. Embryos of robertsonian translocation carriers exhibit a mitotic
interchromosomal effect that enhances genetic instability during early development. PLoS Genet. 2012,
8, e1003025. [CrossRef] [PubMed]

57. Cohen, O.; Mermet, M.A.; Demongeot, J. HC Forum: A web site based on an international human cytogenetic
database. Nucleic Acids Res. 2001, 29, 305–307. [CrossRef] [PubMed]

58. Becker, K.A.; Ghule, P.N.; Therrien, J.A.; Lian, J.B.; Stein, J.L.; van Wijnen, A.J.; Stein, G.S. Self-renewal
of human embryonic stem cells is supported by a shortened G1 cell cycle phase. J. Cell Physiol. 2006,
209, 883–893. [CrossRef] [PubMed]

59. International Stem Cell Initiative; Amps, K.; Andrews, P.W.; Anyfantis, G.; Armstrong, L.; Avery, S.;
Baharvand, H.; Baker, J.; Baker, D.; Munoz, M.B.; et al. Screening ethnically diverse human embryonic stem
cells identifies a chromosome 20 minimal amplicon conferring growth advantage. Nat. Biotechnol. 2011,
29, 1132–1144.

http://dx.doi.org/10.1006/geno.1999.6004
http://www.ncbi.nlm.nih.gov/pubmed/10644430
http://dx.doi.org/10.3109/19396368.2013.769028
http://www.ncbi.nlm.nih.gov/pubmed/23441923
http://dx.doi.org/10.1086/505406
http://www.ncbi.nlm.nih.gov/pubmed/16773570
http://dx.doi.org/10.1126/science.7839145
http://www.ncbi.nlm.nih.gov/pubmed/7839145
http://dx.doi.org/10.1093/hmg/4.8.1467
http://www.ncbi.nlm.nih.gov/pubmed/7581392
http://dx.doi.org/10.1002/ajmg.a.30987
http://www.ncbi.nlm.nih.gov/pubmed/16222660
http://dx.doi.org/10.1076/1381-6810(200009)2131-ZFT185
http://dx.doi.org/10.1371/journal.pone.0063683
http://www.ncbi.nlm.nih.gov/pubmed/23704930
http://dx.doi.org/10.1159/000460278
http://dx.doi.org/10.5455/medarh.2017.71.396-399
http://dx.doi.org/10.1038/sj.ejhg.5200895
http://www.ncbi.nlm.nih.gov/pubmed/12461686
http://dx.doi.org/10.2174/092986710793176302
http://www.ncbi.nlm.nih.gov/pubmed/20712563
http://dx.doi.org/10.1038/ng.3720
http://www.ncbi.nlm.nih.gov/pubmed/27841880
http://dx.doi.org/10.7860/JCDR/2016/23828.9075
http://www.ncbi.nlm.nih.gov/pubmed/28208880
http://dx.doi.org/10.1038/nm.1924
http://www.ncbi.nlm.nih.gov/pubmed/19396175
http://dx.doi.org/10.1371/journal.pgen.1003025
http://www.ncbi.nlm.nih.gov/pubmed/23133396
http://dx.doi.org/10.1093/nar/29.1.305
http://www.ncbi.nlm.nih.gov/pubmed/11125121
http://dx.doi.org/10.1002/jcp.20776
http://www.ncbi.nlm.nih.gov/pubmed/16972248


Cells 2019, 8, 1068 21 of 21

60. Lefort, N.; Feyeux, M.; Bas, C.; Feraud, O.; Bennaceur-Griscelli, A.; Tachdjian, G.; Peschanski, M.; Perrier, A.L.
Human embryonic stem cells reveal recurrent genomic instability at 20q11.21. Nat. Biotechnol. 2008,
26, 1364–1366. [CrossRef] [PubMed]

61. Spits, C.; Mateizel, I.; Geens, M.; Mertzanidou, A.; Staessen, C.; Vandeskelde, Y.; Van der Elst, J.; Liebaers, I.;
Sermon, K. Recurrent chromosomal abnormalities in human embryonic stem cells. Nat. Biotechnol. 2008,
26, 1361–1363. [CrossRef] [PubMed]

62. Mayshar, Y.; Ben-David, U.; Lavon, N.; Biancotti, J.C.; Yakir, B.; Clark, A.T.; Plath, K.; Lowry, W.E.;
Benvenisty, N. Identification and classification of chromosomal aberrations in human induced pluripotent
stem cells. Cell Stem Cell 2010, 7, 521–531. [CrossRef] [PubMed]

63. Taapken, S.M.; Nisler, B.S.; Newton, M.A.; Sampsell-Barron, T.L.; Leonhard, K.A.; McIntire, E.M.;
Montgomery, K.D. Karotypic abnormalities in human induced pluripotent stem cells and embryonic
stem cells. Nat. Biotechnol. 2011, 29, 313–314. [CrossRef] [PubMed]

64. Rohani, L.; Johnson, A.A.; Naghsh, P.; Rancourt, D.E.; Ulrich, H.; Holland, H. Concise Review:
Molecular Cytogenetics and Quality Control: Clinical Guardians for Pluripotent Stem Cells.
Stem Cells Transl. Med. 2018, 7, 867–875. [CrossRef] [PubMed]

65. Stover, A.E.; Herculian, S.; Banuelos, M.G.; Navarro, S.L.; Jenkins, M.P.; Schwartz, P.H. Culturing Human
Pluripotent and Neural Stem Cells in an Enclosed Cell Culture System for Basic and Preclinical Research.
J. Vis. Exp. 2016, 112, 53685. [CrossRef] [PubMed]

66. Sanjurjo-Soriano, C.; Erkilic, N.; Manes, G.; Dubois, G.; Hamel, C.P.; Meunier, I.; Kalatzis, V. Generation of an
iPSC line, INMi001-A, carrying the two most common USH2A mutations from a compound heterozygote
with non-syndromic retinitis pigmentosa. Stem Cell Res. 2018, 33, 228–232. [CrossRef] [PubMed]

67. Sanjurjo-Soriano, C.; Erkilic, N.; Manes, G.; Dubois, G.; Hamel, C.P.; Meunier, I.; Kalatzis, V. Generation of a
human iPSC line, INMi002-A, carrying the most prevalent USH2A variant associated with Usher syndrome
type 2. Stem Cell Res. 2018, 33, 247–250. [CrossRef]

68. Erkilic, N.; Sanjurjo-Soriano, C.; Diakatou, M.; Manes, G.; Dubois, G.; Hamel, C.P.; Meunier, I.; Kalatzis, V.
Generation of a human iPSC line, INMi003-A, with a missense mutation in CRX associated with autosomal
dominant cone-rod dystrophy. Stem Cell Res. 2019, 38, 101478. [CrossRef]

69. Erkilic, N.; Sanjurjo-Soriano, C.; Manes, G.; Dubois, G.; Hamel, C.P.; Meunier, I.; Kalatzis, V. Generation of a
human iPSC line, INMi004-A, with a point mutation in CRX associated with autosomal dominant Leber
congenital amaurosis. Stem Cell Res. 2019, 38, 101476. [CrossRef]

70. Salinas, S.; Erkilic, N.; Damodar, K.; Moles, J.P.; Fournier-Wirth, C.; Van de Perre, P.; Kalatzis, V.; Simonin, Y.
Zika Virus Efficiently Replicates in Human Retinal Epithelium and Disturbs Its Permeability. J. Virol. 2017,
91, e02144-16. [CrossRef]

71. Simonin, Y.; Erkilic, N.; Damodar, K.; Cle, M.; Desmetz, C.; Bollore, K.; Taleb, M.; Torriano, S.; Barthelemy, J.;
Dubois, G.; et al. Zika virus induces strong inflammatory responses and impairs homeostasis and function
of the human retinal pigment epithelium. EBioMedicine 2019, 39, 315–331. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nbt.1509
http://www.ncbi.nlm.nih.gov/pubmed/19029913
http://dx.doi.org/10.1038/nbt.1510
http://www.ncbi.nlm.nih.gov/pubmed/19029912
http://dx.doi.org/10.1016/j.stem.2010.07.017
http://www.ncbi.nlm.nih.gov/pubmed/20887957
http://dx.doi.org/10.1038/nbt.1835
http://www.ncbi.nlm.nih.gov/pubmed/21478842
http://dx.doi.org/10.1002/sctm.18-0087
http://www.ncbi.nlm.nih.gov/pubmed/30218497
http://dx.doi.org/10.3791/53685
http://www.ncbi.nlm.nih.gov/pubmed/27341536
http://dx.doi.org/10.1016/j.scr.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/30453153
http://dx.doi.org/10.1016/j.scr.2018.11.007
http://dx.doi.org/10.1016/j.scr.2019.101478
http://dx.doi.org/10.1016/j.scr.2019.101476
http://dx.doi.org/10.1128/JVI.02144-16
http://dx.doi.org/10.1016/j.ebiom.2018.12.010
http://www.ncbi.nlm.nih.gov/pubmed/30579862
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Background 
	Materials and Methods 
	Genetic and Clinical Investigations 
	Skin Biopsy and Fibroblast Culture 
	Reprogramming of iPSCs 
	In Vitro Differentiation Assay 
	Differentiation of iPSC-Derived RPE 
	qPCR Analysis 
	Western Blot Analysis 
	Karyotype Analysis 
	Copy Number Variant Analysis 
	Immunofluorescence Studies 
	Transmission Electron Microscopy 
	Transepithelial Resistance Measurements 
	Phagocytosis Assay 
	In Vitro Prenylation Assay 
	Statistical Analysis 

	Results 
	Typical Choroideremia Clinical Phenotype 
	Lack of REP1 Production in the iPSCs of CHM4 and CHM5 
	High Level of Genetic Instability in the iPSCs of CHM4 and CHM5 
	Familial Segregation of a Novel Chromosomal Translocation 
	CHM Retinal Phenotype Is Not Further Impacted by the Translocation or Duplication 

	Discussion 
	References

