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Abstract

Transforming growth factor beta (TGF-) secretion from cells in the bone marrow (BM) niche affects hematopoietic stem
cell (HSC) fate and has a cardinal role in HSC quiescence. BM mesenchymal stem cells (BM-MSCs), a component of the
BM niche, may produce abnormal levels of TGF-p in Fanconi anemia (FA) and may play a role in bone marrow failure.
Here, we molecularly and cellularly characterized FA BM-MSCs by addressing their immunophenotype, proliferation- and
differentiation- capacity, reactive oxygen species (ROS) production, senescence activity as well as expression and secretion
levels of TGF-f isoforms. In ten FA patients, mutations were detected in FANCA (n=7), FANCG (n=1) and FANCD2 (n=2)
genes. The immunophenotype, with the exception of CD29, and differentiation capacity of FA BM-MSCs were similar to
healthy donors. FA BM-MSCs showed decreased proliferation, increased ROS level and an arrest in G2 following DEB treat-
ment. B-galactosidase staining indicated elevated senescence of FANCD2-deficient cells. FA BM-MSCs displayed TGF-f1
mRNA levels similar to donor BM-MSCs, and was not affected by DEB treatment. However, secretion of TGF-§ was absent
in FA-D2 BM-MSCs. Absence of TGF-f secretion may be related to early onset of senescence of the FANCD2-deficient
BM-MSCs. The proliferative response of FA-D2 BM-MSCs to rTGF-f1 was not different from FANCA-deficient and donor
cells and raises the possibility that rTGF-B1 may reverse the senescence of the FANCD2-deficient BM-MSCs which needs
to be investigated further.
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Introduction

Hematopoietic stem cell (HSC) and progenitor numbers
are in a delicate balance, regulated by complex signaling
[1]. In the bone marrow (BM), homeostasis of hemat-
opoietic cells is orchestrated by intrinsic signaling path-
ways, as well as crosstalk between the HSCs and its niche
components, such as BM stroma [2]. Multipotent mesen-
chymal stem cells (MSCs) are important components of
the BM stroma [3], and may affect the balance between
HSC self-renewal and differentiation. Impairment of the
crosstalk between HSC and the BM stromal cells can lead
progressive bone marrow failure (BMF) and hematopoi-
etic malignancies [4].
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Accumulation of DNA damage causes hematopoietic
aging throughout life and is accelerated in DNA repair
deficiencies, such as Fanconi anemia (FA) [5, 6]. FA
(MIM 227,650) is a hereditary disease, which is classified
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according to at least 22 complementation groups and can be
inherited in an autosomal recessive (FA-A, -C, -D1, -D2,
-E, -F, -G, -1, -], -L, -M, -N, -O, -P, -Q, -S, -T, -U, -V, -W),
X-linked (FA-B), or autosomal dominant manner (FA-R)
[7, 8]. FA proteins are involved in complex pathways to
maintain genome integrity [9, 10]. FA gene mutations affect
quiescent hematopoietic stem cells (HSC) and their progeni-
tors, which eventually cause acute myeloid leukemia (AML)
or aplastic anemia due to bone marrow failure (BMF) [6,
11]. HSC in a disease state may imprint function of niche
cells [2]. The treatment of choice for BMF in FA patients
is bone marrow transplantation (BMT), which may aid in
restoring the HSC vascular and perivascular niche. However,
BMT does not restore osteoblastic niche [12]. After BMT,
secondary solid tumors are increased and metabolic distur-
bances are frequently seen [13, 14]. Comparative studies of
BM-MSCs in healthy and disease conditions may help our
understanding of the role of niche cells in HSC dynamics
and provide insight into the disease pathogenesis.

To date, few studies reported similar immunopheno-
types and differentiation capacity of FA-derived BM-
MSCs and donor cells [15, 16]. However, FA BM-MSCs
have been shown to have decreased proliferation and
increased senescence [15, 16], which may disturb its sup-
port of HSC maintenance and may have a role in BMF by
either juxtacrine or paracrine signaling. A recent study
investigating novel therapeutic targets for BMF demon-
strated hyperactive transforming growth factor beta (TGF-
B) signaling in FA HSCs and overexpression of Tgf-A1 in
Fancd2™'~ mice hematopoietic stem and progenitor cells
(HSPCs) [17].

Effects of TGF-f signaling in BM are wide ranged, from
controlling HSC cell fate to remodeling of the BM niche
[18, 19]. Autocrine signaling of TGF-f in HSC is apparent
[20] and very recent in vivo studies in mice have begun to
unveil the role of TGF-f in Fanconi anemia BM [17, 21].
The paracrine influence from BM-MSC:s, as part of the BM
microenvironment, still needs to be elucidated to understand
BMF in Fanconi anemia. Here, we characterized FA patient
derived BM-MSCs at the molecular and cellular level by
addressing their immunophenotypes, proliferation and dif-
ferentiation capacities, as well as expression and secretion
levels of transforming growth factor beta (TGF-p) isoforms
in comparison to healthy donor BM-MSCs.

Materials and Methods
Patients and Controls
Cryopreserved BM- mononuclear cells (BM-MNCs) from

FA patients obtained at Hacettepe University Pediatric
Hematology Bone Marrow Transplantation unit were
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used for isolation of BM-MSCs. Patients (designated as
HUSCS-FA01-12; n=12) were diagnosed based on clini-
cal manifestations (Table 1; see Supplementary Table 1 for
blood counts of patients) and the presence of a positive
DEB test. Healthy BMT donors (designated as HUSCS-
DO01-16; n=16) served as controls. The study complied
with the principles of the Declaration of Helsinki (updated
2008; http://www.wma.net/en/30publications/10policies/
b3/index.html) and was approved by the Local Ethi-
cal Committee (Number 14, 24/08/2009) and Hacettepe
University Non-interventional Clinical Research Ethics
Board (GO 14/403 — 12, 23/07/2014). Informed consent
was obtained from donors and FA patients enrolled in this
study. The mean age range of patients was 10.3 +4.1 years;
of FA family donors was 10.9 +5.2 years; and of unrelated
donors was 12.8 + 8.9 years (Table 2).

Mutational Analysis of the FA Individuals

Mutation screening of the FA genes was initially per-
formed according to the algorithm described earlier
[22]. The screening starts with parallel analysis of large
deletions and complete sequencing of the FANCA gene
by Multiplex Ligation-Dependent Probe Amplification
(MLPA) [23] and Sanger sequencing, respectively. For
cases negative for known mutations in the FANCA gene,
next generation sequencing of the coding regions and
exon—intron boundaries for all known FA genes were per-
formed. The protocol and primers for Sanger sequencing
and probe details for FANCA gene were previously out-
lined [22].

The screening of the known FA genes by next generation
sequencing was performed on a Miseq Illumina sequencer
after enrichment with a custom HaloPlex Target Enrichment
kit (Agilent, USA), as previously reported [24]. The Halo-
plex kit was designed to detect alterations in the FANC-A,
-B, -C, -D2, -E, -F, -G, -1, -L, -M, BRCAI, BRCA2, BRIPI,
ERCC4, PALB2, RADS1, and SLX4 genes. The procedure
and the identified mutations for each FA individual are
depicted in Table 3.

Isolation, Culture and Characterization of BM-MSCs

Details of isolation and culture of BM-MSCs were described
previously [27]. BM-MSCs were cultured in DMF10
medium containing 60% Dulbecco’s modified Eagle’s
medium-low glucose (DMEM-LG; GIBCO, UK) and 40%
MCDB-201 medium (Sigma—Aldrich, USA) supplemented
with 10% heat-inactivated fetal bovine serum (GIBCO), 100
U/mL penicillin and 100 pg/mL streptomycin, and 2 mM
L-glutamine (Biochrom AG, Germany). Cell cultures were
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Table 1 Characteristics of Fanconi anemia patients

Sample ID Anemia DEB Test Cytogenetic/ Clinical Features
peripheral blood dysplasia
HUSCS-FAO1 + + 46, XY Hypospadias, cryptorchidism, deviation to right at
IVS and slight enlargement of left ventricle
HUSCS-FA02* + + 10p Cafe au lait and hyperpigmentation
HUSCS-FA03 + + Out of 19 metaphases, 2 showed hypodiploidy Microphthalmia, hyperpigmentation, left kidney
and 1 showed 8 4+ mar agenesis, hypothyroidism, bilateral hearing loss
HUSCS-FA04 + + Out of 10 metaphases, 7 showed non-clonal Cafe au lait, left kidney agenesis and osteopenia
hypodiploidy and no structural anomalies
HUSCS-FAO05 + + 17 metaphases were structurally normal. 3 meta- Microcephaly, microphthalmia, ptosis, cafe au lait

phases showed non-clonal structural alterations

and hyperpigmentation

indicating chromosomal instability

HUSCS-FA06" + - 46, XY

HUSCS-FA07"  + -

HUSCS-FA08 + + 46, XY

HUSCS-FA09.2™ + + 46, XX

HUSCS-FA09.b™ + + 11q23 deletion at 1 metaphase and hypodiploidy
at 2 metaphases

HUSCS-FA10 - + out of 15 metaphases, 1 had del(1)(qllqter) and 5
had non-clonal hypodiploidy. +

HUSCS-FA1l + + out of 15 metaphases, 6 had der(4)t(1;4)

(q11;p16); indication of partial trisomy 1q

17 metaphases were both structurally and quanti-
tatively normal. 2 metaphases showed add(7)(q)

Extremity anomalies, right ectopic kidney, right
hydroureteronephrosis, right extra renal pelvis
and patent ductus arteriosus

Microcephaly, microphthalmia, cafe au lait, hyper-
pigmentation, left ectopic kidney and growth
retardation

Extremity anomalies, unilateral kidney agenesis,
atrial septal defect, ventricular septal defect,
hypothyroidism and cryptorchidism

Microcephaly, hyperpigmentation, left kidney
agenesis, growth retardation and hyperglycemia

Hydrocephaly, microphthalmia, ptosis, hyper/
hypopigmentation, cafe au lait, cortical cyst and
osteoporosis

Growth retardation, microcephaly, Cafe au lait and
hyperpigmentation

Microcephaly, microphthalmia, hyperpigmentation
and mitral valve prolapse

DEB Test, Diepoxybutane Test; F, Female; M, Male; +, present; -, absent;

“DEB Test results of FA-06 and FA-07 do not support International Fanconi Anemia Registry (IFAR) criteria (The Rockefeller University,

2013);

*DEB test was positive for the sister of HUSCS-FA02 diagnosed as leukemia.

“"HUSCS-FA09.a and HUSCS-FA09.b are siblings

passaged at least three times prior to further experiments,
unless otherwise indicated.

Immunophenotyping BM-MSCs

Immunophenotyping of donors and patients was per-
formed by flow cytometry using antibodies against mes-
enchymal and hematopoietic cell surface proteins, as
described [27]. Directly labelled cell surface antibodies
against CD29, CD44, CD73, HLA-ABC, CD90, CD105,
CD106, CD140b, CD144, CD146, CD166, CD200, CD271
were used to detect cells from mesenchymal stromal cell
origin. Endothelial cell marker CD31 and hematopoietic
cell markers CD45, CD14, HLA-DR, CD34 were used to
exclude cells of hematopoietic origin. A general stem cell

marker, CD133 was also used for immunophenotyping.
Details of antibodies used are given in Supplementary
Table 2.

Assessment of Differentiation Capacity of BM-MSCs
BM-MSCs were cultured in adipogenic and osteogenic
induction media to assess their differentiation capacity.
Details of adipogenic and osteogenic differentiation proto-
cols were described previously [27].

Population Doubling Analysis of BM-MSCs

The proliferative capacity of passage 3-7 (P3-7) of
BM-MSCs derived from patients (n=35) and donors
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Table 2 Overview of donors and Fanconi anemia patients

Donor ID Gender/ FA Patient ID Gender/
Age (Years)y Age (Years)y
HUSCS-DO1*  F/14 HUSCS-FAO1 M/9
HUSCS-D02° M/6 HUSCS-FA02 F/6
HUSCS-D03"  F/2 HUSCS-FA03 F/12
HUSCS-D04* M/ 10 HUSCS-FA04 M/ 14
HUSCS-D05*  F/15 HUSCS-FAO05 M/ 14
HUSCS-D06" M/ 13 HUSCS-FA06 M/9
HUSCS-D07" M/ 16 HUSCS-FA07 F/5
HUSCS-D08 M/2 HUSCS-FA08 M/5
HUSCS-D09 M/ 10 HUSCS-FA09.a F/13
HUSCS-D10 F/18 HUSCS-FA09b M/6
HUSCS-D11 M/19 HUSCS-FA10 M/ 17
HUSCS-D12 F/3 HUSCS-FA11 F/ 13
HUSCS-D13 F/25
HUSCS-D14 F/24
HUSCS-D15 M/7
HUSCS-D16 M/7

“Indicates FA patient donors; y, Age of Donors and FA patients at
the day of bone marrow transplantation

(n=4) were compared. Cells were counted at every pas-
sage using Trypan blue and population doublings (PD)
were calculated. PD was determined by the follow-
ing formula LoglO (fold expansion) + Log10(2) where
fold expansion = cell harvested + cell seeded. 16667 cells
per well of six well plates were seeded and five technical
replicates were performed for each independent sample.
Finally, cumulative (c) PD was calculated [28].

Assessing Senescence Associated
Beta-Galactosidase (SA-B-gal) Activity in BM-MSCs

Cellular senescence of P3 and P6 BM-MSCs from patients
(n=3) and donors (n=2) was compared using the SA--gal
Staining Kit (Cell Signaling Technology, USA) according to
the manufacturer’s instructions. Images were obtained using
an inverted microscope (Olympus CKX41; Olympus, Japan).
Quantification of senescent cells was performed by count-
ing the number positively stained and unstained cells using
100X magnified images (i.e. two technical replicates per
sample) by Cell Counter plugin in ImageJ software (NIH,
USA). Then, the percentage of positive cells was calculated
by the following formula; = (positive cell count X 100) +
total cell count, where total cell count = positive cell count
+ unstained cell count.

Determining Reactive Oxygen Species (ROS) Level
in BM-MSCs

CM-H2DCFDA probe (Invitrogen, USA) was used as an
indicator of ROS in BM-MSCs obtained from FA patients
(n=4) and donors (n=3). Briefly, cells were trypsinized and
5000 cells/well were incubated in 100 uL. PBS containing
10 uM CM-H2DCFDA in a 5% CO, incubator at 37 °C for
30 min. BM-MSCs in PBS were used as a negative control.
Following incubation, cells were washed in PBS, supernatant
was discarded and cell pellets were resuspended in 100 pL/
well PBS. Fluorescence was measured at an excitation of
485 nm and emission of 520 nm using FLUOstar Omega
microplate reader (BMG Labtech, Germany). Fluorescence
of PBS with or without CM-H2DCFDA was measured and

Table 3 Results from
mutational screening of the

Mutation

Fanconi anemia patients for Patient ID Comp. Group

known FA genes HUSCS-FAO1 FA-A
HUSCS-FA02 FA-A
HUSCS-FA03 FA-A
HUSCS-FA04 FA-A
HUSCS-FA05 FA-A
HUSCS-FA06 FA-A
HUSCS-FA07 FA-A
HUSCS-FA08 FA-G
HUSCS-FA09.a"” FA-D2
HUSCS-FA09.b™ FA-D2

HUSCS-FA10 ?

cDNA Level ™ Expected Consequence Reference

del exon 3-5% Truncation Novel
c427-3C>G Aberrant Splicing Novel
c.3586G>T p.Glul196X Novel
del exon 1-2 Truncation Novel
c.1229G>A p.Trp410X Novel
c.2851C>T p.Arg951Trp [25]
c.2738A>C p.His913Pro [25]
¢.1182_1192delinsC p.(Glu395Trpfs*5) [26]
c.17664+40T>G Aberrant Splicing Novel
c.17664+40T>G Aberrant Splicing Novel
No mutation in known FA genes NA NA

“"HUFA09.a and HUFA09.b are siblings;

“**Nomenclature of the variants is based on the cDNA sequence using the following transcripts: FANCA,
NM_000135.2, FANCG, NM_004629.1, FANCD2, NM_033084.3;

#Deletion detected by MLPA, break points not known; NA, information Not Available. Mutation knowl-
edge of HUSCS-FAO04 is based on the patient’s file records
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used to normalize the data. Five technical replicates per sam-
ple were used and the mean of these replicates was used to
calculate the normalized fluorescence intensity (FI) using
the substraction of normalized FI of medium without cells
from normalized FI of cells in the medium in where normal-
ized FI of cells is equal to FI of stained cells minus FI of
cells in PBS and normalized FI of no cell control is equal to
FI of PBS containing 10uM probe minus FI of PBS.

DEB Treatment of BM-MSCs

Hallmark of FA cells is the hypersensitivity to DNA inter-
strand crosslinking (ICL) agents such as diepoxybutane
(DEB) leading to late S-G2 checkpoint arrest, DNA dam-
age and genomic instability through high levels of chro-
mosome breaks [29, 30]. Therefore BM-MSCs were also
characterized following DEB treatment. The protocol was
adapted from Auerbach (2015) [31]. FA patients (n=06)
and donor cells (n=3) were treated with 0.1 pg/mL DEB
(Sigma Aldrich) for 4 days. Flow cytometric analysis was
performed for each FA or donor BM-MSC using propidium
iodide (PI) staining and measured using a FACSAria (BD
Biosciences, USA). BM-MSCs in each cell cycle phase (i.e.
dip G1, dip S-phase and dip G2) were analyzed (analysis
type: manual, auto-linearity: no ploidy, mode: first cycle is
diploid, all cycle events: > 3800, RCS: < 5) using ModFit
LT 5.0 software (Verity Software House, Inc., USA) and
mean of replicates was calculated.

Gene Expression of FA and Donor BM-MSCs

RNA isolation, cDNA synthesis and qPCR experiments
were performed, as described previously [27]. Briefly,
TGF-p1 gene expression of FA (n=7) and donor (n=10)
cells was normalized against the endogenous house keeping
gene, ACTB. Following DEB treatment, TGF-f31 expression
levels of BM-MSCs derived from patients and donors were
also determined. Adipogenic (Lipoprotein lipase; LPL) and
osteogenic (tissue-nonspecific isozyme of Alkaline phos-
phatase; ALPL) differentiation marker expression levels were
determined for differentiation assays.

Active TGF-B1/2/3 Secretion by FA and Donor
BM-MSCs

Active TGF-p1, TGF-p2 and TGF-p3 levels were measured
in medium supernatants obtained from 70 to 80% P3 cul-
tures of FA (n=9) and donor (n=38) cells using the Bio-Plex
Pro™ TGF-f 3-plex Assay kit (Bio-Rad, USA), following
the manufacturer’s protocol. Briefly, samples were acti-
vated by adding 1N hydrochloric acid, followed by incuba-
tion for 10 min at room temperature. Each sample was then

neutralized by adding base solution containing 0.5M HEPES
and 1.2N sodium hydroxide, followed by 1:16 dilution using
untreated DMF10 medium. For each sample, two techni-
cal repeats were studied. Activated DMF10 medium was
included as a negative control. FI was determined with the
Bioplex MAGPIX multiplex reader (Bio-Rad).

Effect of Recombinant Human TGF-B1 Protein
Induction on the Proliferative Capacity of BM-MSCs

Impedance-based real-time cell proliferation of BM-MSCs
obtained from FA-A patients (n=2), FA-D2 patients (n=2)
and donors (n=2) were determined using the xCELLigence
system and analyzed using RTCA software 1.2.1 (Roche
Applied Sciences, Germany; ACEA Biosciences, USA). A
total of 5000 cells was seeded in each well of a 96-well
E-Plate (ACEA Biosciences) and left in a 5% CO, incuba-
tor at 37 °C for 30 min to allow BM-MSCs to settle down.
Then, the plate was placed onto the device located in a 5%
CO, incubator at 37 °C and impedance value of each well,
also known as a cell index value, was monitored every
15 min in a day. BM-MSCs were then treated with 0.1 or
5 ng/mL recombinant human TGF-p1 protein (rTGF-p1;
BioLegend, USA). Cells in DMF10 media were used as
controls. Media were replaced about every 48 h and the
cell index was monitored every 15 min. For each sample,
the mean of four technical replicates per condition was
assessed. The cell index was normalized to the time point
(26:41:34 h) measured just before the rTGF-f1 induc-
tion. Doubling time of cells during exponential phase was
analyzed following the initial addition of the recombinant
protein.

Statistical Analysis

Data obtained from immunophenotyping and cell cycle anal-
ysis using flow cytometry were presented as bar graph show-
ing means with standard deviations (SD) constructed using
GraphPad Prism 7 (GraphPad Software, Inc., USA). Line
graphs showing cPD as well as dot plots displaying ROS
production or senescence were constructed using GraphPad
Prism 7.

ACt method was used in relative quantitative PCR analy-
sis by applying a log transformation to decrease variance
heterogeneity across biological samples within groups [32,
33]. When no Ct value was obtained, the ACt value was
accepted as 25. Fold changes were determined by applying
a log transformation to 2722 [34]. Dot plots showing mean
were constructed using GraphPad Prism 7.

Concentration vs. FI graph of known TGF-p1/2/3
standards (n=38) was calculated using logistic-5PL
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regression analyses. The FI of each sample was interpo-
lated into slopes to find the corresponding concentration
and normalized using a negative control to find the actual
concentration of TGF-B1/2/3, secreted by the cells. Dot
plots showing mean were constructed using GraphPad
Prism 7.

Normalized cell index vs. time graph showing BM-MSC
proliferation was produced by RTCA software 1.2.1 and
bar graphs showing mean doubling time with SD were con-
structed using GraphPad Prism 7.

Statistical analyses were performed using IBM SPSS Sta-
tistics software (Version 24, IBM Corp., USA). To assess
differences in cell surface marker expression, LPL or ALPL
or TGF-f1 expression, fold change in cell cycle phases, ROS
production, TGF-f1/2/3 secretion levels and doubling time,
the Mann—Whitney U (MWU) test was used. Statistical sig-
nificance threshold for pairwise analyses was considered as
exact P <0.05.

Results
Molecular Classification of the FA Individuals

Of 10 independent FA individuals, from whom genomic
DNA was available in the Hacettepe University DNA
biobank, mutational screening was performed by MLPA,
Sanger and next generation sequencing. Mutations were
detected in FANCA (7 of 10), FANCG (1 of 10), and
FANCD?2 (1 of 10), while no detectable pathogenic vari-
ants were found in one individual (Table 3). Among the
pathogenic variants, three (FANCA ¢.2851C>T, FANCA,
c.2738A > C, FANCG c.1182_1192delinsC) have been
described earlier and six (FANCA del exon 3-5, FANCA
c.427-3C > G, FANCA ¢.3586G > T, FANCA del exon
1-2, FANCA ¢.1229G > A, FANCD2 ¢.1766 + 40T > G)
were novel. Proper segregation for patients with novel
mutations was confirmed for the cases (HUSCS-FAOI
and HUSCS-FAQ09.a) from which DNA from the parents
was available.

Two splice site variants were further analyzed. A
patient (HUSCS-FAO02) had a predicted aberrant splic-
ing mutation in intron 4 (Supplementary Fig. la). The
splice site mutation was confirmed by amplification of
the patient’s cDNA, which gave some residual full-length
splice product (480 bp) and a 100 bp shorter amplicon
(Supplementary Fig. 1b). gDNA from another patient
(HUSCS-FA09.a) had a de novo nucleotide substitution
in intron 19 of FANCD?2 gene identified by next genera-
tion sequencing (Supplementary Fig. 1c) and validated
using cDNA by Sanger sequencing (Table 3; Supple-
mentary Fig. 1d). This mutation was predicted to create
a unique second splice site, which would extend exon 19

@ Springer

by adding 39 bp and this extension contained an in-frame
stop codon (TGA).

Characterization of BM-MSCs

All BM-MSCs were positive for most mesenchymal mark-
ers (CD29, CD44, CD73, CD90, CD105, CD140b, CD146,
CD166, HLA-ABC), whereas they had low or no expres-
sion of others (CD106'°"'~, CD200"°%, CD2717). Addition-
ally, all BM-MSCs were negative for endothelial markers
CD31 and CD144, hematopoietic markers CD34, CD14,
CD45, and HLA-DR as well as the general stem cell marker
CD133 (Fig. la; see Supplementary Fig. 2 for raw plots).
Cell surface marker expression was similar between BM-
MSC:s of FA patients and healthy donors (P> 0.05; Fig. 1a).
However, CD29 levels of FA BM-MSCs were significantly
higher compared with donor cells (P <0.05; Fig. 1a). There
were no differences in adipogenic and osteogenic potency
between FA and donor BM-MSCs (Supplementary Fig. 3).
Expression of adipogenic gene LPL (P> 0.05; Fig. 1b)
and osteogenic gene ALPL (P> 0.05; Fig. 1c) was similar
between two groups. Proliferative potency of FA patient and
donor BM-MSCs was determined from cell passage P3 to
P7 by calculating cumulative population doublings (cPD) at
each passage. The cPD of donor (10.93 +2.73) and FANCA-
deficient patient (10.30 +£0.16) BM-MSCs was similar from
P3 to P7 (Fig. 1d). Proliferation of FANCG-deficient patient
cells was arrested at P6 but cPD of the patient (= 8.86) was
similar to donors from P3 to P6. Patients with a FANCD2
mutation had a lower proliferative capacity compared to
other samples. BM-MSCs from one of the FANCD2-defi-
cient patients ceased to grow at P4 (cPD =1.33) and from
another patient cPD was 7.90 at P7 (Fig. 1d). Senescence
of FA patients and donor BM-MSCs was detected at P3
and P6 by positive p-gal staining (Fig. le). At early pas-
sage (P3), both patients with unknown and FANCA muta-
tions had lower SA-f-gal activity compared to donors.
P6 BM-MSCs from patients with unknown and FANCA
mutations and donors had higher SA-B-gal activity and
displayed larger cell morphology compared to their P3 cul-
tures. At P3, FANCD2-deficient patient had a slightly higher
SA-B-gal activity compared to other groups and displayed
enlarged cell morphology as well (Fig. 1e). The ROS level
of BM-MSCs from FA patients and donors was compared
using a general oxidative stress indicator (Fig. 1f). Patients
cells had relatively higher ROS production compared to
donor cells (P> 0.05; Fig. 1f). Mean FI intensity of CM-
H2DCFDA was 150,513 (+34,648) in FA-A patients and
135,111 (£ 12,665) in FA-D2 patients, compared to 112,002
(£ 15,981) in donors.

Prior to DEB treatment, the majority of BM-MSCs
were in the dip G1 phase of the cell cycle (Supplemen-
tary Fig. 4). The fold change in donor cell numbers before
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Fig. 1 Characterization of FA and donor BM-MSCs. (a) Immu-
nophenotypes of patient and donor cells. (b) Fold change of adipose-
specific gene, LPL in cultures containing differentiated adipocytes
of donor (n=16) and patients (n=12) compared to undifferentiated
cells. (c) Fold change of bone-specific gene, ALPL, in cultures con-
taining differentiated osteocytes of donor (n=15) and FA patients
(n=11) compared to undifferentiated cells. (d) Proliferative potency

and after DEB treatment for each cell cycle phase was
negligible (Fig. 2 and Supplementary Table 3). However,
cell cycle behavior of FA-derived BM-MSCs differed
after treatment (Supplementary Fig. 4 and Supplementary
Table 3). Following DEB treatment, there was a signifi-
cant decrease in patient cell numbers (fc=-29.83 +11.67)
compared to donors (fc = -5.13+5.69) in dip G1 phase
(P <0.05; Fig. 2). However, there was a significant
increase (P <0.05) in FA BM-MSCs (fc =36.18 +13.40)
within the dip G2 phase compared to donor cells
(fc=0.29 +0.24; Fig. 2). These results suggest abnormal
cell cycle regulation of patient BM-MSCs following DEB
treatment. One of the FA-A patients (HUSCS-FA06) was
excluded from the analysis due to low number (< 5000) of
modeled events.

Qb

of FA cells (n=5) was determined between P3 to P7 and compared
with donors (n=4) by calculating cumulative population doubling
(cPD) at each passage. (e) Senescence of FA patient BM-MSCs
(n=3) was evaluated at P3 and P6 by SA-B-gal activity and compared
with donor BM-MSCs (n=2). Patients with unknown FA mutations
were depicted as FA-X. (f) ROS production of BM-MSCs from FA
patients (n=4) and donors (n=3) was assessed

TGF-B Expression and Secretion Level of FA
and Donor BM-MSCs

TGF-p1 gene expression level of both P3 donor
(n=10; 11.2+6.1 years of age, Table 2) and FA (n=7;
12.0 + 3.6 years of age, Table 2) patient BM-MSCs was
similar (P> 0.05; Fig. 3a). DEB treatment had no effect
on the expression of donor (n=3; 9.3+ 8.7 years of age,
Table 2) and FA (n=06; 8.8 +3.9 years of age, Table 2)
BM-MSCs (Fig. 3b). However, one donor (HUSCS-D11)
and one FANCA-deficient (HUSCS-FA04) BM-MSC had
a notable decrease in TGF-f1 expression following DEB
treatment (Fig. 3b). TGF-P1 secretion levels of BM-MSCs
varied widely among the individuals, both in donors and
patients (Supplementary Table 4). Overall TGF-pf2 and
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Fig.2 The effect of DEB treatment on cell cycle of FA and
donor BM-MSCs. Following DEB treatment, there was a signifi-
cant decrease in FA cells within dip G1 phase compared to donors
(P<0.05). Within dip G2 phase, there was a significant increase in
FA BM-MSCs compared to donors (P <0.05). The results are pre-
sented as fold change in the percentage of positive cells in each cell
cycle phase (% of DEB treated BM-MSCs - % of control BM-MSCs).
*_ depicts statistically significant difference (P <0.05)

TGEF-p3 secretion was low compared to TGF-f1 levels (Sup-
plementary Table 4). TGF-p1, TGF-p2, TGF-p3 secretion
by FA BM-MSCs (808.32 +953.30, 99.58 +123.20 and
20.28 +31.22 pg/mL, respectively) was similar (P> 0.05)
to donor cells (763.05 +824.47, 112.70+97.42 and
17.44 +23.48 pg/mL, respectively). In the supernatants
of the BM-MSCs of FANCD2-deficient patients, however,
TGF-p1/2/3 levels were not detected (Fig. 3c).

Effect of rTGF-B1 Induction on the Proliferative
Potential of FA and Donor BM-MSCs

An impedance-based real-time assay was used to assess the pro-
liferative potential of BM-MSCs from FA patients and donors.
Following the initial addition of rTGF-B1, the cell index of all
samples increased depending on the concentration of recom-
binant protein (Fig. 4a-b). At later time points, proliferation of
BM-MSCs treated with 5 ng/ml rTGF-p1decreased (Fig. 4a).
Doubling time of BM-MSCs was also calculated following
the initial induction (Fig. 4a-b). Doubling time of patient and
donor BM-MSCs grown in DMF10 or medium supplemented
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Fig.3 TGF- levels of FA and donor BM-MSCs. (a) and (b) show
TGF-p1 expression level normalized to ACTB. ACt = -25 indicates
lack of expression. (a) FA patients (n=7) had similar TGF-p1 gene
expression (P>0.05) compared to donors (n=10). (b) Following
DEB treatment, the expression TGF-fI in BM-MSCs was slightly
downregulated. (¢) TGF-f secretion levels that were normalized to
growth medium. TGF-B1 secretion levels of BM-MSCs varied a lot
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between the individuals both in donors (n=8) and patients (n=9).
Some BM-MSCs had high, some had medium and some had low
TGF-p1 secretion. TGF-f2 and TGF-B3 were very low in all samples.
However, TGF-1/p2/p3 production by donor BM-MSCs was similar
to patients (P>0.05). FANCD2-deficient BM-MSCs did not secrete
TGEF-p isoforms at all
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Fig.4 Effect of rTGF-B1 induction on the proliferation of FA-A
(n=2), FA-D2 (n=2) and donor (n=2) BM-MSCs was determined.
(a) Line graph showing change in normalized cell index over time.

with 0.1 or 5 ng/mL rTGF-p1 was similar (P> 0.05). However,
the doubling time of FA-D2 BM-MSCs cultured in DMF10
medium (62.28 +0.04 h) was slightly higher than cells derived
from FA-A patients (50.87+0.47 h) but similar to donors
(62.27+2.18 h; Fig. 4b). Additionally, fold change in doubling
time of FANCD2-deficient BM-MSCs induced with either 0.1
or 5 ng/mL recombinant protein (0.82+0.11 and 0.69+0.17,
respectively) was similar with FANCA-deficient BM-MSCs
(0.83+0.02 and 0.66 +0.06, respectively) or donor BM-MSCs
(0.88 £0.00 and 0.57 +0.03, respectively; Table 4).

Discussion

The role of the niche on HSC behavior and regulation has
begun to be elucidated decades ago, but still few is known
about the identity and behavior of the niche component

[ 5 ng/mL rTGF-B1

(b) Doubling times of FA-A (n=2), FA-D2 (n=2) and donor (n=2)
BM-MSCs in basal medium (DMF10) and in 0.1 ng/ml and 5 ng/ml
r'TGF-B1 containing medium

stromal progenitors. These cells are critical, not only
because of their supportive role for HSCs, but also because
they can signal to HSCs or epithelial cells in other tissues
and contribute to changes in cellular identity. Defining
mesenchymal progenitors in the bone marrow niche in
genome unstable disease states may help to understand
not only their tissue support, but also the early signals in
leukemia or cancer development. In this study, we charac-
terized the BM-MSCs from FA individuals and donors to
determine the effect of FA on these important BM-niche
components. FA is a rare genetic disorder that occurs 1 in
160,000 people worldwide [35]. First, molecular classifi-
cation of nine cases out of ten independent subjects was
conducted by identifying pathogenic variants. Molecular
classification of two cases could not be performed due to
lack of coverage or the involvement of currently unknown
FA gene. The classified individuals were affected by
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Table 4 Fold change in
doubling time of BM-MSCs

Fold Change in Doubling Time by rTGF-p1**

derived from FA-A, FA-D2 and

MSC Basal Medium*

0.1 ng/mL rTGF-p1 5 ng/mL rTGF-f1

donors was determined after

initial addition of rTGF-B1 Donor BM-MSC 1.00+0.00 0.88+0.00 0.57+0.03
protein between 37:46:27 and FA-A BM-MSC 1.00+0.00 0.83+0.02 0.66+0.06
68:17:04 h FA-D2 BM-MSC 1.00+0.00 0.82+0.11 0.69+0.17

*Depicts DMF10 medium;

**Fold change was calculated by dividing doubling time of rTGF-f1 treated BM-MSC to the population
doubling of corresponding BM-MSC in basal medium

homozygous mutations in FANCA, FANCG and FANCD2,
and of six were novel mutations (five in FANCA and one
in FANCD?2). Two patients, whose DEB-tests were nega-
tive, were found to belong to the FA-A complementation
group, and results may be attributed to mosaicism. The
two patients carrying FANCD?2 mutations displayed typical
FA phenotypes, including microcephaly, hyper/hypopig-
mentation, growth retardation and microphthalmia. The
FA-D2 complementation group has been demonstrated to
possess a relatively severe phenotypic outcome in both
humans [36, 37] and their corresponding animal mod-
els [38, 39]. Kalb and colleagues (2007) reported that
patients with mutations in FANCD2 have early onset and
more rapid progression of hematological manifestations,
and usually multiple congenital anomalies [36]. Addition-
ally, the identified FANCD?2 mutations in humans are only
hypomorphic, which suggests biallelic null mutations are
lethal [36], thus confirming FANCD2-defiency as severe.

In the present study, BM-MSCs derived from FA patients
and donors were thoroughly characterized. A broad range of
markers was used for immunophenotyping the BM-MSCs.
Cells of both groups displayed similar immunophenotypes,
as previously shown [15, 16]. However, CD29 (p1-integrin)
level of FA patients was significantly higher than donor
cells. CD29 has been shown to be important for MSC migra-
tion [40] suggesting that FA patient cells may have impaired
migration. The CD200 (OX-2) levels were slightly lower
in FA MSCs compared to donors. Several tissues are posi-
tive for CD200 and only cells from myeloid-lineage express
its receptor (CD200R). Percentage of CD200 positive cells
can vary from high to low in BM-MSC population and the
CD200-CD200R interaction causes down regulation of
immune cells [41]. Our study demonstrated that CD200-pos-
itive BM-MSCs were present at low levels in both donor and
FA patient MSCs with insignificant difference (P =0.064).
The CD271 levels were also expressed at low levels, which
was in line with the previously observed downregulation of
CD271 upon MSC culture [42, 43].

It has been suggested that osteoblast dysfunction can sup-
port myelodysplastic syndromes and acute myeloid leuke-
mia [44]. A recent report provides evidence that numerical
impairment of osteoblastic niche resides after bone marrow
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transplantation [12]. Therefore, we investigated whether
there was an abnormality in differentiation of FA BM-MSC
to osteoblasts. The BM-MSCs from different individuals
varied widely in differentiation capacity and in general had
a higher adipogenic differentiation than osteogenic differ-
entiation potential, but donor and FA patient differentia-
tion capacity did not significantly differ from each other.
An inverse relationship between osteogenic and adipogenic
differentiation is known and some steady state signaling
pathways preferentially poise MSCs to be more potent for
adipogenic lineage or osteogenic differentiation [45]. Even
though the present differentiation data are in line with a
previous study by Mantelli et al. (2015) [16], it contradicts
another study showing defective osteoblast differentiation of
human FA MSCs [46].

After DEB treatment, we found that the number of FA
patient BM-MSCs in dip G2 phase increased, while it
decreased in dip G1 phase compared to donors, confirming
previously published data [16]. BM-MSCs are shown to be
prone to spontaneous chromosomal breaks at steady state
conditions, while DEB treatment does not upregulate the
number of these breaks [16]. The disability of FA-derived
BM-MSC:s to proliferate and to repair spontaneous chromo-
somal breaks might trigger long-term BMF.

BM-MSCs derived from FANCA- or FANCG-deficient
patients showed similar ex vivo proliferative capacity as
donor cells from P3 to P7. In concordance with our results,
Mantelli et al. (2015) report that BM-MSCs from FANCA
patients and donors have similar cPD at early passages (from
P1 to PS) [16]. However, in the present study FANCD2-
deficient cell displayed slightly lower proliferative capacity
compared to normal cells as assessed in terms of population
doubling. Similarly, Yamamoto et al. (2005) reported that
FANCD?2-deficient cells have a slower growth rate, com-
pared to wild types [47]. Compared with donors, BM-MSCs
derived from a patient with a FANCA mutation had similar
[B-gal positivity at P6, while cell displaying FANCD2 muta-
tion had higher activity at P3 indicating premature aging of
these cells. Furthermore, we showed that FANCA-deficient
and donor BM-MSCs could be expanded until P8-P10 and
P7-P11, respectively (data not shown) while FANCG- (P6)
or FANCD?2- (P4-P7) deficient cells underwent growth arrest
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earlier. Mantelli et al. (2015) reported that donor (P13-P21)
and FANCA-deficient (P4-P17) BM-MSCs have higher
in-vitro expansion capacities than cells used in this study,
although they also found that FA cells undergo replicative
senescence earlier than donors [16].

TGF-p is known to inhibit HSC proliferation as
reviewed by Blank et al. (2008) [1]. Recently, hyper-
active TGF-f signaling in FA patient HSCs has been
suggested to cause BMF [17]. Though TGF-§ is impor-
tant for tumor suppression it can also promote tumor
growth by remodeling the niche [4]. Mice knockout
experiments showed the need for TGF-p for develop-
ment of myelofibrosis [48]. TGF-p also provides sig-
nal for HSC dormancy in the BM niche [18]. However,
mitotic progression in murine BM-MSCs is promoted
by TGF-p signaling [49]. Here, we assessed TGF-f pro-
duction by FA BM-MSCs at mRNA and protein level.
TGF-p1 expression of both donor and FA patient BM-
MSCs was similar. Additionally, active TGF-f1, TGF-p2
and TGF-p3 secretion by FA BM-MSCs was similar to
donors, while FANCD?2-deficient patients did not secrete
TGF-Bs at all. Secretion of active TGF-fs is known to
autoregulate TGF-f signaling. Together with Letterio
et al. (1996) showing enhanced myelopoiesis and auto-
immunity in TGF-f1 null mice [50], our data suggests
that FANCD2-deficient patients might be more prone
to BMF and myelodysplasia. On the other hand, TGF-§
changes the suppressive behavior of BM-MSCs to an
immune activating state [51]. Increased TGF-p secre-
tion by FA HSCs may create an autoimmune-like bone
marrow and lead BM-MSCs to respond by downregulat-
ing TGF-B. Accordingly, Rizzo et al. (1999) indicate that
bone marrow stroma from aplastic anemia patients has
significantly lower TGF-f1 production compared with
donors and the reduction is correlated with the sever-
ity of the disease [52]. Similar doubling time of FA-D2
BM-MSCs compared to donor BM-MSCs, indicated that
decreased proliferative capacity of FANCD?2-deficient
BM-MSCs was not due to lack of TGF-B1 production.
Additionally, when FA-D2, FA-A and donor BM-MSCs
were treated with rTGF-p1, there was no major differ-
ence in cell proliferation between patients and donors or
FA-A and FA-D2. However, BM-MSC proliferation was
temporarily decreased in response to treatment with a
high dose of rTGF-B1. In agreement with the results of
a study showing an increased senescence in mouse BM-
MSCs with TGF-f induction [53], our results suggest
that premature (i.e. stress related) senescence in FA BM-
MSCs may be due to paracrine effects. Further investiga-
tion of BM-MSC:s for epigenetic changes by TGF-3 may
enlighten this conclusion. The same study demonstrated
that TGF-f increased mitochondrial ROS production
[53]. We showed that ROS production was slightly higher

in FA BM-MSCs compared to donors, in concordance
with previously published data [54]. Therefore, downreg-
ulation of TGF-p in FA-D2 BM-MSCs may be a protec-
tive response to damaging effects of ROS. A study show-
ing reduction of TGF-f signaling by oxidative exposure
[55] and another recent study establishing the protective
role of FANCD2 from ferroptosis [56] strengthens this
conclusion. In light of the TGF-p requirement for the
development of myelofibrosis [48], it can be speculated
that down-regulation of TGF-f in BM-MSCs may even
delay myelofibrosis of FA-D2 bone marrow.

In conclusion, here we report six novel mutations, five
in FANCA and one in FANCD?2. TGF-f secretion does not
significantly change between donor BM-MSCs and FA
BM-MSCs, apart from FANCD2-deficient cells. Absence
of TGF-p secretion may be a cause of early onset of senes-
cence, but not growth inhibition of FANCD2-deficient
BM-MSCs. It can also be a consequence of protective
response to either FA HSCs secreting TGF-f or prob-
able increased ROS production in FA BM-MSCs. Further
studies involving FA complementation groups with severe
phenotype are needed to substantiate these hypotheses.
Given the critical and complex role of BM-MSC in HSC
fate, these data complement previous mouse and patient
studies and may be of value to understand bone marrow
dysfunction in Fanconi anemia in humans.
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