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ARTICLE INFO ABSTRACT

Keywords: Fanconi Anaemia (FA) is an autosomal recessive disorder characterised by defects in DNA repair, associated with
Fanconi Anaemia chromosomal instability and cellular hypersensitivity to DNA cross-linking agents such as mitomycin C (MMC).
DNA repair The FA repair pathway involves complex DNA repair mechanisms crucial for genomic stability. Deficiencies in

Chromosomal radiosensitivity
Genomic instability
Radiosensitivity

DNA repair genes give rise to chromosomal radiosensitivity. FA patients have shown increased clinical radio-
sensitivity by exhibiting adverse normal tissue side-effects. The study aimed to investigate chromosomal
radiosensitivity of homozygous and heterozygous carriers of FA mutations using three micronucleus (MN) as-
says. The GO and S/G2 MN assays are cytogenetic assays to evaluate DNA damage induced by ionising radiation
in different phases of the cell cycle. The MMC MN assay detects DNA damage induced by a crosslinking agent in
the GO phase. Patients with a clinical diagnosis of FA and their parents were screened for the complete coding
region of 20 FA genes. Blood samples of all FA patients and parents were exposed to ionising radiation of 2 and
4 Gy. Chromosomal radiosensitivity was evaluated in the GO and S/G2 phase. Most of our patients were
homozygous for the founder mutation FANCG c.637_643delTACCGCC; p.(Tyr213Lysfs*6) while one patient was
compound heterozygous for FANCG ¢.637_643delTACCGCC and FANCG ¢.1379G > A, p.(Gly460Asp), a novel
missense mutation. Another patient was compound heterozygous for two deleterious FANCA mutations. In FA
patients, the GO- and S/G2-MN assays show significantly increased chromosomal radiosensitivity and genomic
instability. Moreover, chromosomal damage was significantly elevated in MMC treated FA cells. We also ob-
served an increase in chromosomal radiosensitivity and genomic instability in the parents using 3 assays. The
effect was significant using the MMC MN assay. The MMC MN assay is advantageous as it is less labour intense,
time effective and has potential as a reliable alternative method for detecting FA patients from parents and
controls.

1. Introduction that is clinically characterized by congenital malformations, pro-
gressive development of hypoplastic anaemia and cancer predisposition
Fanconi Anaemia (FA) is primarily an autosomal recessive disorder that often results in haematological malignancies such as acute
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myelogenous leukaemia (AML) or myelodysplasia (MDS) as well as
various solid tumours, especially head and neck squamous carcinoma.
Recent determination of the carrier frequency gave an estimate of more
than 1/200 [1], with an expected prevalence at birth of at least 1/160
000. In certain populations, the carrier frequency is much higher, due to
founder mutations. In South Africa, with mixed ethnicity in the popu-
lation, the prevalence of FA ranges between 1/22 000 for the white
Afrikaners to 1/40 000 in the black South Africans [2,3].

Twenty-one different FANC genes have been reported in literature
FANCA, FANCB, FANCC, FANCD1 (also known as BRCA2), FANCD2,
FANCE, FANCF, FANCG, FANCI, FANCJ (also known as BRIP1 or
BACH1), FANCL, FANCM, FANCN (also known as PALB2), FANCO (also
known as RAD51C), FANCP (also known as SLX4), FANCQ (also known
as XPF or ERCC4), FANCR (also known as RAD51), FANCS (also known
as BRCA1), FANCT (also known as UBE2T), FANCU (also known as
XRCC2) [4,5], and very recently REV7 (also known as MAD2L2 or
FANCV) was identified as a novel FA gene [6]. FA is most often in-
herited in an autosomal recessive manner, however, also autosomal
dominant (FANCR/RAD51) and X-linked forms (FANCB) have been
reported [7]. Next generation sequencing (NGS) allows efficient iden-
tification of causal mutations in this genetically heterogeneous disease.
Deleterious mutations in FANCA, FANCC and FANCG are identified in
80-90% of the FA cases [8].

All currently known FA genes encode for a cluster of proteins re-
sponsible for repair of stalled DNA replication forks by unhooking DNA
interstrand cross-links (ICL) and promoting homologous recombination
(HR). The FA/BRCA repair pathway is pivotal in maintaining genomic
stability. The FANC genes are sub grouped into 3 main categories
known as (i) the core complex (ii) ID2 complex and (iii) the down-
stream effectors. In response to damage caused by DNA crosslinking
agents or ionising radiation (IR), the activated core complex formed by
8 FA genes (A, B, G, E, F, G, M, and L) activates the ID2 complex,
comprised of FANCD2/FANCI gene, by mono-ubiquitination and phos-
phorylation. The mono-ubiquitination of ID2 is catalysed by the E2
ubiquitin-conjugating enzyme FANCT/UBE2T [9]. The ID2 complex
plays a critical role in the pathway by translocating to the damage sites
which triggers the recruitment of downstream effectors (D1, J, N, O, P,
Q, R, S and U) in the S/G2 phase. The damage is subsequently repaired
by HR. Following the repair, the ID2 complex undergoes deubiquiti-
nation and the core complex genes are unassembled [10,4,11]. The
latest identified FA gene, REV7/FANCYV, a subunit of DNA polymerase ¢
involved in translesion DNA synthesis (TLS) seems to act as a necessary
downstream effector of the FA-BRCA pathway, most likely functioning
in the TLS step of ICL repair [12].

In FA patients’ cancer treatment by chemotherapy or radiotherapy is
complicated because of the possibility of side effects due to the un-
derlying defect in DNA damage response. Sensitivity to chemotherapy
and radiotherapy in FA patients has previously been documented
[13,14]. Radiosensitivity is the susceptibility of cells to the DNA da-
maging effects of IR. Exposure to IR causes a variety of DNA damage of
which the double strand breaks are the most important [15]. Double
strand breaks (dsb) are repaired predominantly by two main DNA re-
pair pathways: i) HR which requires a homologous DNA strand for re-
pair and ii) non-homologous end-joining (NHEJ). The cell is selective
on which DNA repair pathway to use depending on the phase of the cell
cycle. In the S/G2 phase where a homologous strand is present, the HR
repair pathway is preferred over NHEJ. The NHEJ repairs double strand
breaks is predominant in the remaining phases of the cell cycle [16].

Some older studies suggested that FA patients, similar to patients
with ataxia telangiectasia or Nijmegen breakage syndrome, are char-
acterised by an increased in vitro chromosomal radiosensitivity [17,18],
while others report the contrary [19]. However, literature on chromo-
somal radiosensitivity of FA patients is very limited.

It is well established that FA cells are hypersensitive to DNA
crosslinking agents such as mitomycin C (MMC) and diepoxybutane
(DEB) [20]. Chromosome fragility is pathognomonic in the diagnosis:
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FA is classically diagnosed by treating lymphocytes of patients with
MMC or DEB and subsequent quantification of all types of chromosomal
breakages and radial forms [21]. The major challenge with this assay is
the low quality slides and the need of highly experienced personnel to
analyse chromosomal breakages; furthermore, it is labour intense and
time consuming. We propose here a more robust assay to identify FA
patients by detecting micronuclei (MNi) and evaluate if this can be used
to distinguish heterozygous carriers from non-carriers. The cytokinesis-
block micronucleus assay (CBMN) in human lymphocytes is a well-es-
tablished assay for measuring chromosomal aberrations after in vivo or
in vitro exposure to genotoxic agents. Here, we propose a novel protocol
where MMC is applied to induce MN. Furthermore, we evaluated two
MN protocols using ionising radiation as genotoxic agent: the GO MN
assay, a well-known cytogenetic assay where cells are irradiated in the
GO phase of the cell cycle [22,23], and a S/G2 MN assay, in which the
damage is induced in the S/G2 phase [24,25]. In the S/G2 MN assay,
cells were also subjected to caffeine treatment. The addition of caffeine
to cells abrogates the G2/M cell cycle checkpoint. The abrogation of the
checkpoint permits the progression of damaged cells into mitosis [26].
In this way the efficiency of the repair pathway activated when cells are
irradiated in the S/G2 phase can be evaluated.

2. Methods and material
2.1. Study population

Thirteen patients with clinical manifestation of FA and their parents
were recruited from the Paediatric Oncology department at Charlotte
Maxeke Johannesburg Academic hospital and Chris Hani Baragwanath
hospital in South Africa. In addition, one patient and parent was re-
cruited from Cliniques Universitaires Saint-Luc, Belgium. In total,
fourteen FA patients and 14 parents were enrolled in the study and
heparin blood samples were collected. Blood samples from 14 healthy
donors were also collected from student and staff members from the
university and hospital. The mean age of the patients is 11 years. The
youngest patient enrolled in the study was 5 years and the oldest being
17 years. The mean age of the parents enrolled in the study was 40
years and healthy individuals had a mean age of 30 years. Informed
consents were obtained from all donors. Ethics for the study was ap-
proved by the Wits Human Research Ethics Committee (Medical)
(clearance number M141031).

2.2. Mutation analysis

2.2.1. DNA extraction

Genomic DNA was extracted from peripheral blood using the au-
tomated Tecan Freedom EVO’-HSM Workstation (Promega). DNA ex-
traction for 14 patients with clinical manifestations of FA and 14 parent
samples was carried out as per manufacturer’s instructions.

2.2.2. Target enrichment, library preparation and sequencing

Singleplex PCR reactions were performed for the coding region of
all 20 known FA genes. Primers for the coding regions and splice site
regions of all the genes were designed using PrimerXL (www.pxlence.
com). The PCR conditions and the modified version of the Nextera XT
(Illumina) library preparation protocol utilised in this study were con-
ducted as previously described [27]. Subsequently sequencing was
performed on the Miseq instrument (Illumina).

2.2.3. Sanger sequencing

All pathogenic mutations and variants classified as likely pathogenic
were confirmed by Sanger sequencing on the ABI3730XL
(ThermoFisher) instrument in the patients. Carriership of a hetero-
zygous mutation was also confirmed in DNA of the parents available.
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2.2.4. MLPA

In order to detect large exon spanning deletions/duplications, MLPA
was conducted using the commercially available MLPA kits (MRC-
Holland) for some FA genes (MLPA P031-FANCA mix 1 and P032-
FANCA mix 2 (version: B2-0116), PO57-FANCD2-PALB2 (version: B2-
0415) and P260-PALB2-RAD50-RAD51C-RAD51D (version: B1-1114)).
Fragment separation is achieved by capillary electrophoresis using the
ABI model 3730XL sequencer (ThermoFisher).

2.2.5. Data analysis

Sequencing data obtained from the Miseq run was mapped using
CLC Bio Genomics Workbench v7 software (CLC bio Inc.). The se-
quencing analysis was also conducted using other in-house scripts as
previously described [27]. Sanger sequencing data were analysed using
the SeqPilot software v4.1.2 build 512. Coffalyer.NET (MRC-Holland)
software was used for MLPA data analysis.

2.3. The cytokinesis-block micronucleus (CBMN) assay to assess radiation
induced DNA damage

2.3.1. GO CBMN assay

To quantify the chromosomal radiosensitivity of FA patients and
heterozygous carriers, the MN assay was performed as previously de-
scribed. Heparinised blood (0.5 ml) was added to 4.5 ml of pre-warmed
RPMI-1640 supplemented with r-glutamine (Bio-Whittaker, USA), 13%
of foetal bovine serum (FBS; Gibco-Invitrogen, USA) and antibiotics
(50 U/ml penicillin and 50 mg/ml streptomycin; Gibco-Invitrogen,
USA). The cells were irradiated in the GO phase of the cell cycle with
doses of 2 and 4 Gy 6 MV X-rays at a dose rate of 1.33 Gy/min using a
linear accelerator (Siemens Healthcare, Germany). A sham irradiated
control (0 Gy) culture was also set up to detect spontaneously occurring
MNi. After irradiation, cell division was stimulated in lymphocytes by
the addition 100 ul of phytohaemagglutanin (PHA — stock solution
1 mg/ml; Sigma-Aldrich, USA), and cytokinesis was blocked after 23hr
by adding 20 pl cytochalasin B (Cyto B — stock solution 1.5 mg/ml;
Sigma-Aldrich, USA). Seventy hours post PHA-stimulation, cells were
harvested using a cold hypotonic shock of 7 ml of KCL (0.075 M; Merck,
Germany) and fixed in a methanol: acetic acid: ringer solution (4:1:5)
(Merck, Germany). After overnight storage at 4 °C, the cells were fur-
ther fixed 3 times by using a methanol: acetic acid solution (4:1). A
suspension of cells (40 ul) was dropped onto slides and stained with
acridine orange stain (10 pg/ml) (Sigma-Aldrich, USA). Duplicate slides
were made of each sample, coded and 500 BN cells per slide were
scored using the Zeiss Axioskop fluorescent microscope (Carl Zeiss,
Gottingen, Germany). To obtain radiation-induced MN values, the
spontaneous MN were deducted from the MN values of irradiated
samples.

2.3.2. S/G2 CBMN assay

Compared to the GO MN assay, this assay is modified to analyse
chromosomal radiosensitivity when cells are irradiated in the S/G2
phase of the cell cycle as previously described [25]. In short, hepar-
inised blood (0.5 ml) in culture medium was set up and lymphocyte
stimulation was immediately achieved by addition of 100 pl PHA (stock
solution 1 mg/ml; Sigma-Aldrich, USA). Following stimulation, the
cultures were incubated at 37 °C and 5% CO,. The lymphocytes were
irradiated after 72 h to doses of 2 and 4 Gy. To detect spontaneous MNi
in the S/G2 phase of the cell cycle, a control (not irradiated) culture was
also started. Cytokinesis was immediately inhibited after irradiation by
the addition of 20 ul Cyto B (stock solution 1.5 mg/ml; Sigma-Aldrich,
USA) and 200 pl caffeine (stock solution 100 mM; Sigma-Aldrich, USA)
was added to a part of the cultures. The cells were harvested 8 h post
irradiation and fixed as described above. Duplicate slides were stained,
coded and 500 BN per slide were scored. Also here, radiation-induced
MN values were obtained by deduction of spontaneous MN from the
MN values of irradiated samples.
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2.4. Cytokinesis-block micronucleus assay to assess MMC induced DNA
damage

Mitomycin C Micronucleus assay: This assay was optimized to analyse
the extent of chromosomal breakage induced by MMC in FA patients
and parents (heterozygous carriers). Cultures were initiated by the
addition of 0.5 ml heparinized blood in 4.5 ml culture medium. To
optimize this technique, we used 2 different concentrations of MMC
that can induce detectable damage. Concentrations of 0.02 pug/ml or
0.1 pg/ml MMC (stock solution 0.5 mg/ml; Sigma-Aldrich, USA) were
added and lymphocytes were immediately stimulated with PHA
(Sigma-Aldrich, USA). The cultures were incubated at 37 °C and sup-
plemented with 5% CO,. Similar to the GO MN assay, 23 h later the
cytokinesis was blocked by the addition of Cyto B (Sigma-Aldrich,
USA). Cells were harvested 70 h post stimulation. The staining and
scoring was conducted as described above. MMC-induced MN values
were obtained by deducting spontaneous MN from the MN values in the
samples treated with MMC.

2.5. Nuclear division index

The nuclear division index (NDI) is a measure of cell proliferation
where poor nuclear division is indicated by a low NDI value and a
higher NDI value suggests good proliferative capacity of the cells. The
NDI was calculated for each of the assays by evaluating the number of
mononucleate (N1), binucleate (N2), trinucleate (N3) and polynucleate
(N4) cells. A total (Ntotal) of 500 cells per slide was scored. The formula
used to calculate NDI is: NDI = (N1 + 2N2 + 3N3 + 4N4)/Ntotal.

2.6. Statistical analysis

GraphPad Prism 7 was used to analyse the statistical significance of
the study. The comparison of the MN scores between the groups was
conducted using the non-parametric Mann-Whitney. The significance
level was set at < 0.05.

3. Results
3.1. Germline mutations

As expected in the 13 black South African patients the large ma-
jority (12/13) was found to be homozygous for the FANCG founder
mutation ¢.637_643delTACCGCC; p. (Tyr213Lysfs*6). One patient was
heterozygous for the FANCG c.637_643delTACCGCC mutation, and a
novel heterozygous FANCG ¢.1379G > A, p. (Gly460Asp) missense
variant, which has not been previously described. This variant is not
reported in large databases like EXAC or gnomAD. By this substitution a
highly conserved amino acid (Gly460) is changed into an amino acid
(Asp) with different physicochemical properties (Grantham distance: 94
[0-215]). Prediction programs like SIFT, Polyphen and MutationTaster
all support a deleterious effect for this variant. The clinical symptoms
manifested in this patient included microcephaly, hypopigmentation,
short stature, flattened thenar eminence and the bone marrow aspirate
showed aplasia strongly supporting a FA diagnosis. No deleterious
mutation was identified in the other FA genes screened.

The patient recruited in Belgium, of Cameroonian origin, was found
to be compound heterozygote for two FANCA mutations:
€.987_990delTCAC, p. (His330Alafs*4) and a large deletion spanning
exons 22-28 (c.1901-?_2778 + ?del).

In all 14 parents, from whom DNA was available, we confirmed
heterozygous carriership of the relevant FANCG or FANCA mutation.

3.2. GO Micronucleus assay

Table 1 shows the data for the 3 endpoints scored in the GO MN
assay. The spontaneously occurring mean MNi values (non-irradiated
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Table 1
GO MN assay: Comparison of mean * SD spontaneous (0 Gy) and radiation-induced (at 2
and 4 Gy) MNi values in 1000 binucleated cells of FA patients, parents and healthy
controls.
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Table 3

MMC MN assay: Comparison of mean = SD spontaneous (0 pg/ml) and MMC-induced
(at 0.02 and 0.1 pg/ml) MNi values in 1000 binucleated cells of FA patients, parents and
healthy controls.

0 Gy 2 Gy 4 Gy 0 pg/ml 0.02 pg/ml 0.1 pg/ml
“Patients 27.93 + 9.94° 356.6 = 70.67 915.0 = 160.5 “Patients. 30.77 = 10.87 466.30 + 218.40 "979.00 + 348.10"
“Parents 23.21 + 9.80 286.5 = 78.26 776.2 = 185.3 “Parents 21.42 + 8.88 42.45 + 21.54 256.80 + 90.09
“Controls 18.29 * 8.73 255.4 = 58.48 706.6 = 179.6 “Controls 17.69 * 8.21 31.54 = 17.76 101.10 * 34.45

@ Mean and SD of 14 patients, 14 parents and 14 controls.
* Significantly different from controls (p < 0.05).
** Significantly different from parents and controls (p < 0.05).

cells) of the FA patients are significantly higher compared to the control
group (p = 0.01; see Supplementary tables for p values) indicating
genomic instability in the FA patients. The mean MNi values observed
in BN cells irradiated with 2 Gy and 4 Gy are significantly higher in the
patient group when compared to the control group (2 Gy: p = 0.0003;
4 Gy: p = 0.0025); however, MN frequencies between patients and
controls overlap at an individual level. Significant differences in ra-
diation-induced MNi are also observed between FA homozygotes and
FA heterozygous carriers (2 Gy: p = 0.02119; 4 Gy: p = 0.0444). Al-
though the MN yields were higher in the heterozygous carriers com-
pared to controls, no significant differences in either the spontaneous or
irradiated MNi values were demonstrated. In the 2 and 4 Gy irradiated
samples respectively, a 1.5 and 1.3 fold increase of MNi was observed in
the FA patients compared to controls. The parents showed a 1.1 fold
increase both by 2 and 4 Gy radiations. The mean NDI values of the GO
cultures were lower in patients when compared to parents and controls.
This difference was significant in irradiated cultures (p < 0.05).

3.3. S/G2 Micronucleus assay

Table 2 represents the response to DNA damage induction in the S/
G2 phase of the cell cycle, the MNi values of cells irradiated in the S/G2
phase, in the presence of caffeine were compared between the 3 groups.
In this phase of the cell cycle, spontaneously occurring MNi values in
the FA patients and interestingly also in the heterozygous carriers were
significantly higher compared to the control group. The differences
were more pronounced than in the GO phase. FA patients showed sig-
nificant higher radiation-induced MN values than the heterozygous
carriers and controls. Also, when adding caffeine we noticed significant
differences in MNi between the FA patients and the control group after
2 Gy and 4 Gy. Similar to the GO MN assay results, significant differ-
ences were observed at a group level. When comparing the FA het-
erozygotes with the control group significant differences were seen
after irradiation with 4 Gy and addition of caffeine. In response to IR
and caffeine, proliferative capacity of FA cells in the G2 phase was
lower when compared to the controls (p < 0.05). For radiation-in-
duced samples without caffeine, FA patients had a 1.9 and 2.1 fold
increase in MNi values for the 2 and 4 Gy respectively, as compared to
the controls. The fold increase in FA heterozygote carriers was 1.2 for
both the 2 and 4 Gy radiation-induced samples. MNi values of radia-
tion-induced samples in the presence of caffeine for both FA patients
and parents were similar to the fold increase as those without caffeine.

Table 2

@ Mean and SD of 13 FA patients, 12 parents and 13 controls.

" Mean and SD of 6 FA patients and 9 parents.

* Significantly different from controls (p < 0.05).

** Significantly different from parents and controls (p < 0.05).

3.4. Mitomycin C micronucleus assay

In order to quantify the sensitivity to DNA crosslinking agents, cells
were subjected to MMC. This assay detects MMC-induced damage
during the GO phase of the cell cycle. The results of this assay are shown
in Table 3. Spontaneous MNi values of patients obtained in the sham
treated cultures set up together with the radiation and MMC treated
cultures are similar as expected (Table 1 and Table 3). Both con-
centrations of MMC induced significantly higher MNi in the FA patients
compared to the FA heterozygotes and control group. The higher con-
centration of MMC even resulted in significant differences in MNi be-
tween the FA heterozygotes and the controls (p < 0.0001). On average,
a 9.7 fold increase of MNi was observed in the FA homozygotes com-
pared to the control group and a 2.5 fold increase of MNi in the parents
versus the control group was seen after treatment with the higher
concentration of MMC (0.1 pg/ml).

Fig. 1 demonstrates the individual fold increase in FA patients and
parents versus the mean of the control population for 0.02 pg/ml and
0.1 ug/ml MMC concentrations; also illustrating similar results in
FANCG and FANCA patients. The horizontal lines represent one stan-
dard deviation (1SD) and two standard deviations (2SD) of the mean.
As presented in Fig. 1, the fold increase can be utilised to identify FA
patients successfully with MMC treatment of 0.02 ug/ml as all patients
have a fold increase above the 2SD. A better discrimination between
parents and controls at the individual level was demonstrated when
0.1 ug/ml MMC concentration was used and parents show a fold in-
crease above 1SD. However, with the higher dose of 0.1 ug/ml MMC,
more experimental failures were observed in the patient group. FA
patients also showed significantly lower NDI values following MMC
treatment (p < 0.05); the NDI values were further decreased when FA
cells were treated with larger concentrations of MMC (p < 0.05).

4. Discussion

In this study we applied different MN assays in patients diagnosed
with Fanconi Anaemia and their parents. We compared the results of
these two groups with a healthy control group. The genotypes in all
patients were determined and showed biallelic inactivation of FANCG
in the South African patients or FANCA in a patient of Cameroonian
descent. Carriership testing confirmed heterozygosity for a deleterious
FANCG/FANCA mutation in the parents. Our study corroborates the

G2 MN assay: Comparison of mean * SD of spontaneous (0 Gy) and radiation-induced (at 2 and 4 Gy) MNi values in 1000 binucleated cells of FA patients, parents and healthy controls.

0 Gy 2Gy 4 Gy 2Gy C+ 4Gy C+
“Patients 27.14 = 9.16 91.00 *= 40.67 198.80 + 73.18 262.80 = 121.10 494.60 = 257.30
“Parents 18.36 = 8.57 57.21 = 19.54 117.80 + 31.58 147.40 = 66.12 346.80 = 144.70
“Controls 11.50 = 6.01 48.36 = 14.51 95.43 + 32.42 112.20 = 40.67 248.20 + 89.61

2 Mean and SD of 14 patients, 14 parents and 14 controls.
* Significantly different from controls (p < 0.05).
** Significantly different from parents and controls (p < 0.05).
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300 Fig. 1. Fold increase of MNi following MMC treatment. The
] 0.02 K8 / ml MMC individual fold increase of FA patients and parents versus
mean of controls for concentrations of 0.02 pg/ml and 0.1 pug/
25.0 - ml MMC is presented as bars. The horizontal lines represent
! one standard deviation (1SD) and two standard deviations
(2SD) of the mean of controls. Bar with diagonal lines (donor
20.0 - 6): FANCG compound heterozygote patient; bar with checked
2 blocks (donor 10): FANCA compound heterozygote patient.
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high prevalence of the FANCG c.637_643delTACCGCC founder muta-
tion in black FA patients [2,28,29]. However, a portion of black FA
individuals present with a heterozygous mutation [30]; this requires
additional screening of the FANCG gene in first instance and other FA
genes, if no second deleterious mutation in FANCG can be identified.
We report here a novel FANCG missense variant ¢.1379G > A, p.
(Gly460Asp) which is likely pathogenic, in a black South African pa-
tient heterozygous for FANCG c.637_643delTACCGCC. The patient had
a clear clinical diagnosis of FA and the applied assays showed similar
aberrant values like in individuals homozygous for FANCG
¢.637_643delTACCGCC, indicative for a deleterious effect of this var-
iant. Carriership testing in the mother confirmed heterozygosity for the
FANCG ¢.637_643delTACCGCC mutation and absence of ¢.1379G > A,
p. (Gly460Asp); DNA of the father was not available. This observation
supports the hypothesis that both variants are most likely in trans in the
child. Our study confirms that besides the founder mutation FANCG
¢.637_643delTACCGCC a second common FANCG mutation is unlikely
in the black South African population [31].

We evaluated three MN assays to identify FA patients, as these may
be more robust than the classically applied chromosome-breakage
analysis on Giemsa-stained metaphases of lymphocytes/fibroblasts after
addition of MMC or DEB. We induced MNi by addition of MMC in GO
cells or by irradiation of cells in GO or S/G2 phase of the cell cycle.
NHEJ is the preferentially used DNA repair pathway for dsb in the GO
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phase while in S/G2 phase HR plays an important role. The FA/BRCA
pathway is involved in DNA dsb repair by HR and in the processing of
DNA damage induced by MMC.

In first instance, we evaluated spontaneously occurring MNi in two
different phases of the cell cycle. The FA patients’ exhibit, on average,
significantly higher spontaneous MNi frequencies in the GO phase
compared to controls and heterozygous parents. This confirms the re-
port of Camelo et al. and suggests genomic instability in FA patients
[32]. With the S/G2 MN assay we also observed on average sig-
nificantly more spontaneous MNi in both patients and heterozygous
parents compared to controls. This could be attributed to homozygous
or heterozygous defects in a FA gene, involved in the HR pathway
which is preferentially used during the S/G2 phase of the cell cycle.
However, due to the heterogeneity in spontaneous MNi it was not
possible to consistently demonstrate higher spontaneous MNi values in
each individual FA patient/parent compared to controls.

Subsequently, we scored MNi in irradiated lymphocytes of FA pa-
tients, FA parents and controls. Our results show significantly higher
mean MNi frequencies in irradiated lymphocytes of patients in both
phases of the cell cycle when compared to heterozygotes and controls.
Loss-of-function in the FA genes causes disruptions in cell cycle
checkpoints which could explain the enhanced sensitivity in irradiated
FA cells. Increased radiosensitivity in FA cells was also observed in
older and much smaller studies performed on an average of 4 FA
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patients [18,33,17]. (missing a reference here; reference is mentioned
in query notes).

Overall, the mean differences are larger in S/G2 MNi frequencies
than the mean differences in GO MNi frequencies between FA patients,
FA heterozygous carriers and controls. A previous study has also shown
a similar trend in chromosomal radiosensitivity in the G2 phase [34].
This could be due to the impaired repair pathways and checkpoints and
accumulation of unrepaired DNA damage in the G2 phase in FA cells.
Upon exposure to exogenous or endogenous damage, the number of FA
cells in the G2 phase increases and is attributed to the S-phase check-
point inefficiency [35]. This is reflected in our observation by the lower
NDI values in FA patients when compared to controls that is also in
agreement with previous studies describing poorer proliferative capa-
city and a prolonged G2 phase in FA lymphocytes [19]. In a normal cell
cycle, the cells with unrepaired damage are blocked by G2/M check-
point in order to repair the damage prior to division. In G2, the da-
maged cells are repaired by HR [36]. This characteristic is absent in the
FA cells as they are thought to override the G2/M checkpoint and a
significant quantity of unrepaired DNA is carried through to mitosis.
Therefore FA cells have accumulated a greater number of damaged
DNA and are highly prone to cancer [37].

The understanding of the FA pathway is still evolving and new
components continue to be identified. The FA core complex is normally
formed during S/G2 phases and cells preferentially use HR during this
phase of the cell cycle. However, recent studies described cells derived
from patients with FA mutations in the FA core complex that were not
severely defective in HR repair of dsb and FA core complex-deficient
cells that had impaired HR pathway and thereby favoured NHEJ
[38,39]. These controversial findings evoke further investigation of the
connections between the FA pathway and the DNA repair pathways.

The ability of caffeine to induce DNA damage and G2/M cell cycle
checkpoint abrogation was used in combination with the S/G2 MN
assay in our study. The higher number of MNi in all three groups after
treatment of the cells with IR and caffeine confirmed this effect of
caffeine on the induction of MNi. The results obtained with the S/
G2 MN assay in combination with caffeine also showed higher MN
values in the FA homozygotes compared to heterozygotes and controls,
supporting the study of [40] where it was stated that cells deficient in
FANCD2 developed higher levels of y-H2AX foci when exposed to caf-
feine and where was suggested that patients with germline or somatic
FANCD2 mutations may be hypersensitive to cytotoxicity of coffee [40].
Although our FA patients are carriers of FANCG/FANCA mutations, we
also noticed elevated radiation-induced MNi values. Inactivation of
FANCG attributes to a functional collapse of the FA core complex and
reduces DNA damage repair capacity. The MN values in heterozygous
carriers are higher but not significantly different from the values ob-
tained in the control group after 2 Gy irradiation in combination with
caffeine. However, after a 4 Gy dose of IR and caffeine we found sig-
nificantly higher levels of residual DNA damage suggesting that less
damage is repaired after exposure to caffeine and IR even when a
functional allele of the FA gene is available.

As a group, FA patients showed significantly elevated radio-
sensitivity with the GO and S/G2 MN assays compared to parents and
controls. However, the assays are not suitable as a biomarker for de-
tecting individual FA patients. Since the risk of cancer is elevated in FA
patients, radiosensitivity information in this patient group is relevant
and may be taken into consideration prior to start treatment using IR.

The MMC MN assay is very promising as an individual biomarker
(Table 3 and Fig. 1). Even though cells were treated with low MMC
concentrations, a clear distinction in MNi frequencies between FA
homozygotes, FA heterozygotes and controls was observed. However,
only a low number of binucleated cells were detectable in cells of some
FA patients treated with the highest 0.1 ug/ml concentration of MMC.
This is attributed to the toxic nature of MMC that induces unrepairable
interstrand- crosslinks which lowers cell proliferation of FA cells as
reflected in the NDI values. Despite the poor cell proliferation, we were
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able to produce conclusive results to identify FA patients. The test is
more robust when applying only 0.02 ug/ml and is optimal for distin-
guishing individual FA patients from individual controls and parents.
Evaluating metaphases in chromosomal-breakage analysis of MMC or
DEB requires a trained eye and can be labour intense. In comparison,
scoring MNi using the MMC MN assay is amenable to automation, it is
relatively straightforward and time efficient. Therefore, we think that
our MMC MN assay has the potential for a reliable alternative for the
classic chromosome breakage assay.

The majority of our FA patients are homozygous for the FANCG
founder mutation. Our cohort also includes two patients that are
compound heterozygotes; one patient with two mutations in FANCG
and the other with two mutations in FANCA. The phenotype observed
in the FANCG homozygous patients are also demonstrated in the
FANCG and FANCA compound heterozygous patients. The observation
suggests that the phenotype is valid for both the FANC genes that form
part of the FA core complex. Although, further validations in larger
patient and parent groups with different FANC genotypes are required
prior to implementation as a standard test in clinical setting.

Interestingly, the application of higher MMC concentrations in our
MMC MN assay revealed significant differences between the group of
FA parents and the control group. This distinction could not be made
with a MMC-based chromosome breakage assay [41]. Similarly, iden-
tifying FA parents from controls using the DEB test has shown to be
unsuccessful with chromosomal breaks of parents overlapping with
controls [42,43].

Identification of heterozygous mutation carriers may be clinically
relevant in the context of breast cancer prevention as heterozygous
mutations in several FA genes were shown to be associated with an
increased risk for breast cancer [44-49]. The best known breast cancer
gene, BRCA1 (=FANCS) has been shown to interact directly with
FANCD2 and FANCA in response to DNA damage [50]. Similar to our
study, the damaging effects of IR and MMC were evaluated in lym-
phocytes from heterozygous BRCA1/FANCS and BRCA2/FANCDI1 mu-
tation carriers (breast cancer patients and healthy carriers). In response
to IR, the heterozygous carriers of both genes did not show elevated
MNi values, but upon exposure to MMC enhanced chromosomal sen-
sitivity was detected in lymphocytes of individuals with heterozygous
BRCA2 mutations [51]. It is clear that larger studies are warranted to
validate our findings but the MMC MN assay may be promising as an
individual biomarker for functional deficiencies in at least some of the
FA genes.

5. Conclusions

In conclusion, this study compared 3 different MN assays to char-
acterize FA patients with biallelic inactivated FANCA/FANCG alleles
and to compare the results with heterozygous carriers of FANCA and
FANCG mutations and controls. Chromosomal radiosensitivity of the FA
patients was demonstrated with the GO and S/G2 MN assay. The MN
assay utilising IR showed on average an increased number of MNi in FA
patients and heterozygous carriers compared to controls, but cannot be
used to identify individual patients. Using the MMC MN assay, we were
able to distinguish FA patients from heterozygous carriers and controls.
Interestingly, with this assay, higher MNi scores were obtained in the
heterozygous parents compared to controls. Further studies are war-
ranted to evaluate the sensitivity and specificity of this test in FA pa-
tients and parents with other genotypes/mutated FANC genes. The big
advantage of the MMC MN assay is that is less labour intense, more time
effective and less subjective compared to the classic chromosomal
breakage assay. Future research can indicate if this assay can differ-
entiate FANC heterozygote genotypes from healthy controls and can be
used as a functional assay identifying individuals with a heterozygous
defect in genes related to the FA/BRCA pathway.
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