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ABSTRACT

Cagnan, |., HOX and TALE Transcription Factors in Fanconi Anemia Bone-
Marrow Mesenchymal Stem Cells: Gene Expression and Protein Interactions,
Hacettepe University Institute of Health Sciences Program of Stem Cell Doctor
of Philosophy Thesis, Ankara, 2018. HOX/TALE proteins maintain tissue identity
and their altered expression is seen in many cancers. The main aim of this thesis is to
evaluate whether HOX/TALE gene expression changes due to genomic instability.
To answer this question, Fanconi anemia (FA) bone marrow mesenchymal
stem/stromal cells (BM-MSCs) were investigated. FA is an inherited bone marrow
(BM) failure disease, which shows cancer predisposition due to genomic instability.
FA BM-MSCs were characterized at molecular and cellular level compared to
donors. The gene expression profile was evaluated by RT-gPCR. Differentially
expressed gene was further analyzed to define its function related to BM-MSCs
biology, as well as, to assess its interactions with the members of FA/BRCA pathway
using co-immunoprecipitation (Co-1P). PKNOX2 expression significantly decreased
in FA cells compared to donors, and its expression was stimulated by rTGF-B1
treatment. When BM-MSCs, transfected with PKNOX2 expression plasmid
(PKNOX2:MSC) were characterized, decrease in CD105 level and lateral motility
were observed. Co-culture assays of cryopreserved CD34*HSCs on PKNOX2:MSCs
displayed increase in CD34"CD38" percentage and clonogenic capacity. Proteome
analysis following Co-IP revealed that a total of 219 proteins directly interacted with
PKNOX2, but FA/BRCA pathway members were not among these proteins.
However, interactors of PKNOX2 interactome may regulate double-strand break
repair via NHEJ, HSC differentiation and G2/M transition. In conclusion, decrease in
PKNOX2 expression of FA BM-MSCs may cause cell cycle arrest, increase in
NHEJ-related gene expression and trigger the formation of genomic unstable

microenvironment that can promote hematopoietic defects seen in patients.

Key Words: FA, BM-MSC, TGF-B, FANCD2, PKNOX2 expression

This study was funded by two TUBITAK 1001 projects (#110S021 and #214Z033).
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OZET

Cagnan I., Fankoni Anemisi Kemik iligi Mezankimal Kok Hiicrelerinde HOX
ve TALE Transkripsiyon Faktorleri: Gen ifadeleri ve Protein Etkilesimleri,
Hacettepe Universitesi Saghk Bilimleri Enstitiisii Kok Hiicre Programi Doktora
Tezi, Ankara, 2018. HOX/TALE proteinleri doku kimliginin korunmasinda rol
oynamaktadir ve bir ¢ok kanserde ifadelerinin degistigi gézlemlenmistir. Bu tezin
esas amaci, genomik kararsizlikta HOX/TALE gen ifadelerinin degisip
degismediginin arastirilmasidir. Bu sorunun cevaplanmasi i¢in Fankoni anemisi (FA)
kemik iligi mezankimal kok/stromal hiicreleri (Ki-MKH) incelemeye alindi. Kalitsal
bir kemik iligi yetmezligi olan FA hastaligi, genomik kararsizliga bagli olarak
yiiksek kanser riski tasimaktadir. Oncelikle, FA ve dondr Ki-MKH’leri molekiiler ve
hiicresel diizeyde karakterize edildi. Gen ifadeleri RT-gPCR ile 6lgiildi. Farkli ifade
olan genin kodladig: proteinin Ki-MKH biyolojisi {izerine etkisi ve FA/BRCA yolagi
proteinleri ile etkilesiminin olup olmadigi ko-immiinopresipitasyon (Ko-IP)
yontemiyle degerlendirildi. FA hiicrelerinin PKNOX2 ifadesinin dondrlere oranla
anlamli diizeyde diistiigii ve rTGF-B1 indiikksiyonunun PKNOX2 ifadesinde arttisa
yol agtigi saptandi. PKNOX2 ekspresyon plazmidi aktarilan BM-MKH’ler
karakterize edildiginde, CD105 seviyesinin ve lateral motilitesinin distiigii gozlendi.
Ko-kiiltir deneyleri, PKNOX2:MKH ile birlikte kiiltire edilen donmus
CD34"HKH’lerin CD34"CD38" yiizdesinde ve Kklonojenitisinde artis oldugunu
gosterdi. Ko-IP sonrasi proteom analizleri, PKNOX2’nin 219 protein ile direk
etkilestigini ve bunlar arasinda FA/BRCA yolagi iiyelerinin olmadigini gosterdi.
Ancak, PKNOX2 interaktomu ile etkilesen proteinlerin NHEJ aracili DNA ¢ift zincir
kiriklarmin tamirinde, HKH farklilagmasinda ve G2/M gecisinde rol oynadig
belirlendi. Sonu¢ olarak, FA Ki-MKH’lerinin PKNOX2 ifadesindeki diisme, hiicre
siklusunun tutuklanmasina, NHEJ iligkili gen ifadelerinin artisina ve genomik
kararsiz bir mikrogevrenin olusumundan sorumlu olabilir ve hastalarda gézlemlenen

hematopoetik bozulmanin altinda yatan sebep olabilir.

Anahtar Kelimeler: FA, Ki-MKH, TGF-B, FANCD2, PKNOX2 ifadesi

Bu tez, TUBITAK 1001 projeleri ile desteklenmistir (#1105021 ve #214Z033).
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Schematic representation of bone marrow stem cell niches.
(Adapted from Crane et al, (96).)

Schematic representation of the FA/BRCA pathway. (Adapted
from Gueiderikh et al, (202).)

Bone marrow sections taken from Fanconi anemia patients
showing; A) increased hypocellularity and B) elevated frequency of
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archives).
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are located on four different chromosomes.

Representative flow cytometry analysis of cell cycle phases (i.e.
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treatment.
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C) TGF-B3 standards was calculated by logistic-5PL regression
analyses.
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Absorbance values corresponding to each standard obtained using
NanoDrop ND-1000 spectrophotometer.

Representative images of how CD34 and CD38 levels of CD34*
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and cryopreserved CD34*HSCs following co-culture. Firstly, side-
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Representative images of how CD34 and CD38 levels of CD34*
cells were determined from a mixed cell population of BM-MSCs
and fresh CD34"HSCs following co-culture. Firstly, SSC-A versus
FSC-A was plotted to gate (P19) cells with smaller granules within
all events. Then, SSC-A versus FITC-CD73 was plotted to gate
(P20) HSCs that were CD73 in P19. Lastly, APC-CD34 versus PE-
CD38 was plotted to determine only CD34* (QUL), CD34*CD38"
(QUR) or CD38" (QLR) HSCs within P20 in P19 in all events.

Representative flow cytometry analysis of CD29, CD44, CD166,
CD90, CD106, CD146, CD133, CD34, CD144, CD200, CD105,
CD45, CD140b, CD31, CD14, CD73, HLA-ABC, HLA-DR and
CD271 (NGFR) surface markers.

Immunophenotypes of donor and FA BM-MSCs. * depicts
statistically significant difference (P< 0.05). ns depicts not
significantly different.

Representative images of donor and FA BM-MSCs differentiated
to adipogenic and osteogenic lineages on day 21 following
induction and compared with MSCs cultured in basal medium.
BM-MSCs differentiated to adipogenic lineages were stained with
ORO while cells differentiated to osteogenic lineages were stained
with ARS (100x magnification).

Fold change in the expression level of adipose-specific genes, A)
Adipsin, B) PPARyand C) LPL of BM-MSCs grown in adipogenic
induction medium on day 21. ns depicts not significantly different.

Fold change in the expression level of bone-specific genes, A)
RUNX2, B) ALPL, C) OCN and D) SP7 of BM-MSCs grown in
osteogenic induction medium on day 21. ns depicts not
significantly different.

The effect of DEB treatment on cell cycle of FA patient and donor
BM-MSCs. Following DEB treatment, there was a significant
decrease in cells with non-functional FA pathway in dip G1 phase
compared to donors. Within dip G2 phase, there was a significant
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Proliferative potency of FA BM-MSCs was determined between
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cells. Patients with unknown FA mutations were depicted as FA-X.
A) Representative images (200x magnification) and B) Percentage
of senescent BM-MSCs.
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ROS production of FA patient (n= 4) and donor (n= 3) BM-MSCs
was compared.

TGF-B gene expression and secretion levels of BM-MSCs derived
from FA patients and donors. A) FA BM-MSCs had similar TGF-
A1 gene expression compared to donor cells (P> 0.05). B) DEB-
treated FA and donor BM-MSCs had similar TGF-f/ gene
expression (P> 0.05). TGF-41 expression level was normalized to
ACTB. C) Overall, there was a variation in the level of active TGF-
B1, TGF-B2 or TGF-B3 secretion within each group. BM-MSCs
produced very low amounts of TGF-B2 and TGF-B3. FA patients
and donor cells produced similar amount of active TGF-1, TGF-
B2 or TGF-B3 (P> 0.05). D) FA-D2 BM-MSCs did not express
TGF-p isoforms.

BM-MSCs had no or low expression of HOXB1, HOXB13,
HOXC12, HOXD10, HOXD11, HOXD12 and HOXD13 genes.
More than 40% of the analyzed samples had no expression of these
genes, thus they were excluded from imputation and further
statistical analysis.

FA patient and Donor BM-MSCs were highly correlated in terms
of HOX and TALE gene expression. The two outliers were
PKNOX2 and HOXC13 genes.

Heat map showing the HOX and TALE gene expression levels.
Classification of genes as well as donor and FA patient samples
visualized with dendrograms.

Relative HOX and TALE gene expression pattern of donor and FA
patient BM-MSCs. * depicts statistically significant difference (P<
0.05).

Effect of DEB treatment on A) PKNOX2 and B) HOXC13 gene
expression of donor and FA patient BM-MSCs.

PKNOX2 protein level in FA patient and donor BM-MSCs was
determined. A) 45ug protein was loaded on to each lane of 10%
SDS-PAGE gel (exposure time= 5 minutes). B) Semi-quantitative
analysis of PKNOX2 protein isoforms normalized to B-ACTIN are
shown.

Effect of recombinant human TGF-B1 protein induction on the
viability of BM-MSCs. Percentage of viable BM-MSCs obtained
following rTGF-B1 induction was calculated as the ratio of mean
absorbance of induced cells to mean absorbance of uninduced cells.

Proliferation of FANCA-deficient, FANCD2-deficient and donor
BM-MSCs was assessed following 219:13:38 hours of rTGF-B1
induction. A) Line graph showing normalized cell index versus
time measurements of real-time proliferation using xCELLigence
RTCA systems. B) Doubling time of cells in DMF10 medium
supplemented with or without 0.1 and 5ng/ml rTGF-B1 protein.
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Fold change in A) TGF-41, B) PKNOX2, C) MEIS1 and D) PBX1
gene expression of FA patients (n= 5) and donor (n=5) BM-MSCs
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statistically significant difference (P< 0.05).

PKNOX2 protein level of FA patient and donor BM-MSCs was
determined following rTGF-B1 protein induction. A) 20ug protein
was loaded on to each lane of 10% SDS-PAGE gel (exposure
time= 5 minutes). B) Semi-quantitative analysis of PKNOX2
protein variants normalized to B-ACTIN were shown.

Fold change in A) PKNOX2, B) HOXA13 and HOXC13 gene
expression levels in PKNOX2:MSC, compared to pCMV6:MSCs
were determined. D2 and D4 depict day 2 and 4 following
electroporation, respectively. HUSCS-D08 and HUSCS-D11 were
used for the assay.

PKNOX2 protein level was confirmed using A) anti-DDK and B)
anti-PKNOX2 antibodies following electroporation of PKNOX2-
pCMV6 plasmid to BM-MSCs. 38ug protein was loaded on to each
lane of 10% SDS-PAGE gel. Cells of HUSCS-DO08 were used.

Levels of A) FANCD2 and B) HOXA13 proteins were determined
following PKNOX2 overexpressing. 38ug protein was loaded on to
each lane of 10% SDS-PAGE gel.

Representative images of wound-healing assay were taken at 0, 24,
36 and 168 hours post-wounding (40x magnification). The wound
healing in BM-MSCs, pulsed cells and pCMV6:MSCs was
complete at 36 hours. However, the wound healing in BM-MSCs
overexpressing PKNOX2 was nearly complete at 168 hours.

Motility index of PKNOX2 overexpressing BM-MSCs was lower
than pCMV6:MSCs, pulsed and untransfected BM-MSCs. Cells of
HUSCS-D11 were used.

Adipogenic differentiation capacity of BM-MSCs transfected with
PKNOX2 (n= 1) was compared with BM-MSCs (n= 1), pulsed
cells (n= 1) and pCMV6:MSCs (n= 1). A) Representative images
were taken following ORO staining (200x magnification). BM-
MSCs induced in adipogenic differentiation medium stained
positively with ORO while BM-MSCs cultured in DMF10 medium
were not stained. B) For quantitation of lipid accumulation, ORO
content was extracted and the absorbance was measured at 492nm,
and then used to calculate concentration. Normalized ORO
concentration was calculated by subtracting concentration of cells
cultured in DMF10 medium from cells induced in adipogenic
differentiation medium. Cells of HUSCS-D11 were used.
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Osteogenic differentiation capacity of BM-MSCs transfected with
PKNOX2 plasmid was compared with BM-MSCs, pulsed cells and
pCMV6:MSCs. A) Representative images were taken following
ARS staining (200x magnification). Passage 3 BM-MSCs
(HUSCS-D09) induced in osteogenic differentiation medium
stained positively while cells differentiated at passage 5 were
negative for ARS. B) For quantification of calcium phosphate
deposit formation, ARS content was extracted and the absorbance
was measured at 405nm, which was then used to calculate
concentration. Normalized concentration was calculated by
subtracting ARS concentration of cells cultured in DMF10 medium
from cells induced in osteogenic differentiation medium. Cells of
HUSCS-D09 and HUSCS-D11 were used.

Levels of TGF-f1, TGF-p2 and TGF-B3 secretion by
PKNOX2:MSCs and pCMV6:MSCs. Cells from HUSCS-D11 were
used.

CD34 and CD38 levels of cryopreserved CD34"HSCs prior to and
on day four of co-culture. BM-MSCs of HUSCS-D11 were used.

Representative images showing A) CFU-GEMM, B) CFU-GM and
C) BFU-E colonies.

CD34 and CD38 levels of fresh CD34"HSCs A) prior to (D0) and
B) on day four (D4) of co-culture. BM-MSCs of HUSCS-DO08 were
used.

Fold expansion of fresh CD34"HSCs prior to and on day four of
co-culture. After co-culture, fold expansion of all HSCs
(CD34"HSC) were calculated. Additionally, fold expansion of
CD347CD38", CD34"CD38" and CD34'CD38" cells following co-
culture were calculated according to percentages obtained from
flow cytometry analysis.

The clonogenic potential of fresh CD34"HSCs prior to (DO) and on
day four (D4) of co-culture.

Optimization procedures applied to co-immunoprecipitation
protocol (A-D).

Following Co-IP, direct interaction between PKNOX2 and
FANCD2 proteins was analysed. A) On 10% SDS-PAGE gel
reblotted using anti-FANCD2 antibody, PKNOX2:MSC Co-IP
product had a band corresponding to FANCD?2 protein (150kDa)
but was also previously present after first blotting with anti-
PKNOX2 antibody (see Figure 4.35. B). B) SDS-PAGE gel blotted
with only anti-FANCD?2 antibody, showed no band for FANCD2
protein in neither of the Co-IP products.
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4.37.

5.1.
5.2.

Overview of follow-up analyses of proteome data. A) Schematic
workflow for identifying biological processes, molecular function
and PANTHER pathways associated with only PKNOX2
interactors via GO enrichment analyses. A total of 219 were
identified to interact exclusively with PKNOX2-DDK. B) 28
proteins were identified to be shared between PKNOX2 ‘Run 1’
and ‘Rep 1’. HitPredict software was used to identify proteins
interacting with PKNOX2 interactors. A total of 1230 different
proteins were identified and C) biological processes related to these
proteins were determined. D) Proteins interacting with PKNOX2
interactors were further enriched to identify ones expressed in bone
marrow stromal cells using a previously published data set
(depicted as Reference list) (419). 486 out of 1230 proteins
interacting with PKNOX2 interactors were determined to be
expressed by bone marrow stromal cells. GO enrichment analyses
was repeated to identify biological processes played by proteins
interacting with PKNOX2 interactors and also expressed by bone
marrow stromal cells.

Domains of PBX/knotted 1 Homeobox 2 protein (462).

BM-MSCs derived from FA patients has lower PKNOX2
expression compared to donor cells. In view of PKNOX2 protein-
protein interaction analysis, disregulation of PKNOX2 in FA cells
may cause activation of NHEJ-related gene expression, cell cycle
arrest and differentiation of HSCs.
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1. INTRODUCTION

Mesenchymal stem/stromal cells (MSCs) are important components of the
bone marrow (BM) stroma, which is known as the ‘niche’ and regulate
hematopoietic stem cell (HSC) maintenance (1, 2). MSCs are multipotent adult stem
cells (ASCs) that have the ability to self-renew and also differentiate along
mesenchymal and non-mesodermal lineages (3-7). MSCs contribute to tissue
homeostasis through secretion of numerous growth factors and cytokines, as well as,
via direct contact with target cells (8, 9). Dysregulation of the crosstalk between
HSCs and the BM stromal cells can lead progressive bone marrow failure (BMF) and
hematopoietic malignancies (10). Inherited or acquired syndromes that cause BMF
are very rare and present with cytopenia. After BMF, the BM becomes hypocellular
and BM transplantation (BMT) is the most commonly used treatment method at this
stage (11, 12).

HOX genes are expressed in early stage hematopoietic cells and play a role in
lineage commitment, as well as, in tissue remodeling processes (13). HOX genes are
highly conserved homeobox genes that encode ‘master regulator’ homeodomain
transcription factors and play a vital role in specifying anterior-posterior identity
during embryonic development (14). In mammals, HOX genes are found in four
clusters designated as A, B, C and D, which are located on different chromosomes
and contain up to 13 genes (15). During adulthood, these genes are organ-specifically
expressed and the HOX code provides a “biological fingerprint” for different cell
types. Similar cell types, such as MSCs derived from different body sites exhibit
distinct HOX expression (16-18). Three-amino-acid loop extension (TALE) proteins
are co-factors of the HOX proteins and play important roles in HOX specificity (19,
20). Members of the TALE class have been shown to act as oncogenes (e.g. MEIS1)
and tumor suppressors (e.g. PKNOX1) and have a function in DNA repair and
maintenance of genomic stability (e.g. PKNOX1) (21-23). To date, no study has
evaluated the HOX and TALE gene expression of MSCs in a genome unstable

disease, prone to cancer, such as Fanconi anemia.

Fanconi anemia (FA) is a genetic disorder, which is characterized by the
presence of hematopoietic defects such as BMF, myelodysplasia (MDS) and acute



myeloid leukemia (AML), as well as, developmental dysmorphisms (24, 25). At least
22 distinct FA complementation groups exist, due to mutations in FANC genes (26,
27). FANC proteins function in the FA/BRCA pathway, which mediates the repair of
interstrand crosslinks through homologous recombination (28). Cells from patients
are hypersensitive to DNA interstrand crosslinking (ICL) agents, such as mitomycin
C (MMC) and diepoxybutane (DEB), that result in DNA damage by inducing high
levels of chromosome breaks and genomic instability (28). Mutations in FANC
genes affect quiescent HSCs and their progenitors in terms of the population size and
differentiation abilities (29, 30). Aberrant hematopoietic microenvironment may also
play an active role in inducing or sustaining BMF in FA. Studies investigating the
role of FA MSCs for supporting HSCs showed contradictory results: Fancg” mouse
MSCs exhibited impaired support of HSC proliferation, whereas human FancA™
MSCs were able to support long-term HSC culture (31, 32). BM derived MSCs
(BM-MSCs) from FA patients or murine models have similar immunophenotypes
and differentiation capacity, but displayed a reduced capacity to form colony forming
unit fibroblasts (CFU-Fs), a decreased proliferative potential, an increased
senescence, hypersensitivity to MMC and an extended G2 phase transition compared
to controls (31-33). Additionally, MSCs with non-functional FA pathway have
increased spontaneous chromosome breaks compared to healthy donors (33). This
evidence supports hypothesis that the presence of a genomic instability in MSCs, due
to impaired FA pathway may trigger BMF. FA MSCs secrete higher stem cell factor
(SCF) and interleukin-6 (IL-6) factors compared to controls (32). Further studies are
necessary to evaluate the differences in cytokines and growth factors produced by
FA-BM-MSCs. Hyperactive transforming growth factor beta (TGF-B) signaling in
FA HSCs may cause BMF in patients (34). Neither the level of TGF-B production by
FA BM-MSCs nor its possible role in progressive BMF through juxtacrine or
paracrine signaling has been elucidated yet.

Manifestation of early hematopoietic dysfunction, coinciding with
developmental malformations in FA patients suggests the possible involvement of
developmental genes in the disease pathogenesis. As mentioned above, MSCs are
known to be involved in the regulation of BM hematopoietic niches and HOX or

TALE expression might be dysregulated in BM-MSCs obtained from FA patients,



resulting in the progression of bone marrow failure. Also, HOX and TALE protein(s)

might interact with FA/BRCA pathway or associated proteins which might help to

explain the bone marrow failure in FA patients. Therefore, the goals of this thesis

WEre;

to characterize BM-MSCs from FA patients and healthy donors in terms of
their immunophenotype, differentiation potential, proliferation capacity,
senescence and reactive oxygen species (ROS) production,

to characterize cell cycle phases of BM-MSCs following DEB treatment,

to evaluate expression and secretion levels of TGF-f in FA cells compared to
donors,

to investigate whether HOX and TALE gene expression levels differ in FA
BM-MSCs compared to donors,

to evaluate protein level of the differentially expressed HOX or TALE
gene(s),

to investigate whether differentially expressed HOX or TALE gene(s) is
affected from DEB treatment,

to transfect BM-MSCs with an expression plasmid to investigate biological
characterization of the differentially expressed HOX or TALE gene(s), as

well as, to obtain its protein interactions.



2. LITERATURE REVIEW
2.1. Stem Cells and Mesenchymal Stem/Stromal Cells

Stem cells (SCs) are clonogenic cells that form a small percentage of the total
cell number within the body (35, 36). They are defined by their ability to maintain
their undifferentiated state during numerous cell divisions, also referred to as the
“self-renewal capacity”, and also to differentiate into specialized (i.e. non-stem) cells

forming the body of an adult, known as the differentiation potency (37).
According to their potency, SCs are classified into four groups (38, 39);

1) Totipotent SCs, also known as morula cells, have the ability to form the three
germ layers of the developing embryo, as well as, extraembryonic cells (e.g.
placenta).

2) Pluripotent SCs, also known as embryonic stem cells (ESCs), are obtained
from the inner cell mass (ICM) of the blastocyst prior to implantation, and
can differentiate into any type of cells except extraembryonic cells.

3) Multipotent SCs (e.g. ASCs) can produce cells of their tissue of origin only,
unlike pluripotent ESCs.

4) Unipotent SCs (i.e. progenitor cells) with unlimited self-renewal capacity,
can only differentiate into one type of cell.

ASCs reside throughout the adult body and are responsible for maintaining
tissue homeostasis (40). Apart from having organ-specific markers, ASCs are
generally characterized by expression of generic SC markers, such as OCT-4, nestin
and ABC transporters, that regulate stemness properties such as quiescence, cell
survival, self-renewal via asymmetric cell division and adhesion to the niche (41).
ASCs can be subdivided into parenchymal SCs and MSCs. Parenchymal SCs give
rise to non-connective tissues while MSCs differentiate into cells of connective
tissue like fat, bone, smooth muscle and cartilage (1, 42-44). MSCs will be further

discussed in this thesis.

MSCs are non-hematopoietic but stromal multipotent ASCs, that are defined

as CFU-Fs (45). They are located within various tissues, such as BM, dental pulp,



umbilical cord blood, adipose tissue and brain and liver (46-50). MSCs have the
ability to differentiate along various mesenchymal lineages, like adipocytes,
osteoblasts and chondrocytes in vitro (3, 4). Additionally, they are shown to give rise
to other cells with mesodermal or non-mesodermal origin, such as neuronal cells,

endothelial cells, cardiomyocytes and hepatocytes (5-7, 51).

MSCs are rare (i.e. 0.001-0.01% of nucleated cells in BM) and heterogeneous
cell populations due to existence of clones with distinct proliferation rates,
differentiation capacities and morphologies in vitro (44, 52-54). For instance, single
cells obtained from human umbilical cord blood derived MSCs are shown to have
high or low in vitro differentiation potential, which is lost over time (55). Relating to
this, MSCs from different source of origin cultured under same conditions, varied in

their potencies, morphological appearances and mRNA expression (56-58).

The main disadvantage of studying MSCs is the lack of specific markers that
can be used during their isolation. MSCs are defined to express cluster of
differentiation (CD) 105, CD73 and CD90, while they do not express CD45, CD34,
CD14 or CD11b, CD79alpha or CD19 and HLA-DR surface markers (59). However,
the level of these surface molecules alters depending on passages, isolation method
and tissues from which the cells are isolated. Overall, in vitro expansion and
differentiation of these cells remains challenging.

MSCs are an attractive source for SC-based therapies. Currently, there are
281 active (case status: enrolling by invitation; recruiting; not yet recruited; active,
not recruiting) and 154 completed MSC-based clinical trials (60). Although
controversial, one of the most important features of MSCs as therapeutic agents, is
their ability to escape the immune system due to the low expression levels of major
histocompatibility complex (MHC) class | and absence of MHC class 1l (61, 62).
They are also able to secrete numerous growth factors and cytokines, that can
contribute to tissue regeneration by increasing angiogenesis and inhibiting apoptosis
via immune modulation, such as inhibition of T-cell and B- cell proliferation, as well
as, dendritic cell differentiation (9, 63-66). MSCs modulate immune system by
secreting soluble molecules, like TGF-B, VEGF, interleukin-10 (IL-10), IL-6, tumor

necrosis factor stimulated gene 6 protein, nitric oxide, indoleamine 2,3-dioxygenase



and prostaglandin E2 (67-72). Additionally, MSCs can also exert their
immunomodulatory role through direct contact with target cells. MSCs directly
interacting with T-cells are able to inhibit T-cell proliferation via Notch signaling
(8). Through these interactions, MSCs are able to regulate BM microenvironment,

also known as the ‘niche’.
2.2. Bone Marrow as Hematopoietic Stem Cell Niche

During mammalian embryonic development, HSC production initially starts
as blood islands within the yolk sac. Later during development, their production
occurs in waves that starts in aorta-gonad-mesonephros, continues in placenta, fetal
liver, spleen and then permanently shifts to the BM (73). During adulthood, BM is
the HSC niche, which is designed in a way that provides a microenvironment
responsible for keeping its resident SCs in a quiescence state thus supporting
maintenance of self-renewal. Occasionally, HSCs divide, giving rise to short-term
progenitors. These cells are able to regenerate sufficient numbers of mature blood

cells to compensate for the cells that are lost over time (74, 75).

In 1978, the HSC niche was first described by Schofield (76). Self-renewing
HSCs are thought to be localized near the trabecular endosteum of long bones, while
progenitors with restricted potency are found towards more centralized areas (75, 77-
80). Therefore, the presence of functionally distinct microenvironments (i.e.
osteoblastic/endosteal and vascular niches) within BM has been suggested (Figure
2.1.) to be composed of different cell types, soluble molecules and extracellular
matrix orchestrating intrinsic and extrinsic cues, responsible for regulating resident
HSC numbers and function (79, 81-83). Niche components are as follows;
1) Cellular components such as osteoblastic cells, adipocytes, endothelial cells
of sinusoidal vasculature, perivascular mesenchymal stem/progenitor cells as
well as non-myelinating Schwann cells of the symphatic nervous system (84),
2) Molecular components,
a. The interaction between factors and their receptors, such as C-X-C
motif ligand 12 (CXCL12) and C-X-C chemokine receptor 4
(CXCR4) axis (85),
b. Signaling cascades, such as the TGF-p pathway (86),



c. Extracellular matrix molecules, such as glycans and osteopontin (87-
89),

d. Adhesion molecules, such as Bl-integrins and vascular cell adhesion
molecule 1 (VCAM-1 or CD106) (87, 90-92),

e. A chemical gradient, such as oxygen and calcium (Ca?*) gradient (93-
95).
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Figure 2.1. Schematic representation of bone marrow stem cell niches.
(Adapted from Crane et al, (96).)

During embryogenesis, MSCs are present before HSCs at the sites of
hematopoietic development, which is an indication that they are one of the factors
responsible for organizing the HSC niches (97, 98). One of the mechanisms with
which MSCs contribute to HSC fate is via their ability to differentiate into
osteoblasts, adipocytes and reticular cells (43). Adipocytes within the BM have a
negative impact on hematopoietic niches (99). HSCs and their progenitors derived
from adipose or yellow BM, are less in number compared to cells derived from
brown BM (99).

Slow-cycling HSCs are suggested to be stored within the osteoblastic niche
and can be mobilized in response to a stress, such as tissue injury. Using live

imaging or cell-tracing techniques, HSCs are reported to reside near the endosteum



(84, 100, 101). Long-term repopulating HSCs are also found to adhere directly to the
N-cadherin*CD45" osteoblastic cell lining of the endosteum (79). Similarly, HSCs
home to endosteum following 15 hours post-transplantation (78). One of the
mechanisms controlling HSC engraftment is the high Ca®* gradient through which
HSCs travel to the endosteum (93). In vivo loss of osteoblasts causes downregulation
of HSC numbers, as well as, mature monocytes and granulocytes in mice BM,
showing that the size of the niche also affects the number of HSCs (102). In contrast,
an increased osteoblast frequency resulted in upregulated HSC numbers (79, 82).
Osteoblastic cells also regulate HSC quiescence by producing factors like SCF,
osteopontin, angiopoietin-1 (Angl), bone morphogenic protein 4 (BMP4) and
Jagged-1 (82, 87, 103-105). Bl-integrin and N-cadherin molecules activated by
binding of Angl to Tie-2 receptor on HSCs, play a crucial role in the adhesion of
HSCs to osteoblastic niche (104). SCF produced by osteoblasts also increase HSC
adhesion to the niche, and use expression of c-KIT (CD117) to maintain HSC
dormancy (103, 106). Osteopontin expressed by osteoblastic cells of the niche
decreases HSC proliferation, and indirectly sustains adhesion to BM (87). In vitro
and in vivo activation of parathyroid hormone/ parathyroid hormone-related protein
receptors on osteoblasts resulted in increased levels of Jagged-1 production, that in
turn contribute to an increased HSC frequency via Notch1 activation (82). HSCs also
exert regulatory signals on their own niche. Hematopoietic progenitors induce

differentiation of BM mesenchymal stromal cells into osteoblastic cells (107).

The second BM microenvironment responsible for HSC maintenance in terms
of proliferation, differentiation and mobilization is called the vascular niche (80,
108). Short term repopulating cells reside in this vascular niche, where they
differentiate to progenitors and enter the blood stream following maturation (109,
110). The oxygen concentration of the vascular niche is higher than in the
osteoblastic niche, which enables HSCs to exit their dormant phase and start
proliferation (94). Vascular endothelial cells are key components of this vascular
niche (109). Primary human endothelial cells with constitutive Akt expression,
support in vitro, as well as, in vivo HSC expansion through secretion of angiocrine
factors, such as fibroblast growth factor 2, BMP4, insulin like growth factor binding
protein 2 and desert hedgehog (111, 112). Lack of glycoprotein 130 cytokine



receptor on endothelial cells, an important factor for hematopoiesis, results in BM
dysfunction through downregulation of HSC frequency and formation of
hypocellular BM (113, 114). Additionally, E-selectin exclusively expressed by
vascular niche cells triggers HSC proliferation and endothelial cells lacking E-
selectin expression promote HSC dormancy, as well as, self-renewal capacity (115).
The vascular niche is also important during HSC homing. Regeneration of
endothelial cells lining sinusoids is halted upon VEGF2 deletion which inhibits HSC
engraftment in irradiated mice (116). Following transplantation, endothelial cells
within vascular niche also express molecules like VCAM-1, ICAM-1 and E-/P-
selectin, that interact with HSC adhesion molecules, very late antigen 4, lymphocyte
function-associated antigen 1 and CD44, respectively, that are essential for HSC
rolling (117).

Perivascular stromal and endothelial cells are also responsible for HSC
maintenance via membrane-bound Scf expression (118-120). Targeted depletion of
Scf expression from osteoblasts neither affect HSC number nor function while its
deletion from endothelial or Leptin receptor (LepR) positive perivascular stromal
cells depleted HSCs (120). Additionally, Kunisaki and co-authors (121) report that
non-cycling HSCs reside close to the arterial niche containing dormant
Nestin*NG2*LepR™ stromal pericytes instead of Nestin”*NG2LepR* sinusoidal
cells. Upon specific ablation of neural/glial antigen 2 positive (NG2*) mesenchymal
cells, long-term repopulating HSC numbers decrease, while proliferating HSC
frequency increases (121). Therefore, it is possible that the vascular niche has
subclasses with different functions in HSC maintenance and quiescence (121, 122).

These data challenge the classic niche concept.

Cxcl12 expression is also important for supporting HSC in the perivascular
area of mice BM (123). Long term repopulating potential of HSCs is lost when
Cxcl12 is deleted from endothelial cells. In addition to long term repopulating
potential, HSC dormancy and number are also affected, when Cxcl12 is deleted from
paired related homeobox 1 positive mesenchymal progenitors (123). Inhibition of
Cxcl12 receptor, Cxcr4, also downregulates HSC number (85). HSCs expressing

Cxcr4 are located at the same location as perivascular Cxcl12 expressing reticular
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cells, also called CXCL12-abundant reticular cells (CARCs). CARCs are suggested
to be same as, or progenitors derived from MSCs, due to their ability to differentiate
towards adipogenic and osteogenic lineages (85, 124). HSCs interacting with CARCs
are also in close proximity with endosteum indicating CARCs can be a common
component of both niches (85, 123). Human CD45CD146" cells, equivalent of
CARCs, transplanted to mice also form a bone-like structure containing

hematopoietic cells and sinusoids (125).

Non-myelinating Schwann cells located near blood vessels in the BM,
promote HSC quiescence through TGF-p activation (86). TGF-§ signaling is one of
the crucial factors that modulate HSC fate (126, 127). The TGF-f pathway is
activated upon binding of ligands (e.g. TGF-Bs) to the transmembrane kinase
receptors, TGFPR1 and TGFBR2 (128, 129). Prior to binding, latent TGF-p
complexes are cleaved by proteolytic degradation and activated TGF-B binds to a
tetrameric receptor complex, followed by phosphorylation of TGFR1 by TGFBR2
and activation of Smad dependent and independent intracellular signaling (130).
Smad1/5/8 targeted by BMP signaling or Smad2/3 activated by TGF-f/activin/nodal
signaling binds to Smad4 in order to be translocated to nucleus and to regulate target
gene expression involved in stem cell pluripotency and differentiation (128, 129,
131-134). The effect of MSC produced TGF-$ on HSCs remains to be elucidated. To
date, TGF-B secreted by MSCs is known to regulate bone remodeling and

deregulation of the pathway results in bone disorders (135).

Within the niche, there is no single cell, but rather a group of cells that
regulate HSCs. This tight regulation also involves soluble factors, signaling
pathways, adhesion molecules and extracellular matrix proteins. Impairment of the
crosstalk between HSCs and niche components like BM stromal cells can lead to

progressive BMF and hematopoietic malignancies (10).
2.3. Bone Marrow Failure Syndromes

BMF syndromes are a heterogeneous group of rare diseases that present with
cytopenia (reduction in the number of blood cells) affecting at least one

hematopoietic cell lineage (i.e. myeloid, megakaryocyte or erythroid). BM becomes
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hypocellular following BMF and BMT is the only curative method (11, 12). BMF
emerges due to inherited (Table 2.1.) or acquired (e.g. autoimmune disease, ionizing
radiation, chemotherapy, toxins, viral/bacterial infections, antineoplastic agents)
damages (136-138). Maturation defects seen in vitamin B12 deficiency,
differentiation anomalies (e.g. myelodysplasia) of hematopoietic cells and marrow
infiltration (e.g. multiple myeloma) are other causes of BMF (139, 140).

Patients with acquired or inherited BMF syndromes have a high susceptibility
of developing cancer (141, 142). Acquired disorders (acquired aplastic anemia,
acquired amegakaryocytic thrombocytopenia, paroxysmal nocturnal hemoglobinuria
and myelodysplastic syndrome) are more common among adults and distinct
syndromes share overlapping characteristics, thus making diagnosis harder (143,
144).

Besides reduction in the frequency of at least one hematopoietic cell line,
inherited BMF disorders are also characterized by developmental anomalies.
Depending on the disorder, hematological manifestations appear before birth (e.g.
Diamond Blackfan anemia and severe congenital neutropenia), during childhood
(e.g. FA) or even later in life (e.g. dyskeratosis congenita) (145, 146). Summary of
clinical and genetic features of FA (25-27, 147), Congenital amegakaryocytic
thrombocytopenia (148, 149), Dyskeratosis congenita (150-152), Diamond-Blackfan
anemia (153, 154), Pearson syndrome (155), Severe congenital neutropenia (156),
Shwachman Diamond anemia (156), Thrombocytopenia absent radius syndrome
(156) and GATAZ deficiency (157) are given in Table 2.1.



Table 2.1. Summary of clinical and genetic characteristic of inherited bone marrow failure syndromes.
Associated Cancers

Hematological Other Clinical
Manifestations Manifestations

Impairment of

Genetic Background )
Molecular Mechanisms

MDS; acute myeloid

Disorder

Caf¢ au lait spots; abnormal

leukemia (AML);

Fanconi anemia

Autosomal recessive or
autosomal dominant or X-
linked inheritance;
Mutation in at least 22
FANC genes

FA/BRCA pathway
involved in DNA repair

Anemia; neutropenia;
and/or thrombocytopenia;
or pancytopenia

radii and thumbs; short

stature; microcephaly;
ophthalmic malformations,
failure in urogenital organ
development; kidney failure

solid organ tumors
of head and neck,
female genitals,
esophagus, liver
MDS; acute

Congenital
amegakaryocytic
thrombocytopenia

Autosomal recessive
inheritance; Mutation in
MPL gene

HSC and megakaryocyte

maintenance

Thrombocytopenia may
progress to pancytopenia

lymphoblastic
leukemia (ALL)

Dyskeratosis

congenita

Autosomal recessive,
autosomal dominant or X-
linked inheritance;
Mutation in ACD, CTC1,
PARN, DKC1, TERC,
TERT, TINF2, NOP10,
NHP2, WRAP53, RTEL1
or TPP1 gene

Telomerase function and

protein synthesis

Anemia; neutropenia;
and/or thrombocytopenia;
or pancytopenia; increased

fetal hemoglobin (HbF)

level

Nail dystrophy; mucosal
leucoplakia; reticulated skin
hyper-pigmentation; liver
failure; pulmonary fibrosis;

narrowing of esophagus

MDS; AML; solid
organ tumors of

head and neck,

colon, rectum

esophagus, stomach,

r4)



Table 2.1. (continued) Summary of clinical and genetic characteristic of inherited bone marrow failure syndromes.

Impairment of

in GATA2 gene

pancytopenia

vascular or lymphatic system

) ) Hematological o ) ] Associated
Disorder Genetic Background Molecular ) ] Other Clinical Manifestations
) Manifestations Cancers
Mechanisms
Autosomal dominant or X-linked Anemia; increased Craniofacial defects; MDS; AML;
Diamond-Blackfan inheritance; Mutation in Ribosome HbF and red blood Short stature; abnormal ALL;
anemia 16 genes encoding ribosomal proteins as development cell adenosine thumbs; defects of heart and osteogenic
well as in GATAL, TSR2 or FLVCRL1 gene deaminase levels urogenital organs sarcoma
o ) Mitochondrial . . .
Pearson syndrome Deletion in mitochondrial DNA ) ) Sideroblastic anemia Short stature -
biogenesis
Autosomal recessive or autosomal
Severe congenital dominant or X-linked inheritance; o ) ) )
) o Myeloid lineage Neutropenia Severe infections MDS, AML
neutropenia Mutation in ELANE, HAX1, GFI1, G6PC3
or THC1/WASP gene
Neutropenia, anemia, Short stature; metaphyseal
Shwachman Autosomal recessive inheritance; Mutation Ribosome and/or dysostosis; exocrine pancreatic | MDS; AML;
Diamond anemia in SBDS gene development thrombocytopenia; or | dysfunction; malformations in ALL
pancytopenia neuron development
Thrombocytopenia . mRNA localization, . B
) Deletion of a part of chromosome 1 or ) ) Bilateral absent radii; defects MDS; AML;
absent radius o processing and Thrombocytopenia )
mutation in RMB8A gene of thumbs; cardiac defects ALL
syndrome transport
o Autosomal dominant inheritance; Mutation Neutropenia; or Pulmonary disease; defects of
GATAZ2 deficiency Immune system MDS, AML

€T
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2.4. Fanconi anemia
2.4.1. FA/BRCA Pathway

FA proteins are involved in the FA/BRCA pathway (Figure 2.2.) that plays a
role in DNA ICL repair (146, 158). Upon ICL formation, DNA damage is recognized
by the FANCM anchor complex (FANCM, FA associated protein (FAAP) 24/MHF1
and FAAP10/MHF2), which then reorganizes the fork and triggers the translocation
of the FA core complex (i.e. FANCA, FANCB, FANCC, FANCE, FANCEF,
FANCG, FANCL, FAAP20 and FAAP100) to chromatin (159-163). These proteins
are either found in the cytoplasm and/or nucleus (Table 2.2.). The FA core complex
is divided into three sub-classes; FANCB-FANCL-FAAP100 (i.e. responsible for
catalyzing monoubiquitination), FANCA-FANCG-FAAP20 and FANCC-FANCE-
FANCF modules (164-166). Apart from these sub-modules, FANCA-FANCC,
FANCA-FANCC-FANCF-FANCG, FANCA-FANCG, FANCB-FANCL, FANCC-
FANCE protein interactions (Figure 2.2.) have been shown in cytoplasm and/or
nucleus (167-179). Once assembled in the nucleus, the FA core complex binds to
FANCT/UBE2T and forms an active enzyme containing ubiquitin-conjugating E2
(i.,e. FANCT) and ubiquitin ligase E3 subunits (i.e. RING domain containing
FANCL) (180-183). The E2/E3 enzyme promotes the monoubiquitination of
FANCD?2 at K561 and FANCI at K523 that then forms the ID2 complex (173, 184-
186). The ID2 complex is then recruited to chromatin, where it binds to
FANCD1/BRCA2, FANCR/RAD51 and FANCS/BRCA1l or triggers the
translocation of FANCP/SLX4, FANCQ/ERCC4, CtIP and FANL1 to the sites of
lesion (173, 187-193). FANCP and FANCQ act as endonucleases, that enable the
continuation of translesion synthesis by pol zeta complex bound to REV1, REV3 and
FANCV/REV7 (191, 194-196). FAAP20 has been reported to bind to REV1 protein
to form an association between FA pathway and translesion DNA synthesis complex
(197). Finally, the members of homologous recombination (HR) pathway (i.e.
FANCD1, FANCJ/BRIP1, FANCN/PALB2, FANCO/RAD51C, FANCS, FANCR
and FANCU/XRCC2) act to repair double strand breaks. Among proteins involved in
HR, FANCR plays the key role by initiating homology search and strand pairing,
while others act as helpers (198-200). Recently, FANCW/RFWD3 is identified as E3
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ligase, that facilitates polyubiquitination of RPA and RADS51, followed by their

removal and degradation required for completion of HR (201).

DNA damaging
Cell membrane agent
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Figure 2.2. Schematic representation of the FA/BRCA pathway.
(Adapted from Gueiderikh et al, (202).)



Table 2.2. Subcellular localization of FANC and associated proteins.

Protein Subcellular Localization Reference
FANCA Nucleus and cytoplasm (168, 170, 203)
FANCB Nucleus and cytoplasm (164)
FANCC Nucleus and cytoplasm (168, 170, 203)
FANCD1 Nucleus and cytoplasm (204, 205)
FANCD?2 Nucleus and cytoplasm (206)
FANCE Nucleus and cytoplasm (174, 175, 178)
FANCF Nucleus and cytoplasm (207)
FANCG Nucleus and cytoplasm (171)
FANCI Nucleus and cytoplasm (208)
FANCJ Nucleus (209)
FANCL Nucleus and cytoplasm (164)
FANCM Nucleus (164)
FANCN Nucleus (210)
FANCO Nucleus and cytoplasm (211)
FANCP Nucleus (212)
FANCQ Nucleus (212)
FANCR Nucleus and cytoplasm (211)

97



Table 2.2. (Continued) Subcellular localization of FANC and associated proteins.

Protein Subcellular Localization Reference
FANCS Nucleus and cytoplasm (213)
FANCT Nucleus and cytoplasm (214)
FANCU Nucleus and cytoplasm (215)
FANCV Nucleus and cytoplasm (216, 217)
FANCW Nucleus and cytoplasm (218)
FAAP20 Nucleus and cytoplasm (219)
FAAP24 Nucleus (220)
FAAP100 Nuclear and cytoplasm (164)

LT
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2.4.2. Genetic and Phenotypic Characteristics of Patients

Fanconi anemia (FA; MIM 227650) is named after the Swiss pediatrician, Dr.
Guido Fanconi (221). It is a rare hereditary disorder (incidence 1:200,000-1:400,000;
carrier frequency 1:156-1:209) characterized by hematological defects, a
predisposition to leukemia and solid organ tumors (e.g. head, neck, female genitals,
esophagus and liver), as well as, by several congenital anomalies (222, 223). At least
22 distinct FA complementation groups exist because of mutations in FANC genes.
FA can be inherited in an autosomal recessive (FA-A, -C, -D1, -D2, -E, -F, -G, -I, -J,
-L, -M, -N, -0, -P, -Q, -S, -T, -U, -V, -W), X-linked (FA-B), or autosomal dominant
manner (FA-R) (26, 27).

Congenital anomalies include short stature, skin hypo-/hyper-pigmentation,
microcephaly, extremity defects, eye defects and urogenital anomalies (27, 147).
After birth, FA patients show signs of hematological defects, including a decrease in
one or more hematopoietic cell lines (i.e. neutropenia, thrombocytopenia, anemia or
pancytopenia; Figure 2.3. A-B), early-onset of aplastic anemia, MDS as well as
AML (24, 25).

Figure 2.3. Bone marrow sections taken from Fanconi anemia patients showing; A)
increased hypocellularity and B) elevated frequency of adipocytes (400x
magnification) (Taken from Hacettepe University Pediatric Hematology
Bone Marrow Transplantation Unit archives).

ICL formation in FA patients is followed by cellular toxicity, chromosomal
anomalies and an increased rate of somatic mutations due to halted DNA replication

and transcription (224, 225). Cells with a non-functional FA pathway show
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hypersensitivity towards endogenous agents like reactive aldehyde or nitrogen
mustard, as well as, exogenous agents, such as DEB and MMC, which are gold
standard for diagnosis of FA (226-231). Treating mice lacking both FANCD2 and
aldehyde dehydrogenase 2 enzyme with ethanol (i.e. break into aldehydes when
oxidized) results in BMF (231). Exposure of cells with a defective FA signaling
pathway to DEB and MMC results in chromosomal anomalies like breakage and/or
radial formations (227, 228). Agents that damage DNA, such as alkylating agent
Temozolomide (TMZ) without forming ICLs also activate the FA pathway. FANCG-
and FANCD1-deficient cells are shown to be very sensitive to TMZ treatment, which
promotes apoptosis (230, 232). Treatment of FA cells with MMC, DEB, nitrogen
mustard or melphalan promotes delay in G2 phase transition and consequently cell
cycle arrest at the G2/M phase (33, 233-235).

Impaired ICL repair results in genomic instability, but it is not the only
mechanism responsible for FA pathophysiology (224). FANCD2 protein also acts to
protects chromosomal integrity following replication-dependent one ended double
strand breaks due to UV radiation, as well as, to stop lesion formation in
chromosomes during mitosis and DNA at stalled replication forks (236-239). During
the M-phase, FANCD2 and FANCM proteins cooperate with Bloom's complex (i.e.
containing Bloom's Syndrome Helicase, DNA Topoisomerase Illa, RecQ mediated
genome instability 1 -RMI1- and RMI2) to stop the formation of chromosomal break
points and ultrafine DNA bridges following replicative stress (236, 237). The
frequency of ultrafine DNA bridges increases in BM hematopoietic cells with a non-
functional FA pathway compared to controls, and results in incomplete cell-cycle
and consequent apoptosis or genetic instability (240). This is a mechanism through
which aplastic anemia may occur. However reverse mosaicism (i.e. somatic
reversion of constitutional mutation) due to genetic instability is beneficial in some
FA patients, in terms of partially restoring BM function. Somatic reversions in FA
cells happen due to recombination of two compound heterozygote mutations or to
spontaneously occurring point or frame shift mutations, that give rise to single
functional allele or gene with an inactive function, respectively (241-243). A single
revertant hematopoietic clone is able to improve BMF (241, 242).
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2.4.3. Bone Marrow Failure in Fanconi anemia Patients

BMF in FA patients is treated by BMT. However, as a result of BMT, the
frequency of secondary solid organ tumors or metabolic disturbances increases (244,
245). Mutations in FANC genes also affect quiescent HSCs and their progenitors.
BM and umbilical cord blood of FA patients have lower HSC and progenitor
frequencies compared to healthy counterparts (30, 246). The in vitro differentiation
ability of BM hematopoietic progenitors derived from FA patients to CFU-GEMM
(colony-forming unit precursor of
granulocyte/erythrocyte/macrophage/megakaryocyte; multilineage hematopoietic
progenitors), CFU-GM (colony-forming unit precursor of granulocyte/macrophage)
and BFU-E (burst-forming unit of erythroid cells; the immature progenitors of

erythroid lineage) is also lower than control cells (29, 247).

FA cells are sensitive towards cytokines, such as tumor necrosis factor a
(TNF-a), interferon-y (IFN-y), macrophage inflammatory protein-1-o and TGF-f
(34, 248-250). Intriguingly, TNF-o and IFN-y levels are also very high in serum and
BM collected from the patients (251, 252). ROS levels of Fancc” mice cells are
shown to increase after TNF-a treatment, and may then initiate ICL formation and
consequently cause unresolved DNA damage (253). Increased ROS and/or oxygen
levels increase chromosomal aberrations or induce apoptosis and also FA cells are
shown to expand better under hypoxic conditions (254-259). BM of mice lacking
both FANCC and ROS detoxifying enzyme Cu/Zn superoxide dismutase had less
cells than expected (260). Moreover, the FANCD2 protein directly interacts with
FOXO03a following hydrogen peroxidase treatment and this interaction protects cells
against oxidative stress by increasing the expression of FOXO3a targets that function
as antioxidants (261). The ROS concentration is also known to affect HSC genetic
stability and maintenance (262-267). Elevated levels of ROS in HSCs can be one of
the reasons of BMF seen in patients.

Moreover, in vivo studies shed light upon the role of aberrant TGF-p
signaling in FA BMF (34, 250). Autocrine TGF-B signaling is important for HSC
fate (268). Fancd2” mice hematopoietic stem and progenitor cells (HSPCs) have
elevated Tgf-p/ gene expression and hyperactive TGF-p signaling in HSCs is
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thought to be a novel therapeutic target for BMF (34). Additionally, TGF-B secretion
from FA cells increase following treatment with ionizing irradiation and
chemotherapy agents, which are essential for successful engraftment (250, 269).
Therefore, suppression of TGF-B signaling in FA cells may help to reduce the
cytotoxic effects of irradiation or chemotherapeutic drugs and increase engraftment
efficiency (250). HSC niches may also play a pivotal role during the development of
hematopoiesis under pathological circumstances (270). HSCs in disease state may

also imprint the function of niche cells (271).

2.5. Possible Role of Mesenchymal Stromal/Stem Cells in Bone Marrow
Failure Syndromes

Comparative studies of BM MSCs in healthy and disease conditions may help
to understand the role of niche cells in HSC dynamics and provide insight into the
disease pathogenesis. The Immunomodulatory role of MSCs may be impaired and
initiate or furnish immune-mediated BMF syndromes, such as MDS and acquired
aplastic anemia (272, 273). Many studies reveal a normal immunophenotype and
multipotency for MSCs derived from MDS patients (274-279). However, few studies
show alterations in CD105, CD90 and CD104 levels, as well as, defective
differentiation potential (279-283). As part of HSC niches, MSCs contribute to HSC
maintenance by differentiating into osteoblasts. and cells derived from MDS patients
have reduced differentiation capacity along osteogenic lineages (279). In contrast to
few studies indicating normal growth characteristics (278, 284), MDS MSCs also
have decreased proliferative capacity, population doublings and CFU-F forming
capacity as well as elevated senescence activity compared to controls (276, 279, 280,
283, 285). Intriguingly, MSCs from MDS patients carry genetic abnormalities and
have alterations in their methylation profile compared to controls (274-276, 279, 283,
286, 287). This indicates a genetically unstable BM microenvironment with
functional defects that may play a role in the progression of BMF. This is supported
by misexpression of factors such as osteopontin, SCF, Angl and Jaggedl that are
important for HSC maintenance (279). Furthermore, MSCs obtained from patients
within low-risk stage have reduced TGF- secretion, while cells derived from high-
risk MDS patients have increased hepatocyte growth factor production compared to
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controls (284). Important evidence that deregulation of MSCs affect HSC
maintenance comes from a study where the MSC population within the BM of MDS
patients is abnormally propagated and have elevated CXCL12 levels. Therefore,
HSCs in close contact with a microenvironment bearing CXCL12 overexpression,

may have deficits in certain cellular processes (288).

MSCs derived from aplastic anemia patients display decreased proliferation
rates and clonogenic capacity, increased apoptosis as well as having alterations in
genes expression related to vital cellular processes like TGF-p signaling and cell-
cycle control (289-291). These findings support the fact that MSCs in disease-state
have defective cellular functions which may affect HSC fate. There is an increase in
the amount of fatty marrow in aplastic anemia patients which can be explained by
elevated levels of PPARy (peroxisome proliferator-activated receptor gamma) in
patient-derived MSCs (292). Adipocytes are negative regulators of HSCs and

increase in their number may contribute to HSC depletion (99).

In inherited pathological settings, such as FA, BM MSCs may also play a role
in the establishment or progression of BMF. Mice MSCs lacking Fancg expression
exhibit impaired support of in vitro HSC proliferation and differentiation to CFU-
GM colonies, as well as in vivo HSC engraftment (31). However, FancA” human
MSCs are able to support long-term HSC propagation (32). These two studies used
distinct FA complementation groups to evaluate the HSC proliferation following
their co-culture with FA BM MSCs which may explain the difference in results.
Also, murine models of the disease may exhibit differences in terms of biological
outcomes, compared to FA patients (293). BM derived MSCs from FA patients or
murine models have similar immunophenotypes and differentiation capacity, but
displayed reduced capacity to form CFU-Fs (colony forming unit fibroblasts),
decreased proliferative potential, increased senescence activity, hypersensitivity to
MMC and longer G2 phase transition compared to controls (31-33). Additionally,
MSCs with a non-functional FA pathway have increased spontaneous chromosome
breaks compared to healthy donors, but DEB treatment has no additive effect on the
number of chromosomal breaks (33). This evidence supports hypothesis that the

presence of genomic instability in MSCs is due to an impaired FA pathway. FA
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MSCs secrete similar VEGF, but produce higher SCF and IL-6 cytokines compared
to controls (32). IL-6 is reported to augment a niche beneficial for growth and
survival of neuroblastoma cells and IL-6 levels are elevated in serum or BM of
patients with neuroblastoma bone metastasis (294). Further studies are necessary to
evaluate cytokines and growth factors produced by MSCs derived from BM of FA
patients to clarify the role of cytokines for cancer predisposition in FA. As
previously mentioned, hyperactive TGF-B signaling in HSCs may cause BMF in
patients (34). Neither the level of TGF-B production by FA BM MSCs nor its
possible role in progressive BMF through juxtacrine or paracrine signaling has been
elucidated yet.

2.6. Regulators of Tissue Specification During Development

The most important question of developmental biology is how cell fate is
determined. Cells are initially committed to a fate, that is a reversible state, thus
enabling them to transform into other cell types. The next step is the determination
stage during which pluripotent cells differentiate into a certain lineage through an
irreversible process. In mammals, there are vast number of cell types each with a
unique transcriptional program (295). During development, tissue specific gene
expression together with epigenetic mechanisms (i.e. posttranslational modification
of histones, DNA modifications, changes in nucleosome positioning, histone variants
and non-coding RNAs) control the fate of stem/progenitor cells via precise spatio-
temporal mechanisms (296-298). Studies involving pluripotent ESCs revealed the
presence of genetic regulators of pluripotency, such as OCT4, POU class 5
homeobox 1, NANOG, Sex determining region Y-box 2, Sal-like protein 4, Caudal
type homeobox 2 and Eomesodermin (299-303). Epigenetic processes like DNA
methylation control the expression of such genes, thus preventing pluripotent stem
cells to differentiate into specific cell lineages (304, 305). It has been reported that
ESCs with no DNA (cytosine-5)-methyltransferases (Dnmtl, Dnmt3a, Dnmt3b)
expression, can stay in undifferentiated state for longer periods of time (306). In
ESCs, methylation mark on histone 3 lysine 4 (H3K4me3) chromatin domain as the
transcription initiating histone modification is found at the promoter regions of the
genes essential for pluripotency (307-309). Additionally, the promoter regions of
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developmental transcription factors, like homeodomain transcription factors (e.g.
Hox, Pax or Irx gene family) in ESCs contain opposing histone marks (H3K4me3 as
active and histone 3 lysine 27 —H3K27me3- as repressive marks), called bivalent
chromatin domains, that exist cooperatively to suspend the transcription until needed
(308, 310-312). Upon receiving differentiation signals, the H3K27me3 mark of the
developmental genes is removed to allow transcription, and commitment of the cell

to a certain lineage (313).

Retinoic acid (RA) is one of the key elements maintaining cellular
differentiation, proliferation and apoptosis via binding to its nuclear receptors called
RA receptors (RAR) (314-316). Transcriptional activation of RA target genes, such
as Hox genes in ESCs, can be achieved by binding of RA to the heterodimer of
RAR-Retinoid X Receptor (RXR) already associated with a RA response element
(RAREs) of the target (317-319). In the absence of RA ligand, the RAR-RXR
heterodimer is in a close contact with corepressor proteins that form complexes with
histone deacetylase (HDAC) 3 (320-322). HDAC3 reduces lysine residues on
histones, thus causing a conformational change of nucleosomal structures followed
by heterochromatin formation and transcriptional repression (323, 324). During RA
treatment of human ESCs, lysine-specific demethylase 6B enzyme function to
separate H3K27me3 histone modification from the promoter regions of genes within
HOXA and HOXB clusters, thus allowing transcriptional activation and
differentiation (325). Gillespie and Gudas (326) also report that Hoxal expression in
F9 embryonal carcinoma cells is halted by its interaction with RARy-RXRa
heterodimer and suppressor of zeste 12 protein homolog (SUZ12) repressor protein

(polycomb group —PcG- protein) in the absence of RA.

PcG proteins act as transcriptional repressors, that are required to keep
mammalian stem cells in a pluripotent state (327, 328). In mammals, there are two
different PcG protein complexes, PRC1 (polycomb group RING finger protein 4,
ring finger protein 1, polyhomeotic protein and chromobox family) and PRC2
(SUZ12, embryonic ectoderm development protein, enhancer of zeste homolog 2 and
rbap48/46) (329). In Drosophila, PcG proteins repress target gene expression, such
as Homeotic Complex (HOM-C; made of Antennapedia and Bithorax complexes) via
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binding to Polycomb response elements (PREs) located away from the promoters
(330). Within the human genome, Woo and co-workers (331) discover a conserved
PRE region between HOXD11 and HOXD12 genes, which is a possible candidate for
regulation of transcription. The Hox gene family, a member of homeodomain (HD)

containing transcription factors, is a regulator of tissue specification.
2.7. Homeodomain Transcription Factors

In 1984, HD was first discovered in Drosophila (332, 333). The term
‘homeo’ comes from ‘homeosis’ defined as the alteration of an organ with another
body part due to mutations in developmental genes. HD is a 60 amino acid long
helix-turn-helix DNA binding motif encoded by an evolutionarily conserved 180 bp
DNA sequence referred as the homeobox locus. The DNA binding motif is
composed of three alpha helical structures together with an N-terminal arm. It has
been reported that the third helix (referred as the recognition helix) and N-terminal
region specifically binds to DNA, whereas a conserved region between the first and
second alpha helix binds to the phosphate backbone (334, 335). Seven points (Leu
16, Phe 20 within the first helix and Trp 48, Phe 49, Asn 51, Arg 53, Lys/Arg 55
within the third helix) have been shown to be the most conserved regions across
different species (336).

HD containing proteins are the master regulatory transcription factors that
regulate axial patterning and establish regional identity during embryogenesis as well
as act in regulating important cellular functions, such as differentiation and
proliferation (337). An estimated number of 235 functional and 65 pseudo-
homeobox genes exist within the human genome, which are classified into 11
superfamilies, known as ANTP (subdivided into HOXL and NKL), PRD (subdivided
into PAX and PAXL), LIM, POU, HNF, SINE, TALE, CUT, PROS, ZF and CERS
(338). In this thesis, I will only discuss the HOX genes and TALE homeobox class.
HOX genes encode highly conserved proteins, that are the master regulators of
positional identity during both pre- and post-natal life. Studying these genes can be
vital in genome instability syndromes, such as in FA to gain a deeper understanding

of tissue identity.
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2.7.1. HOX Genes

HOX genes are evolutionarily conserved among animals with bilateral
symmetry (339). HOX genes, members of HOXL subclass of ANTP homeobox
class, are orthologous of the HOM-C (i.e. lab, pb, Dfd, Scr, Antp, Ubx, Abd-A and
Abd-B) in Drosophila (336). They are classified into seven different gene families
(Figure 2.4.) in mammals; Hox1 and Hox2, as the anterior (3’ end) gene families,
Hox3 gene family, Hox4, Hox5, Hox6-8, as the central gene families, and Hox9-13,

as the posterior (5’ end) gene families (338).

In humans, total of 39 HOX genes are found in four clusters (designated as A,
B, C and D) located on different chromosomes (Figure 2.4.) (338). During
development, their position on the chromosome is associated with their order of
expression, which is known as the collinearity of HOX genes (340). The gene
expression is controlled both spatially and temporarily. Within each cluster, the
earliest activation of HOX gene transcription first occurs at the 3” end (i.e. Hox1 and
Hox2) during early stages of embryogenesis (i.e. formation of primitive streak). At
the later stages of development, transcriptional initiation is sequentially directed

towards the 5°, which corresponds to the posterior end of the embryo (341-348).
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Figure 2.4. In humans, total of 39 HOX genes are found in four clusters, which are
located on four different chromosomes.

The role of HOX genes in establishing the anterior-posterior body axis during
embryonic development has long been known (14, 349). Members of each gene
family (i.e. paralogous) are functionally redundant. Therefore, loss-of-function
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mutation of a Hox gene has smaller effects compared to mutations in more than one
member of a gene family that causes homeotic transformation in the axial skeleton
(350-357). Additionally, HOX proteins also regulate hematopoiesis, lineage
specification of cells, programmed cell death, migration, formation of new blood
vessels, development of proximal-distal (i.e. dorsal-ventral) axis of limb-bud and
organogenesis (349, 358, 359). Members of the Hox9-13 gene family function in
limb development. Hox9/10, Hox11 and Hox13 gene expression are important for
distinct segments of the limb, which are stylopod (humerus and femur), zeugopod
(radius/ulna and tibia/fibula) and autopod (wrist/forepaw and ankle/hind paw),
respectively (353, 356, 360, 361). As transcription factors, HOX proteins regulate
the transcription of their target genes by interacting with a specific DNA sequence
through their HD (362). An increase in the DNA binding affinity and specificity of
HOX proteins has been reported once they assemble with their co-factors, known as
TALE proteins (19, 20).

2.7.2. TALE Homeobox Class

In animals, a total of 20 functional genes has been attributed to this class and
is grouped into six gene families; Pknox (PKNOX1/PREP1 and PKNOX2/PREP2),
Meis (MEIS1, MEIS2 and MEIS3), Pbx (PBX1, PBX2, PBX3 and PBX4), Irx (IRX1,
IRX2, IRX3, IRX4, IRX5 and IRX6), Mkx (MKX), or Tgif (TGIF1, TGIF2, TGIFLX
and TGIFLY) gene family (338). In contrast, another study classified TALE proteins
into five subclasses by combining Meis and Pknox under Meis class genes (363).
Members of the TALE superfamily have a conserved atypical HD, containing three
extra amino acids located between the first and second alpha helices. In addition to
atypical HD, TALE proteins contain IRX domain, MKX domain, MEIS domain,
PBC domain or TGIF domain (363-366). Pknox (Pbx/Knotted 1 homeobox), Meis
(Myeloid Ecotropic Integration Site) and Pbx (Pre-B-cell leukemia homeobox) gene
families have been extensively studies for their role in regulating DNA binding of
HOX proteins. PKNOX1, PKNOX2, MEIS1, MEIS2, PBX1, PBX2, PBX3 and PBX4

genes will be further discussed in this thesis.

The HD of Pknox, Meis and Pbx proteins is located at the C-terminus, while

two domains responsible for protein interactions are found near the N-terminus. The
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MEINOX domain exists in MEIS gene family and a related one lies in the PBC
domain of PBC class (364). Within PKNOX and MEIS proteins, the MEINOX
domain can be broken down into two sub-classes called Homology Region 1
(HR1/MEIS A) and HR2/MEIS B that are collectively referred as the MEIS domain.
In addition to the MEINOX domain, the Meis gene family also bear three more
domains (MEIS-C, MEIS-D and MEIS-N) with unknown functions (363). The PBC
domain of PBX proteins contains two conserved motifs, known as PBC-A and PBC-
B (363). Although both MEIS-A and MEIS-B are suggested to be involved in
binding to PBC domain, the MEIS-A domain is essentially needed to participate
during PKNOX1 and PBX1 interaction (367, 368). Meis and Pknox proteins have a
dissimilar C-terminus. Through their C-termini, Meis proteins (e.g. MEIS1) can
directly interact with HOX proteins (e.g. HOX11-13) (369). Additionally, the PBC-A
domain of PBX proteins is required to form a heterodimer with PKNOX proteins,
like PKNOX2 (370). PKNOX-PBX heterodimers can also bind to HOX proteins and
this ternary complex has increased transcriptional activity compared to PBX-HOX
complexes (370). HOX genes belonging to anterior and central gene families
recognize a TAAT motif, whereas members of posterior gene families bind to a
TTAT motif (371). It has been shown that Pknox1 alone or in combination with
Pbx1 binds to TGAXTGACAG sequence, but the Meisl-Pbx1 dimer recognizes
TGATTGXX and TGACAG sequences (372, 373). The TGATTGXX sequence
recognized by the Meis1-Pbx1 complex contains a consensus motif (TGATTXXT),
previously identified as a PBX-HOX DNA binding sequence (334, 374).

2.8. Role of HOX and TALE Genes in Specification of Mesenchymal

Stromal/Stem Cells

During adulthood, the tightly regulated Hox gene expression pattern
continues to provide a “biological fingerprint” for different cell types, such as
fibroblasts, muscle cells, HSCs and MSCs (15, 16, 375). MSCs of different sources
(i.e. anatomical regions) have distinct HOX and TALE gene expression patterns,
confirming the presence of positional memory (16-18, 376, 377). In mice, expression
of Hoxa9, Hoxb2/7/8, Hoxc6/8/9/10/11/12/13 and Hoxd4/8 is altered in adult femoral

bone marrow or adipose tissue derived MSCs, as well as in cells obtained from
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juvenile spleen, aorta or thymus (377). A study carried out using in vitro cultured
human MSCs derived from bone marrow, colon and dental pulp also show changes
in HOX and TALE gene expression (18). MSCs from dental pulp had only slight
HOXA10, HOXB2, HOXC8/C9 and HOXD1 expression, whereas MSCs from bone
marrow (iliac crest, vertebrae or sternum) expressed most of HOX genes except
HOXB1, HOXC12, HOXD11/C12 (18). Like MSCs from bone marrow, colon
derived cells expressed most of the HOX genes preferentially HOXA11/A13,
HOXD9/D13 but have no HOXB1, HOXB13, HOXC6/C8/C9/C10/C11/C12/C13 or
HOXD11 expression (18). Compared to iliac crest MSCs, vertebrae and sternum
cells had different levels of transcription. There was an increase in HOXAS3/A5,
HOXB6/B7/B8/B9, HOXC4/C8, HOXD9 and decrease in HOXC10/C11, HOXD3
expression of sternum derived MSCs (18). On the other hand, HOXB8/B9 expression
level increased and HOXA1/A6/A7/A11, HOXC10/C11 expression levels decreased
in MSCs from vertebrae (18). MSCs from different anatomical regions also express
TALE genes at various levels. Intriguingly, PBX1, PBX2, PBX3, PREP1, MEIS1 and
MEIS2 genes have the highest expression in colon-derived MSCs, whereas dental
pulp has very low levels of PBX3, MEIS1 and MEIS2 (18). Another study regarding
human tissues report that HOXA9/A10, HOXB7, HOXC6/C8/C10, HOXDS in the
bone marrow, and HOXA9/10, HOXC10, HOXDS8 in the cord blood have
significantly high expression levels (376). In concordance with this study, Liedtke et
al (17) show that human cord blood and bone marrow derived MSCs had a similar
HOX code especially HOXA9, HOXB7, HOXC10 and HOXDS8 can be used as marker
genes for these MSC populations.

Members of HOX and TALE classes may regulate the multilineage
differentiation potential of MSCs. Osteogenic differentiation of BM-MSCs increases
HOXA10/A11, HOXC13 and HOXD9/D13 expression (18, 378). Osteogenic
induction also triggers PBX1 and PBX2 expression of iliac crest and sternum MSCs,
while an increase in MEIS1 expression is observed in cells from vertebrae (18).
Furthermore, MSCs expressing Hox11 are shown to have a higher differentiation
potential, and play a role during bone reformation following fracture (379). During
differentiation of MSCs into endothelial lineages, increase in HOXA7, HOXB3
expression and decrease in HOXA3, HOXB13 expression are observed (380).



30

2.9. HOX and TALE Gene Deregulation and Genome Instability

Genome instability either give rises to or result from alterations to DNA (i.e.
increase in copy number, single-/double-strand breaks, conformational changes
caused by DNA intercalators) and chromosomes (i.e. increase in number,
translocations, inversions, deletions), thus causing deregulation of gene expression
(e.g. HOX genes) and susceptibility to cancer. Deregulation of HD transcription
factors in hematological malignancies (e.g. NUP98/HOXAJ translocation in acute
myeloid leukemia) and solid tumors has long been known (381-384). Expression of
various homeobox genes, known as tumor-suppressors, decreases, while expression
of others, known as tumor-promoting genes, increases in tumors. In solid organ (e.g.
lung and breast) tumors, abnormal epigenetic states (e.g. hypermethylation of CpG
islands) are shown to be associated with HOX or other homeodomain containing
gene misexpression (385). Various studies report that long non-coding RNAs (e.g.
HOTAIR) or microRNAs (e.g. miR-10b) targeting HOXD cluster and HOXD10,
respectively are deregulated in breast tumors causing increased metastasis (386,
387).

Deregulation of HOX gene expression may lead to increased proliferation
(e.g. FGF-2 expression increases via HOXB7 causing tumor growth), resistance to
apoptosis (e.g. EGFR expression increases via HOXB7 causing resistance to
tamoxifen), an increase in angiogenesis (e.9. HOXB7 induces VEGF-A and FGF-2
triggering formation of new veins), a decrease in mesenchymal-to-epithelial
transition (e.g. inhibition of HOXAL0), alterations in microenvironment (e.g.
HOXAD9 expressed by epithelial ovarian cancer cells activates TGF-f2 in BM-MSCs
to adopt cancer-associated fibroblast properties), thus promoting cancer progression
(388-394). Rubin et al (395) also suggest that HOXB7 is involved in DNA repair
against ionizing irradiation by interacting with members of the non-homologous end-
joining (NHEJ) pathway (i.e. ATP-dependent DNA helicase 11 70kDa subunit, ATP-
dependent DNA helicase 1l 80kDa subunit, DNA-PK and PARP). Additionally,
TALE genes act as oncogenes (e.g. MEIS1) and tumor suppressors (e.g. PREP1), and
function in DNA repair and maintaining genomic stability (e.g. PREP1) (21, 23).
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Within the BM microenvironment, there is a tight interaction between HSCs
and the niche components, such as BM-MSCs. BMF cannot solely depend on
impaired HSC function, but rather to the combination of defects in the niche. FA
HSCs have impaired TGF-B signaling, which is proposed as a mechanism of BMF
(34). FA BM-MSCs may also bear defects in their differentiation potential,
immunophenotype, proliferation capacity, senescence activity, ROS production as
well as in their secretion of cytokines and growth factors, such as TGF-fs that may
contribute to a defective BM. Genome instability of BM-MSCs due to FA disease
state may also change their tissue identity and may trigger hematological defects. It
is important to assess HOX and TALE gene expression levels and their functional
role in FA BM-MSCs compared to control cells.
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3. MATERIALS and METHODS

3.1. Cell Culture and Characterization of Bone Marrow Mesenchymal

Stromal/Stem Cells
3.1.1. Patients and Controls

Cryopreserved BM-derived mononuclear cells (BM-MNCs) from FA patients
(10.3 #4.1 years old; Table 3.1.) obtained at Hacettepe University Pediatric
Hematology Bone Marrow Transplantation unit were used for isolation of BM-
derived MSCs (BM-MSCs). Patients (designated as HUSCS-FAOQ1 - 12; n= 12) were
diagnosed by clinical manifestations (Table 3.2. and 3.3.) and DEB treatment. Age-
matched (FA family donors= 10.9 +5.2; and unrelated donors= 12.8 £8.9 years old;
Table 3.1.) healthy donors (designated as HUSCS-D01 - 16; n= 16) served as
controls. The study was approved by the Local Ethical Committee (Number 14,
24/08/2009) and Hacettepe University Non-interventional Clinical Research Ethics
Board (GO 14/403-12, 23/07/2014; Appendix-1). Informed consent, where

appropriate, was obtained from donors and FA patients enrolled in this study.



Table 3.1. Age and gender information of donors and Fanconi anemia patients.

33

Gender / Age Gender / Age
Donor ID FA Patient ID
(Years)y (Years)y

HUSCS-D01" F/14 HUSCS-FAO01 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-FA05 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-FA09.b 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.



Table 3.2. Characteristics of Fanconi anemia patients.

) DEB Cytogenetic/ o
Sample ID Anemia . . Clinical Features
Test Peripheral Blood Dysplasia
Hypospadias, cryptorchidism, deviation to right at IVS and slight
HUSCS-FA01 + + 46, XY )
enlargement of left ventricle
HUSCS-FA02* + + 10p Cafe au lait and hyperpigmentation
Out of 19 metaphases, 2 showed Microphthalmia, hyperpigmentation, left kidney agenesis,
HUSCS-FAOQ3 + + o o ) )
hypodiploidy and 1 showed 8+mar hypothyroidism, bilateral hearing loss
Out of 10 metaphases, 7 showed Cafe au lait, left kidney agenesis and osteopenia
HUSCS-FA04 + + non-clonal hypodiploidy and no
structural anomalies
17 metaphases were structurally Microcephaly, microphthalmia, ptosis, cafe au lait and
normal. 3 metaphases showed non- hyperpigmentation
HUSCS-FAQ5 + + .
clonal structural alterations
indicating chromosomal instability
Extremity anomalies, right ectopic kidney, right
HUSCS-FA06" + - 46, XY hydroureteronephrosis, right extra renal pelvis and patent ductus

arteriosus

ve



Table 3.2. (Continued) Characteristics of Fanconi anemia patients.

) DEB Cytogenetic/ o
Sample ID Anemia ) ) Clinical Features
Test Peripheral Blood Dysplasia
17 metaphases were both Microcephaly, microphthalmia, cafe au lait, hyperpigmentation, left
structurally and quantitatively ectopic kidney and growth retardation
HUSCS-FA07" + -
normal. 2 metaphases showed
add(7)(a)
Extremity anomalies, unilateral kidney agenesis, atrial septal defect,
HUSCS-FAOQ8 + + 46, XY i o o
ventricular septal defect, hypothyroidism and cryptorchidism
Microcephaly, hyperpigmentation, left kidney agenesis, growth
HUSCS-FA09.a™ + + 46, XX Py, TIYperp g- y J J
retardation and hyperglycemia
11923 deletion at 1 metaphase and Hydrocephaly, microphthalmia, ptosis, hyper/hypopigmentation,
HUSCS-FA09.b™ + + a o P y phaty p ) P yperinyp p g
hypodiploidy at 2 metaphases. cafe au lait, cortical cyst and osteoporosis
out of 15 metaphases, 1 had Growth retardation, microcephaly, Cafe au lait and
HUSCS-FA10 - + del(1)(g11gter) and 5 had non- hyperpigmentation
clonal hypodiploidy. +
out of 15 metaphases, 6 had Microcephaly, microphthalmia, hyperpigmentation and mitral valve
HUSCS-FA1l + + der(4)t(1;4)(q11;p16); indication prolapse
of partial trisomy 1g.

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-FAQ2 diagnosed as leukemia. ™ HUSCS-FA09.a and
HUSCS-FAQ9.b are siblings.

13
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Table 3.3. Blood counts of Fanconi anemia patients.

Sample ID Hb (g/dl)* | WBC (/ul)* | PLT (/ul)*
HUSCS-FAO1 10.2 3600 32000
HUSCS-FAQ02 9.00 5100 69000
HUSCS-FA03 11.2 4300 122000
HUSCS-FA04 11.1 200 64000
HUSCS-FAQ05 8.20 2100 42000
HUSCS-FA06 7.70 1800 59000
HUSCS-FAQ7 10.4 2600 38000
HUSCS-FAQ8 10.0 5600 118000

HUSCS-FA09.a 10.4 4300 87000
HUSCS-FA09.b 9.80 3200 75000
HUSCS-FA10 15.0 8900 253000
HUSCS-FA11 10.0 3500 72000

Hb, Hemoglobin Count; WBC, White Blood Cell Count; PLT, Platelet Count; * Hb (g/dl), WBC (/ul)
and PLT (/wl) counts of FA patients were obtained prior to the bone marrow transplantation.

3.1.2. Mutational Analysis of FA Patients

Mutation screening of the FA patients (n= 10; genomic DNA provided by
Hacettepe University DNA biobank) was performed at Department of Clinical
Genetics in VU University Medical Center, The Netherlands, according to the
algorithm described earlier (396). Briefly, FANCA gene was investigated by
complete sequencing by Sanger sequencing as well as for large deletions by
Multiplex Ligation-Dependent Probe Amplification (MLPA) (397). For patients with
no mutation in FANCA gene, coding regions and exon-intron boundaries of FANC-A,
-B, -C, -D2, -E, -F, -G, -I, -L, -M, BRCA1, BRCA2, BRIP1, ERCC4, PALB2, RAD51
and SLX4 were sequenced using next generation sequencing with Miseq Illumina
sequencer after enrichment with a custom HaloPlex Target Enrichment kit (Agilent,
USA) as previously reported (398).

3.1.3. Culture of Bone Marrow Mesenchymal Stromal/Stem Cells

BM-MSCs were maintained in expansion (DMF10) medium in a 5% CO>
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incubator at 37°C. DMF10 medium consisting of 60% Dulbecco’s modified Eagle’s
medium-low glucose (DMEM-LG,; cat no: 31600-083, Gibco, UK) and 40% MCDB-
201 medium (cat no: M6770-1L, Sigma-Aldrich, USA) supplemented with 10%
heat-inactivated fetal bovine serum (HI-FBS; cat no: 102701106, Gibco), 1%
penicillin and streptomycin (Pen/Strep; cat no: A2213, Biochrom AG, Germany) and
1% L-glutamine (cat no: K0282, Biochrom AG), was changed after 3 to 4 days.
Once BM-MSCs reached confluency of 70-80%, they were washed with phosphate-
buffered saline (PBS; cat no: A9162, Applichem, Germany) and trypsinized in
0.25% trypsin (cat no: 27250-018, Invitrogen, UK) containing 1mM
ethylenediaminetetraacetic acid (EDTA; cat no: 15575020, Invitrogen) solution
(Trypsin-EDTA). Passaged cells were then washed in DMF10 medium to stop the
effect of trypsin enzyme, followed by centrifugation (Eppendorf, Germany) at 453 x
g for 5 minutes at room temperature. BM-MSCs were then counted using Trypan
Blue stain (cat no: 03-102-1B, Biological Industries, Israel) and replated. For later
use, cells were frozen in DMEM-LG supplemented with 20% FBS-HI and 10%
dimethyl sulfoxide (DMSO; cat no: D8418, Sigma-Aldrich) in a liquid nitrogen tank
at 196°C. Passage 3 BM-MSCs were used for further experiments unless stated

otherwise.
3.1.4. Gene Expression Analysis
RNA Isolation

Total RNA including small RNAs were isolated from MSCs using miRNeasy
Mini Kit (cat no: 217004, Qiagen, USA) from passage 3 BM-MSCs obtained from
donor and FA patients. Prior to RNA isolation, plasticware was treated with diethyl
procarbonate (DEPC) to prevent RNase activity. Cultured cells were washed twice
with PBS and then Qiazol Lysis Reagent (cat no: 79306, Qiagen) was directly added
onto the cells. The cell lysates were collected with a rubber policeman and then
transferred into a 1.5ml tube, followed by pipetting until no cell clumps were visible.
Samples were stored at -80°C until RNA isolation. On the day of isolation, cell
lysates were thawed completely, mixed with 140ul chloroform (cat no: A3633,

Applichem) by shaking vigorously for 15 seconds and were then incubated for 2-3
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minutes at room temperature, followed by centrifugation at 12,000 x g at 4°C for 15
minutes. Afterwards, RNA found at the most upper aqueous phase was transferred to
a new collection tube (Qiagen) and was mixed with 1.5 volumes of 100% ethanol
(cat no: A3678, Applichem). The mixture was then transferred into a RNeasy® Mini
column (Qiagen), followed by centrifugation at 10,000 x g for 15 seconds at room
temperature. The flow-through was discarded and the step was repeated for the
remainder of the RNA sample. 350ul of Buffer RWT containing guanidinium
thiocyanate (Qiagen) was added into RNeasy® Mini column, followed by
centrifugation at 10,000 x g for 15 seconds at room temperature. The flow-through
was discarded. At this step, on-column DNase digestion was performed using
RNase-free DNase Set (cat no: 79254, Qiagen) in order to eliminate genomic DNA
(gDNA) contamination. For each RNA sample, 10ul DNase | stock solution was
mixed with 70ul Buffer RDD (ingredients not stated; Qiagen). The mixture was
added directly onto the membrane of RNeasy® Mini column and incubated for 30
minutes at room temperature. 350ul of Buffer RWT was added into RNeasy® Mini
column, followed by centrifugation as described before and the flow-through was
discarded. 500ul of Buffer RPE (ingredients not stated; Qiagen) was added into
RNeasy® Mini column, followed by centrifugation at 10,000 x g for 15 seconds at
room temperature and the flow-through was discarded. This step was repeated but
centrifugation was performed for 2 minutes. RNeasy® Mini column was placed onto
a new tube and centrifuged at 10,000 x g for 1 minute at room temperature to further
dry the membrane. RNeasy® Mini column was placed onto a 1.5ml collection tube
(Qiagen) and RNA was eluted by adding 30-50ul RNase-free water (Qiagen),
followed by centrifugation at 10,000 x g for 1 minute at room temperature. The tube
containing eluted RNA samples were directly transferred onto ice. RNA
concentration and quality was determined by NanoDrop ND-1000 (Thermo Fisher
Scientific, USA) spectrometer. RNA samples were stored at -80°C until further use.

Synthesis of Complementary DNA

Complementary DNAs (cDNAs) were synthesized from RNA samples using
Transcriptor High Fidelity cDNA Synthesis Kit (cat no: 05081963001, Roche, USA)

according to the manufacturer’s instructions. The reactions were set-up on ice unless
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indicated otherwise. Briefly, RNA sample was mixed with 60uM Random Hexamer
Primer and the final volume was brought up to 11.4ul by PCR grade water. The
mixture was incubated at 65°C for 10 minutes using GeneAmp PCR System 9700
(Applied Biosystems, USA). Then, the tube containing template-primer mix were
cooled on ice for 5 minutes and remaining components including 1X Transcriptor
High Fidelity Reverse Transcriptase Reaction Buffer, 20U Protector RNase Inhibitor,
Deoxynucleotide Mix (ImM each), 5mM dithiothreitol (DTT) and 10U Transcriptor
High Fidelity Reverse Transcriptase were added into the tube, followed by brief
centrifugation. The reverse transcription reaction conditions were 29°C for 10
minutes, 48°C for 60 minutes, followed by inactivation of reverse transcriptase
enzyme at 85°C for 5 minutes. Then the tubes were placed on ice to stop the reaction.

cDNA samples were stored at -20°C until further use.
Reverse Transcriptase Quantitative Polymerase Chain Reaction Analysis

Prior to reverse transcriptase quantitative polymerase chain (RT-gPCR),
cDNAs were diluted 1:2 using PCR grade water. The final PCR reaction was carried
out in 10ul in 96 or 384 well plates according to the manufacturer’s instructions.
Briefly, mix including 1X LightCycler® 480 Probes Master (cat no: 04707494001 or
04887301001, Roche) and 1X RealTime ready Assay (cat no: 05532957001 or
05583055001, Roche; details of primer-probe mix are outlined in Table 3.4.) was
prepared and the final volume was adjusted to 8ul using PCR grade water for each
reaction. Afterwards, 2ul of diluted cDNA was added onto the mix. Reactions were
set-up on ice. RT-gPCR was performed using LightCycler® 480 1l (Roche). PCR
conditions were 95°C for 10 minutes, then 45 cycles of 95°C for 10 seconds, 60°C
for 30 seconds and 72°C for 1 second, followed by a cooling step of 40°C for 30
seconds. Subsequently, the crossing point (Cp; also known as threshold cycle -Ct-)
for target and reference genes for each sample was calculated according to Second
Derivative Maximum Method using LightCycler® 480 Software (Roche). The Ct
values equal to or greater than 40 were analyzed on gel electrophoresis and was
accepted as a positive value if only the specific band was present on the gel. All
target genes were normalized against the endogenous house-keeping gene, ACTB. To

calculate relative gene expression, 2"2¢t (Equation 2.1.) method by applying log
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transformation was used. For each individual sample, mean ACt of the technical
replicates was calculated. Additionally, fold change was calculated by applying a log

transformation to 22 method (399).
ACt= CtTarget gene ~ CtRreference gene (21)

3.1.5. Immunophenotyping Bone Marrow Mesenchymal Stromal/Stem
Cells

Immunophenotyping of BM-MSCs obtained from donor (n=16) and FA
patients (n= 12) was done by flow cytometer (BD FACSAria, Becton Dickinson,
USA) using FACS DIVA software. Passage 3 BM-MSCs were passaged using
Trypsin-EDTA and were then washed in DMF10 medium, followed by
centrifugation at 453 x g for 5 minutes at room temperature. Supernatant was
discarded and the cell pellet was resuspended in PBS, followed by centrifugation at
453 x g for 5 minutes at room temperature. Washing step in PBS was repeated twice.
Afterwards, single-cell suspensions were prepared in 100ul PBN buffer (containing
PBS; bovine serum albumin -BSA-, cat no: 130-091-376, MACS, Miltenyi Biotec,
Germany; and sodium azide) supplemented with 2% human AB serum, were stained
by incubation with directly conjugated monoclonal antibodies for 15 minutes at room
temperature according to the manufacturer’s instructions. Cell surface antibodies
against CD29, CD44, CD73, HLA-ABC, CD90, CD105, CD106, CD140b, CD144,
CD146, CD166, CD200, CD271 were used to detect the cells from mesenchymal
stromal cell origin. Endothelial cell marker anti-CD31 and hematopoietic cell
markers anti-CD45 anti-CD14, anti-HLA-DR, anti-CD34 were used to exclude cells
of hematopoietic origin. A general stem cell marker, anti-CD133 was also used.

Details of antibodies were given in Table 3.5.



Table 3.4. Details of primers used in RT-qPCR.

Gene Name Forward Primer Reverse Primer Amplicon Length (bps)
HOXA1 AGAAACCCTCCCAAAACAGG GGTACTTGTTGAAGTGGAACTCCT 127
HOXA2 AATGGACACAATGGCGACTC TTTTTCTCATTGCTGGTTAAAGG 52
HOXA3 AAGCAGAAAACCAGCAGCTC GCGGTTGAAGTGGAACTCTT 144
HOXA4 CAGAAGAAGACAGACCCTTTCC AGCTTGGATGAGCTGCCTTA 70
HOXA5 GCGCAAGCTGCACATAAG CTGGTAGCGCGTGTAGGC 79
HOXA6 GGATGCAGCGGATGAACT GGTAGCGGTTGAAGTGGAAC 123
HOXA7 GCTTGCCTGCTACCTAGTGC AAAAGCTGCGGGCTGTAAG 67
HOXA9 AAAACAATGCTGAGAATGAGAGC TATAGGGGCACCGCTTTTT 111
HOXA10 CCTTCCGAGAGCAGCAAA TTGGCTGCGTTTTCACCT 71
HOXA11 CGGCAGCAGAGGAGAAAG GTATAGGGGCAGCGCTTTT 133
HOXA13 ATGTACTGCCCCAAAGAGCA GCTTCTTTCTCCCCCTCCTAT 112
HOXB1 CAGCTACGGGCCTTCTCA CCGTAGCTCGAGGGATGA 78
HOXB2 TTAGCGTTTAATCCACTCCCTTT AAAGATAACCGAGTGCCCAAT 60
HOXB3 CTGGGGCTCGATGTGAATA CTGTTCCAAGCGGCTGAC 77
HOXB4 CTGGATGCGCAAAGTTCAC GTGTAGGCGGTCCGAGAG 81
HOXB5 AAGCTTCACATCAGCCATGA CGGTTGAAGTGGAACTCCTTT 107
HOXB6 CCCGCTGAGACATTACCC AATAGGAGGAAGTGGCAAAGC 74

14%



Table 3.4. (Continued) Details of primers used in RT-qPCR.

Gene Name Forward Primer Reverse Primer Amplicon Length (bps)
HOXB7 GGATGCGAAGCTCAGGAA CGTCAGGTAGCGATTGTAGTGA 104
HOXB8 CTTACTCTCTGCTTCCGTTCCT TGGAACCAGATTTTGACCTGT 72
HOXB9 GACTCGTAAGCGGCGAATC ACAAATTGAAGGGGACTGAGAA 60
HOXB13 CACCAGGTCCCTTTTGGAA TGTACGGAATGCGTTTCTTG 102
HOXC4 ATCCCGCTGCCTCTACCT CGAGCTCATGATCATTAATTTCC 90
HOXC5 CCCAGCAAGTGGTCCTAGAG GGAGGGCACAGAAATTCG 66
HOXC6 AAAAGAGGAAAAGCGGGAAG GGGACAGTCCTGGTCACTCT 62
HOXC8 GGACAAGGCCACTTAAATCAA TGTAAGTTTGCCGTCCACTG 97
HOXC9 GCAGCAAGCACAAAGAGGA CGTCTGGTACTTGGTGTAGGG 113
HOXC10 GACCTCCAATTTTAATTTCACCTG AGAGGAAGGAGCGGGAAG 64
HOXC11 AAGTGGCACCATCGGAAC CCGGTGCATAAGCTCGTC 63
HOXC12 AACTCTCAGACCGCTTGAATCT ATTCTCCGGTTCTGAAACCA 64
HOXC13 CACTGGGCTCTCTCCAATG CCGGTAGCTGCTCACCTC 129
HOXD1 TGGAACAACCCCCACTAAGTT AAGTACCGGCCTCACGAA 78
HOXD3 AAGACAAAATTCAAGAAAACACACA CCAATGTCTGCTGAATCCTG 93
HOXDA4 GGGCGGGATTCTCTCTCTAA CGCCAAGATTTTATGTTCTCAGT 64
HOXD8 GTTTCCGTGGATGAGACCAC TGGAAGCGACTGTAGGTTTGT 69
HOXD9 GGGACGCCTCAAAATGTCT TGGCCTATAAGCGAGTCCAC 66
HOXD10 CTGAGGTCTCCGTGTCCAGT GCTGGTTGGTGTATCAGACTTG 77

v



Table 3.4. (Continued) Details of primers used in RT-qPCR.

Gene Name Forward Primer Reverse Primer Amplicon Length (bps)
HOXD11 CACTCACCCACCCTCCTTC AGAGACGTCATTAAACCCAAGG 71
HOXD12 TGGACAGAGGCCTTGTTTG ACCGAAGGAAAAGCCTTAGC 61
HOXD13 GGGGTCACCGAGAAAGTCTA TGGCCATTTTTAAAGCCATC 64

MEIS1 TTCACACTGGCCTTAAAGAGG CCGTAATGGGGTAGATCGTC 97
MEIS2 CCAGTCAAATCGAGCAGGTT GGGCTGACCCTCTGGACTAT 76
PBX1 GCTGTCACTGCTACCAATGTG ACATGTTAAAAGAACTGGAAGAACC 94
PBX2 GACCAGAGCCTGGACGAG ATGCTGAGGCCAGTTTTCTC 113
PBX3 AGCGTCCTGTGTGAGATCAA GTCTCATTAGCTGGGGATCG 88
PBX4 TGCCTGTCAACACCTAGCTC TGGAGAGAGGCCAGAGTCC 95
PKNOX1 GTTGAGTGGAGAGCCTGGAA GCCTGTGATGGCACTTTGA 70
PKNOX2 TGCCACCAATATAATGCGTTC CTCATCCTCCGTGGGGTAG 67
TGF-p1 ACTACTACGCCAAGGAGGTCAC TGCTTGAACTTGTCATAGATTTCG 73
ACTB GGCCAGGTCATCACCATT GGATGCCACAGGACTCCAT 91
Adipsin CATCGACCACGACCTCCT GCCACGTCGCAGAGAGTT 123
PPARy GACAGGAAAGACAACAGACAAATC GGGGTGATGTGTTTGAACTTG 96
LPL TCGTTCTCAGATGCCCTACA GCCTGATTGGTATGGGTTTC 87
RUNX2 GCCTAGGCGCATTTCAGAT CTGAGAGTGGAAGGCCAGAG 66
ALPL AGAACCCCAAAGGCTTCTTC CTTGGCTTTTCCTTCATGGT 74
OCN CCAGCCCTATGGATGTGG TTTTCAGATTCCTCTTCTGGAGTT 72
SP7 GACTGCAGAGCAGGTTCCTC TAACCTGATGGGGTCATGGT 60

(597



Table 3.5. Details of antibodies used in flow cytometry analysis.
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Antibody

Clone

Manufacturer

APC-/PE-anti-CD29

TS2/16; MAR4

Biolegend, USA,;
BD Pharmingen, USA

FITC-anti-CD44 BJ16; L178 Biolegend; BD OptiBuild
APC-/PE-/FITC-anti-CD73 AD2 Biolegend; BD Pharmingen
PE-/PECyT7-anti-HLA- )
G46-2.6 BD Pharmingen
ABC
PE-/FITC-anti-CD90 5E10 BD Pharmingen; Biolegend
PE-anti-CD105 SN6 e-Bioscience, USA
) Biolegend;
APC-/FITC-anti-CD106 STA; 51-10C9 ]
BD Pharmingen
PE-anti-CD140b 28D4 BD Pharmingen
) Biolegend,;
APC-anti-CD144 BV9; 55-7H1

BD Pharmingen

PE-anti-CD146

SHM-57; P1H12

Biolegend; BD Pharmingen

PE-anti-CD166

3A6

Biolegend

PE-anti-CD200

MRC-0X104

BD Horizon

PE-/APC-anti-CD271

C40-1457, ME20.4-1.H4

BD Pharmingen;
Miltenyi Biotec

FITC-anti-CD31 WM59 BD Pharmingen

] BD Pharmingen;
FITC/PeCy7-anti-CD45 2D1; HI30; HI30 ) )

BD Horizon; Biolegend

APC-anti-CD14 M5E2 BD Pharmingen

) BD Biosciences;
FITC-/APC-anti-HLA-DR L243; G46-6 )

BD Pharmingen

PE-/FITC-/APC-anti-CD34 581 BD Pharmingen; Biolegend

PE-anti-CD133

AC133/Prominin-1

e-Bioscience
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3.1.6. Differentiation Potential of Bone Marrow Mesenchymal

Stromal/Stem Cells
Adipogenic Differentiation

90-100% confluent BM-MSCs obtained from donor (n= 16) and FA patients
(n=12) were maintained in the presence of adipogenic induction medium, consisting
of DMEM-LG, 10% FBS-HI, 1% L-glutamine, 1% Pen/Strep, 1uM dexamethasone
(cat no: D2915, Sigma), 60uM indomethacin (cat no: 17378, Sigma), 500uM 3-
isobutyl-1-methylxanthine (cat no: 15879, Sigma) and 5ug/ml insulin (cat no: 16634,
Sigma) in a 5% CO; incubator at 37°C for 21 days. The medium was changed every
3 to 4 days. Cultures were then washed with PBS, followed by fixation with 10%
formaldehyde (cat no: A0877, Applichem) for 30 minutes. Cells were stained with
Oil Red O (ORO; cat no: 00625, Sigma-Aldrich) for 10 minutes at room
temperature, followed by followed by three washes with double distilled water
(ddH20). Images were obtained with an inverted microscope (Olympus CKX41,;

Olympus, Japan). Uninduced cells were used as controls.
Osteogenic Differentiation

70-80% confluent BM-MSCs obtained from donor (n= 15) and FA patients
(n=11) were maintained in osteogenic differentiation medium consisting of DMEM-
LG, 10% FBS-HI, 1% L-glutamine, 1% pen/strep, 100nM dexamethasone, 10mM B3-
glycerophosphate (cat no: A2253, Applichem) and 0.2mM L-ascorbic acid (cat no:
A4034, Sigma) in a 5% CO; incubator at 37°C for 21 days. The medium was
changed every 3 to 4 days. BM-MSCs were then washed and fixed as described
above, followed by staining with Alizarin Red S (ARS; cat no: A2306-0100, Sigma-
Aldrich) at pH 4.2 for 10 minutes at room temperature. Cells were then washed three
times with ddH>O and images were obtained with an inverted microscope.

Uninduced cells were used as controls.
Expression Levels of Adipogenic- or Osteogenic-Specific Genes

Details of RNA isolation, cDNA synthesis and RT-qPCR reactions were
outlined above. cDNAs were synthesized from 260ng total RNAs. Adipogenic
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differentiation was assessed by measuring the changes in Adipsin, PPARy and
Lipoprotein lipase (LPL) expression while osteogenic differentiation was determined
by measuring the changes in Runt-related transcription factor 2 (RUNX2), Alkaline
phosphatase (ALPL), Osteocalcin (OCN) and Osterix (SP7) (see Table 3.4.). Fold
change in gene expression between adipogenic- or osteogenic- differentiated BM-
MSCs (grown in differentiation medium) and untreated cells (grown in DMF10
medium) were determined. When no Ct value was obtained, ACt value was accepted

as 25 in order to be able to calculate the fold change.

3.1.7. Effect of DEB Treatment on Cell Cycle of Bone Marrow

Mesenchymal Stromal/Stem Cells

Hallmark of FA cells is the hypersensitivity to ICL agents such as DEB
leading to cell cycle arrest, DNA damage and genomic instability. Therefore, cell
cycle of BM-MSCs were characterized following DEB treatment. The protocol
details were described previously (400, 401). In the published protocol, two different
DEB concentrations (0.01 pg/ml and 0.1pg/ml) was used. Initially, a pilot study
using both concentrations was performed to determine the effective dose on cell
cycle analysis of FA and donor BM-MSCs. One day prior to DEB treatment, passage
2 BM-MSCs in DMF10 medium were seeded into tissue culture flasks. Afterwards,
cells were treated with DEB (cat no: 202533, Sigma Aldrich) for 4 days. Untreated
BM-MSCs were used as controls. Following DEB treatment, BM-MSCs were rinsed
with PBS, followed by trypsinization by Trypsin-EDTA. Cells were then washed in
DMF10 medium, followed by centrifugation at 453 x g for 5 minutes at room
temperature. Supernatant was discarded and the cell pellet was resuspended in PBS,
followed by centrifugation as described before. Supernatant was discarded and cells
were stained with propidium iodide solution (PI). Flow cytometry analysis was
performed using a FACSAria. Percentage of BM-MSCs in each cell cycle phase (i.e.
dip G1, dip S-phase and dip G2) was 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).
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Further analysis was performed using 0.1pug/ml DEB treatment because
0.01pg/ml had no effect on the cell cycle (Figure 3.1.). Percentage of BM-MSCs in
each cell cycle phase was analyzed for donor (n= 3) and FA patient (n=6) and where
possible mean of technical replicates was calculated. Fold change in the percentage

of positive cells in each cell cycle phase was calculated using Equation 2.2.

Fold change= % of DEB treated BM-MSCs - % of control BM-MSCs  (2.2.)

FSC-H

Untreated 0.01pg/ml DEB 0.1pg/ml DEB

‘ |

pEmco
vuu>y

Donor BM-MSCs —

Nurber

Number

FA BM-MSCs —_—

| i | Bl T
© 100 1 20 £

PE-Texas Red-A

Figure 3.1. Representative flow cytometry analysis of cell cycle phases (i.e. dip G1,
dip S-phase or dip G2, where dip means the peak) of BM-MSCs prior to
and following 0.01pg/ml and 0.1pg/ml DEB treatment.

3.1.8. Population Doubling Analysis of Bone Marrow Mesenchymal

Stromal/Stem Cells

Population doubling of passage 3-7 BM-MSCs derived from donor (n= 4) and
FA patients (n= 5) were compared. Cells were expanded in DMF10 medium and
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medium was changed every 3 to 4 days. Five technical replicates were performed for
each independent sample. At the end of each passage, confluent BM-MSCs were
washed with PBS, followed by trypsinization using Trypsin-EDTA. Cells were then
washed in DMF10 medium, followed by centrifugation at 453 x g for 5 minutes at
room temperature. Supernatant was discarded and the cell pellet was resuspended in
PBS, followed by centrifugation at 453 x g for 5 minutes at room temperature. Cells
from each technical replicate were counted using Trypan Blue stain. Cells from each
replicate were centrifuged at 453 x g for 5 minutes at room temperature. Supernatant
was discarded and pellet was resuspended in fresh DMF10 medium. Cells were
recounted and seeded as 16,667 cells/well into a 6-well plate. At the end of each
passage, population doubling (PD) was calculated for each technical replicate and the
average was determined. When no cells were counted, PD was not determined for
the technical replicate. PD was determined by using Equation 2.3. and Equation 2.4.
Finally, cumulative (c) PD was calculated using mean PD values (402)

Fold expansion= cells harvested + cells seeded (2.3.)
PD=log,, (fold expansion + log,;2) (2.4.)

3.1.9. Detection of Senescence Associated p-Galactosidase Activity of

Bone Marrow Mesenchymal Stromal/Stem Cells

Cellular senescence of passage 3 and 6 BM-MSCs derived from donors (n=2)
and FA patients (n= 3) were assessed using senescence associated [-galactosidase
(SA-B-gal) Staining Kit (cat no: 9860, Cell Signaling Technology, USA) according
to the manufacturer’s instructions. Senescent cells but not presenescent, dormant or
differentiated ones could be detected by B-galactosidase activity which was partly
related to lysosomal B-D-galactosidase encoded by GLB1 gene (403, 404). Briefly,
BM-MSCs seeded into 6-well plate were washed with PBS, followed by fixation
with 1X Fixative Solution (item no: 11674, Cell Signaling Technology) at room
temperature for 10 minutes. Meanwhile, B-Galactosidase Staining Solution
containing 1X Staining Solution (item no: 11675, Cell Signaling Technology), 1X
Solution A (item no: 11676, Cell Signaling Technology), 1X Solution B (item no:
11677, Cell Signaling Technology) and 1mg/ml X-gal (item no: 11678, Cell
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Signaling Technology) in dimethylformamide (cat no: D4551, Sigma-Aldrich) at pH
6.0 was prepared. Cells were rinsed two times with PBS and then stained using -
Galactosidase Staining Solution, followed by overnight incubation at 37°C in a dry
incubator. Images were obtained with an inverted microscope. Senescent BM-MSCs
were identified as blue-stained cells. For each sample, two different images were
taken from different areas. The quantification of senescent cells was performed by
counting the number positive and negative cells using 100X magnified images by
Cell Counter plugin in ImageJ software (NIH, USA). Then, the percentage of
positive cells was calculated using Equation 2.5. and Equation 2.6.

Total cell count= positive cell count + negative cell count (2.5))
% Positive cells= (positive cell count x 100) + total cell count (2.6.)

3.1.10. Reactive Oxygen Species Production by Bone Marrow
Mesenchymal Stromal/Stem Cells

CM-H2DCFDA molecular probe (Invitrogen, USA) was used to detect ROS
production in FA (n= 4) and donors (n= 3) BM-MSC:s. Firstly, cells were trypsinized
using Trypsin-EDTA and 5000 cells per well were incubated in 100ul PBS
supplemented with/without 10uM CM-H2DCFDA in a 5% CO> incubator at 37°C
for 30 minutes. Cells were then washed in PBS, followed by centrifugation at 453 x g
for 5 minutes at room temperature. Pellets were then resuspended in PBS
(100ul/well), transferred to a 96-well plate (cat no: 655086, Greiner Bio-One,
Germany) and fluorescence was detected by FLUOstar Omega microplate reader
(excitation= 485nm and emission= 520nm; BMG Labtech, Germany). PBS
supplemented with/without CM-H2DCFDA was used as control. For each sample,
total of five technical replicates were measured and their mean was calculated.

Fluorescence intensity (FI) was determined by using Equation 2.7.-2.9.
Normalized FI of cells= FI of stained cells - FI of cells in PBS (2.7.)
Normalized FI of control= FI of PBS with 10uM probe - FI of PBS (2.8.)

Normalized FI= normalized FI of cells - normalized FI of control (2.9)
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3.1.11. TGF-p Levels of Bone Marrow Mesenchymal Stromal/Stem Cells
TGF-g1 Gene Expression

Details of RNA isolation, cDNA synthesis and RT-gPCR reactions were
outlined above. cDNAs were synthesized from 260ng total RNAs. Relative
expression level of TGF-A1 gene (see Table 3.4.) was compared between FA patients
(n=7) and donor (n= 10) cells. Following 0.1pg/ml DEB treatment for 4 days, fold
change in TGF-f1 gene expression between treated and untreated BM-MSCs of FA
patients (n=6) and donors (n= 3) were determined. When Ct value was not obtained,

ACt value was accepted as 25 in order to be able to calculate the fold change.
Active TGF-g1, TGF-p2 and TGF-p3 Secretion

Active TGF-B1, TGF-B2 and TGF-B3 secretion levels by 70-80% confluent
BM-MSCs obtained from donor (n= 8) and FA patients (n= 9) were determined
using Bio-Plex Pro™ TGF-f 3-plex Assay (cat no: 171W4001M, Bio-Rad, USA) kit
following manufacturer’s instructions. Briefly, standard vial was reconstituted in
500ul DMF10 medium, followed by vortexing for 5 seconds and incubation on ice
for 30 minutes. 4-fold serial dilution of standard was then performed to generate
eight-point standard curve. Cell Culture supernatants (unknown samples) previously
stored at -80°C, were thawed and were centrifuged at 1000 x g for 15 minutes at 4°C.
50ul of unknown sample was activated by adding 10ul of 1N hydrochloric acid,
followed by incubation for 10 minutes at room temperature. Each sample was then
neutralized by adding 10ul base solution containing 0.5M HEPES (cat no: HEP-B,
Capricorn Scientific) and 1.2N sodium hydroxide, followed by 1:16 dilution using
DMF10 medium. Empty DMF10 medium treated as unknown samples and diluted in
1:16 using medium, was included as a negative control. 50ul/well of coupled
magnetic beads was added to the assay plate, followed by two washes with
100ul/well Bio-Plex® wash buffer. The wash buffer was discarded after plate was
placed on the appropriate magnetic stand for at least 1 minute. SOul/well of diluted
standards, unknowns or negative control was then added to the plate and incubated
on shaker at 900 rpm for 2 hours at room temperature, followed by three washes as

described above. 25ul detection antibody was added to each well and incubated on
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shaker at 900rpm for 1 hour at room temperature, followed by three washes as
described above. Finally, 50ul/well of Streptavidin-PE was added to the plate and
incubated on shaker at 900rpm for 30 minutes at room temperature, followed by
three washes as described above. The beads were resuspended in 125ul/well assay
buffer for detection of FI using Bioplex MAGPIX multiplex reader (Bio-Rad).
Concentration vs. FI graph of known TGF-1/2/3 standards was constructed by
logistic-5PL regression analyses (Figure 3.2. A-C). FI of unknown samples or
negative control was interpolated into the slope to find the corresponding
concentration value (pg/ml). Concentration of the negative control was then
subtracted from the concentration of each unknown sample in order to find the actual
amount of TGF-B1/2/3 secreted by the cells.
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Figure 3.2. Concentration vs. Fl graph of known A) TGF-B1, B) TGF-f2 and C)
TGF-B3 standards was calculated by logistic-5PL regression analyses.
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3.2. HOX and TALE Profile of Bone Marrow Mesenchymal
Stromal/Stem Cells

3.2.1. HOX and TALE Gene Expression Pattern

Details of RNA isolation, cDNA synthesis and RT-gPCR reactions were
outlined above. cDNAs were synthesized from 260ng total RNAs. Total of 39 HOX
and 8 TALE gene expressions (see Table 3.4.) of cells obtained from FA patients (n=

12) and donors (n= 16) were assessed by calculating relative gene expression.
3.2.2. Effect of DEB Treatment on HOX and TALE Gene Expression

Effect of DEB treatment on gene expression was only determined on
differentially expressed ones between FA and donor BM-MSCs. Details of RNA
isolation, cDNA synthesis and RT-gPCR reactions were outlined above. cDNAS
were synthesized from 260ng total RNAs. Following 0.1pg/ml DEB treatment for 4
days, fold change in gene expression between treated and untreated BM-MSCs of FA
patients (n= 6) and donors (n= 3) were determined. When no Ct value was obtained,

ACt value was accepted as 25 in order to be able to calculate the fold change.

3.2.3. Protein Level of Differentially Expressed Gene Between FA Patient

and Donor Bone Marrow Mesenchymal Stromal/Stem Cells
Extraction of Total Protein Lysates

To obtain total protein lysates, BM-MSCs in DMF10 medium were washed
twice with ice cold PBS and incubated on ice with Pierce® RIPA Buffer (cat no:
89900, Thermo Scientific) containing 1X protease inhibitor cocktail (cat no: P2714-
1BTL, Sigma-Aldrich) for 5 minutes. Lysates were collected using cell scraper,
centrifuged at 14,000 x g, 4°C for 15 minutes and supernatants were transferred to a

new tube. Samples were stored at -80°C until further use.
Determining the Protein Concentration

Protein concentration was determined using Pierce™ BCA Protein Assay kit

(cat no: 23225, Thermo Scientific™) following manufacturer’s protocol. BSA
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standards were prepared as described in Table 3.6. Each standard was diluted 1:20 in
BCA working reagent (50:1, Reagent A:B), followed by incubation at 37°C for 30
minutes. The absorbance of each standard was measured at 562nm using NanoDrop
ND-1000 spectrophotometer and standard curve was automatically constructed by
the software (Figure 3.3.). The concentration of unknown samples was then
determined using the above protocol. Lysing buffer solution containing protease

inhibitor cocktail was used as blank.
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Figure 3.3. Absorbance values corresponding to each standard obtained using
NanoDrop ND-1000 spectrophotometer.



Table 3.6. Dilution and final concentration of BSA standards used for BCA assay.

Standard _ Standard
BSA Standard - ) Diluent* ) )
Standard Number Initial Concentration Final Concentration
Volume (ul) Volume (ul)
(mg/ml) (mg/ml)
1 - - 50 0
2 2.5 2 47.5 0.1
3 5.0 2 45 0.2
4 10 2 40 0.4
5 20 2 30 0.8
6 30 2 20 1.2
7 50 2 - 2.0

* Lysing buffer solution containing 1X protease inhibitor cocktail was used as diluent.

1255
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Western Blot Analysis

Total protein lysates were used for sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) which was performed using 10% TGX Stain-Free
FastCast Acrylamide kit (cat no: 161-0183, Bio-Rad) according to manufacturer’s
instructions. The maximum amount of protein lysate available was used for loading.
The protein lysates were mixed with 4X Laemmli buffer (cat no: 161-0747, Bio-Rad)
containing 355mM 2-mercaptoethanol (BME; cat no: 161-0710, Bio-Rad) and final
volume was brought up to 60ul by ddH.O. Samples were boiled for 5 minutes and
along with Precision Plus Protein Dual Xtra standards (cat no: 161-0377, Bio-Rad)
were loaded onto 1.5mm thick 10% gels for SDS-PAGE and run in 1X
Tris/Glycine/SDS (cat no: 161-0772, Bio-Rad) running buffer at 100-120 V at room
temperature. Proteins were then transferred (7 minutes, 2.5A and < 25V) to a PVDF
membrane (cat no: 170-4156 or 170-4272, Bio-Rad) using Trans-Blot Turbo Blotting
system (cat no: 170-4155, Bio-Rad) and Trans-Blot Turbo Transfer System Transfer
Pack (cat no: 170-4156, Bio-Rad).

Membranes were then blocked in 1X tris buffered saline (TBS; 20 mM Tris
and 500 mM sodium chloride, pH 7.5) containing 0.1% Tween 20 (cat no: 161-0781,
Bio-Rad) and 5% dry milk (cat no: 170-6404, Bio-Rad) for 1 hour at room
temperature. Afterwards membranes were incubated with mouse-anti-PKNOX2
primary antibody (clone: 56.1, cat no: sc101857, Santa Cruz, USA, see Table 3.7.)
diluted 1:100 in 1X TBS containing 0.1% Tween 20 and 5% dry milk overnight at
4°C. Membranes were washed three times with 1X TBS containing 0.1% Tween 20
(TBS-T) and were incubated with horseradish peroxidase conjugated (HRP-) goat-
anti-mouse secondary antibody (cat no: AS003, Abclonal, USA; see Table 3.8.)
diluted 1:2000 in 1X TBS containing 0.1% Tween 20 and 5% dry milk for 1 hour.
Membranes were washed three times with TBS-T and peroxidase activity was
determined using Clarity Western ECL Substrate kit (cat no: 170-5060, Bio-Rad)
according to manufacturer’s instructions. Briefly, Clarity western peroxidase reagent
was mixed with Clarity western luminol/enhancer reagent in a 1:1 ratio. The mixture
was then added onto the membrane, followed by incubation for 5 minutes at room
temperature. Pictures were taken by Kodak Gel Logic 1500 Imaging System
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(Thermo Fisher Scientific). Membranes were then washed in TBS-T, blocked in 5%
dry milk TBS-T and reblotted with anti-B-ACTIN primary antibody (clone: D6AS,
cat no: 84578, Cell Signaling Technology; see Table 3.7.) in 5% dry milk TBS-T
overnight at 4°C. Membranes were washed three times with TBS-T, incubated with
HRP-goat-anti-rabbit secondary antibody (cat no: AS014, Abclonal, USA; see Table
3.8.) as mentioned above. Peroxidase activity was determined as outlined above.
Densitometric analysis were carried out to evaluate mean grey value using ImagelJ
software (405). Then, PKNOX2 protein level of a sample was normalized to the

corresponding B-ACTIN level which was used as an internal control.

3.3. Induction of Bone Marrow Mesenchymal Stromal/Stem Cells with

Recombinant Human TGF-B1 Protein

3.3.1. Effect of Recombinant Human TGF-$1 Protein Induction on Cell
Viability

5x10%/well BM-MSCs from a donor were plated into 96 well plates and kept
in a 5% CO3 incubator at 37°C for 24 hours. Then, cells were treated with various
concentration (0.01, 0.05, 0.1, 0.2, 1, 5 or 10ng/ml) of recombinant (r) TGFp1
protein (cat no: 580702, BioLegend, USA) prepared in DMF10 medium for 12, 24
and 48 hours. Uninduced cells were also included as controls. Cell viability
following rTGFB1 induction was assessed using cell proliferation reagent WST-1
(cat no: 0501594401, Roche). At the end of the incubation period, 10ul/well WST-1
stain was added and incubated in a 5% CO. incubator at 37°C for 4 hours.
Absorbance was measured at 450nm using Sunrise™ Microplate Reader (Tecan,
Switzerland) and analyzed with Magellan™ data analysis software. A reference
wavelength was set to 620nm. Five technical replicates were performed for each
concentration at each incubation period. Mean absorbance value obtained from wells
containing only medium (i.e. blank control) was subtracted from the absorbance
value of each technical replicate. Then outlier analysis using IBM SPSS Statistics
software (Version 24, IBM Corp., USA) was conducted on the normalized data in
order to eliminate extreme values. Then, percentage of cell viability was calculated

using Equation 2.10.
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cell viability= (100 x mean of induced cells) + mean of uninduced cells (2.10.)

3.3.2. Effect of Recombinant Human TGF-p1 Protein Induction on Cell

Proliferation

Effect of rTGF-B1 treatment on the proliferation of BM-MSCs obtained from
FA patients (n=4) and donors (n= 2) was measured using the XCELLigence system
and analyzed using RTCA software 1.2.1 (Roche Applied Sciences, Germany;
ACEA Biosciences, USA). Firstly, cells were trypsinized by Trypsin-EDTA and
counted by Trypan blue staining. 5000 cells per well were seeded into a 96-well E-
Plate (ACEA Biosciences) and kept at 37°C for 30 minutes. The plate was then
loaded onto the device kept 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 minutes for
about a day. The media of cells were replaced with DMF10 supplemented with 0.1 or
5ng/ml rTGF-B1. Untreated cells were used as controls. The cell index was
automatically saved every 15 minutes and the media were replenished about every 48
hours. For each sample, four technical replicates were made and their mean was
calculated. The cell index was normalized using the time point (26:41:34 hours)
measured prior to addition of recombinant protein. Doubling time of BM-MSCs was
also calculated between 37:46:27 and 68:17:04 hours after the first TGF-B1

treatment.

3.3.3. Effect of Recombinant Human TGF-f1 Protein Induction on Gene

Expression

75000 donor BM-MSCs per well were plated into 6-well plates and were
incubated in a 5% CO;z incubator at 37°C. Afterwards cells were treated with 0.1 or 5
ng/ml rTGF-B1 protein for 24, 48 or 72 hours. Uninduced cells were used as
controls. BM-MSCs were then trypsinized by Trypsin-EDTA, counted and were
washed with PBS, followed by centrifugation at 453 x g for 5 minutes at room
temperature. Washing step was repeated. Afterwards, RNA isolation, cDNA
synthesis and RT-gPCR reaction were performed as outlined above. cDNAs were
synthesized from 130ng total RNA. Fold change in gene expression levels between

treated and untreated BM-MSCs were determined. Additionally, gene expression
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levels were also compared between FA patients (n=5) and donors (n=5) treated with
0.1 or 5 ng/ml rTGF-B1 for 24 hours.

3.3.4. Effect of Recombinant Human TGF-p1 Protein Induction on
PKNOX2 Protein Level

75000/well BM-MSCs of FA patient (n= 3) or donor (n= 3) were plated into
6-well plates followed by incubation in a 5% CO: incubator at 37°C. Afterwards
cells were treated with 0.1 or 5 ng/ml rTGF-B1 protein for 24 hours. Uninduced cells
were used as controls. For each experimental condition, cells from each independent
individual were plated into two wells which were then pooled together during protein
isolation. Protein lysates was run on 10% SDS-PAGE and PKNOX2 protein level

was determined using western blotting as described above.
3.4. The Plasmid Used for PKNOX2 Overexpression: PKNOX2-pCMV6

Empty- (PCMV6-Entry; cat no: PS100001, OriGene Technologies Inc., USA;
Figure 3.4. A) and PKNOX2 carrying-vectors (PKNOX2-pCMV6; cat no:
RC206921, OriGene Technologies Inc.; Figure 3.4. B) were used. Both vectors
contained fi ori (phage-derived ORI required for the replication and packaging of
single stranded DNA into phage particles), SV40 ori (origin of replication within
mammalian cells), Kan'/Neo" (antibiotic selection cassette conferred resistance to
kanamycin -Kan- in E. coli and neomycin -Neo- analogs in mammalian cells), PolyA
(polyadenylation site), ColE1 (Colicin E1 required for inhibition of other E. coli
strains), CMV (cytomegalovirus) promoter and a Kozak consensus sequence (drove
protein expression in mammalian cells) and MYC/DDK tag (small dual tag that
enabled detection and purification of the ORF product with anti-DDK antibody).
Additionally, PKNOX2-pCMV6 plasmid also included PKNOX2 human cDNA
ORF clone which was fused with a MYC/DDK tag at its c-terminus (Figure 3.4. A).
The size of pCMV6-Entry and PKNOX2-pCMV6 were 4.9kb and 6.3kb,

respectively.



59

CMY prometer

B)
& M, /“;?f.
2
o) 0

£ - - EcoRI ‘
t pCMV6-Entry g [satt RC206921
i Vector = ::d'lll (6.3 kb) gr———— EcoRI
I 4.9 kb
) . ,
(5 o1 |
. Xho'
R4 %,

(S
e i =
Myc-DOK

XL39 prirner
PolyA signal

Figure 3.4. Vector maps of A) pCMV6-Entry (cat no: PS100001, OriGene
Technologies Inc.), and B) PKNOX2-pCMV6 (cat no: RC206921,
OriGene Technologies Inc.) plasmids.

3.4.1. Preparation of Chemically Competent JM109 E. coli Cells

A single colony of JM109 E. coli was inoculated into 3ml Luria Bertani (LB)-
broth and kept at 37°C overnight with vigorous shaking. The overnight culture was
then diluted 1:100 of the final volume in LB-broth and incubated at 37°C with
vigorous shaking until optical density (OD) at 600nm is 0.45-0.55. Then bacterial
culture was chilled on ice for 2 hours and poured into a 50ml tube, followed by
centrifugation at 2500 x g for 10 minutes at 4°C. Following steps were performed on
ice in the cold room. Supernatant was discarded, pellet was gently resuspended in
Iml ice cold fresh competent solution (40mM sodium acetate, 100mM calcium
chloride, 70mM manganese(ll) chloride tetrahydrate, pH 5.5) and then final volume
was brought up to 2ml (1:2 of the starting volume) followed by incubation on ice for
45 minutes. The bacterial suspension was centrifuged at 1800 x g for 10 minutes at
4°C. The supernatant was discarded and the cell pellet was resuspended in ice cold
competent solution (1:20 of the starting volume). Afterwards, 80% glycerol solution
was added to bacterial suspension as 15% of the final volume and mixed well.
Aliquots of 200ul were transferred to 1.5ml tubes and directly stored at -80°C until

further use.
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3.4.2. Heat-Shock Transformation of PKNOX2-pCMV6 and pCMV6-
Entry Plasmids to Chemically Competent JM109 E. coli Cells

JM109 E. coli competent cells were then used for transformation. For each
plasmid, 5ul of competent cell stock was thawed on ice. 100ng of plasmid DNA was
directly added onto competent cells, followed by incubation on ice for 30 minutes.
The mix was heat-shocked at 42°C for 1 minute, followed by incubation on ice for 5
minutes. Afterwards, 1.5ml non-selective LB-broth was directly inoculated with the
mix and incubated in orbital shaker incubator at 37°C for 1 hour. Then the bacterial
cultures were centrifuged at 6800 x g for 1 minute and most of the supernatant was
removed. The pellet was then resuspended and was plated on LB-agar containing
25pg/ml Kanamycin (Sigma- Aldrich), followed by incubation overnight at 37°C.

Overnight cultures were then used in plasmid DNA isolation described below.
3.4.3. Isolation of PKNOX2-pCMV6 and pCMV6-Entry plasmid DNAs

10ml LB-broth containing 25nug/ml Kanamycin was inoculated with a single
colony from starter culture of either PKNOX2-pCMV6 or pCMV6-Entry plasmid,
followed by incubation at 37°C for overnight with vigorous shaking. Then, 200ul
from each overnight culture was transferred into 100ml LB-broth containing 25pg/ml
Kanamycin (1:500 dilution), followed by incubation described above. Cultures were
then harvested by centrifugation at 3000 x g for 40 minutes at 4°C and the
supernatants were discarded. Plasmid DNAs were isolated using EndoFree Plasmid

Maxi Kit (cat no: 12362, Qiagen) following manufacturer’s instructions.

Briefly, each bacterial pellet was resuspended in 10ml Buffer P1 (50mM
Tris.Cl, pH 8.0; 10mM EDTA) containing 1:1000 LyseBlue reagent and 100pg/ml
RNase A, then lysed in 10ml Buffer P2 (200mM NaOH; 1% SDS wi/v), followed by
incubation for 5 minutes at room temperature. Afterwards, 10ml per sample pre-
chilled Buffer P3 (3M potassium acetate, pH 5.5) was added to neutralize lysates.
Each lysate was poured into a separate barrel of the QIAfilter Cartridge, followed by
incubation for 10 minutes at room temperature and then filtered. 2.5ml/sample of
Buffer ER was mixed with filtered lysates, followed by incubation on ice for 30

minutes. Afterwards, each filtered lysate was applied to a QIAGEN-tip 500,
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previously equilibrated with Buffer QBT (750mM NaCl; 50mM MOPS, pH 7.0;
15% isopropanol v/v; 0.15% Triton® X-100 v/v). Each QIAGEN-tip 500 was then
washed twice with 30ml Buffer QC (1M NaCl; 50mM MOPS, pH 7.0; 15%
isopropanol v/v). Plasmid DNA was eluted in 15ml/sample Buffer QN (1.6M NaCl;
50mM MOPS, pH 7.0; 15% isopropanol v/v) (pre-heated to 65°C). DNA was
precipitated by adding 10.5ml isopropanol (cat no: A3928, Applichem) per sample,
followed by centrifugation at 3220 x g for 80 minutes at 4°C. Supernatant was gently
discarded and pellet was washed with 5ml per sample endotoxin-free 70% ethanol by
centrifugation at 3220 x g for 60 minutes at 4°C. The supernatant was gently
discarded and each pellet was then air-dried for 10 minutes, followed by
resuspension in 50ul endotoxin-free Buffer TE (10mM Tris.Cl, pH 8.0; 1mM
EDTA). Concentration of DNAs was measured by NanoDrop ND-1000
spectrophotometer.

3.4.4. Restriction Digestion of PKNOX2-pCMV6 and pCMV6-Entry

Plasmids

Plasmid sequences (OriGene Technologies Inc.) were submitted to NEBcutter
V2.0 software and EcoRI restriction sites were identified (406). Thereafter, EcoRI
enzyme (cat no: R0101S, NEB, UK) was used to digest pCMV6-Entry plasmid
(restriction digestion product= 4.9 kb; Figure 3.5. and see Figure 3.4. A) and
PKNOX2-pCMV6 plasmid (restriction digestion products= 5.6 and 0.65kb; Figure
3.5. and see Figure 3.4. B). The restriction digestion reaction was performed to cut
1ug DNA at 37°C for 2-4 hours. The products were run on 1% agarose gel along
with 1kb DNA Ladder (cat no: N3232S, New England Biolabs Inc., USA).
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Figure 3.5. Restriction digestion products of PKNOX2-pCMV6 and pCMV6-Entry
plasmids.

3.5. PKNOX2 Expression Plasmid Transfected to Bone Marrow

Mesenchymal Stromal/Stem Cells

3.5.1. Transient Transfection of PKNOX2-pCMV6 and pCMV6-Entry

Plasmids Using Electroporation

Passage 2 or 4 BM-MSCs were trypsinized using Trypsin-EDTA and washed
twice with PBS, followed by centrifugation at 453 x g for 5 minutes. Neon
transfection system (Invitrogen) was used for electroporation. For each transfection,
total of 1x10° cells were resuspended in Neon Resuspension buffer using 100ul Neon
Tips (cat no: MPK10096, Invitrogen) and mixed with 12.5ug PKNOX2-pCMV6 or
pCMV6-Entry plasmid DNA. The transfection condition was 990V, 40ms and 2
pulses. Following each electroporation, cells were immediately divided into two
wells of a 6-well plate containing pre-heated DMEM-LG medium supplemented with
10% FBS-HI and 1% L-glutamine. Cells were incubated in a 5% CO: incubator at
37°C for a day. The medium was then replaced with fresh DMF10, followed by
incubation in a 5% CO; incubator at 37°C. Along with the transfected cells, only

pulsed and/or untransfected BM-MSCs were used as control.
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3.5.2. Target Gene Expression Levels in PKNOX2 Overexpressing Bone
Marrow Mesenchymal Stromal/Stem Cells

RNA was isolated from passage five 100% confluent PKNOX2:MSC and
pCMV6:MSC as described before. cDNAs were synthesized from 260ng or 830ng
total RNA and RT-qPCR was performed to determine PKNOX2 and HOXC13 as
well as its paralog, HOXA13 (see Table 3.4.) gene expression levels as outlined
previously. Fold change in each normalized target gene expression of
PKNOX2:MSCs versus pPCMV6:MSCs was calculated by 224 method. When no Ct
value was obtained, ACt value was accepted as 25 in order to be able to calculate the

fold change.
3.5.3. Western Blot Analysis Following PKNOX2 Overexpression
Extraction and Quantification of Total Protein Lysates

To obtain total protein lysates, passage five 100% confluent cells were
washed with ice cold PBS, followed by incubation with 1X lysing buffer solution
(OriGene Technologies Inc.) containing 1X protease inhibitor cocktail on ice for 20
minutes. Plates were swirled occasionally. Lysates were collected using a cell
scraper and transferred to a 1.5ml tube, followed by centrifugation at 14000 x g for 5
minutes at 4°C to pellet the cell debris. The supernatant was transferred to a new
1.5ml tube and stored at -80°C until further use. Protein concentration was
determined using Pierce™ BCA Protein Assay kit as described before. Standard

curve generated by the software was shown in Figure 3.6.
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Figure 3.6. Absorbance values corresponding to each standard obtained using
NanoDrop ND-1000 spectrophotometer.

Western Blot Analysis

Total protein lysates from passage 5 PKNOX2:MSC, pCMV6:MSC, pulsed
and untransfected cells were used for western blot analysis as described previously.
1-1.5mm thick 10% SDS-PAGE gels were used and the transfer conditions included
transferring at 2.5A up to 25V for 7 or 10 minutes. Membranes were incubated with
anti-PKNOX2, anti-HOXA13 or anti-FANCD2 primary antibody as described
before. Afterwards, membrane initially blotted with anti-PKNOX2 or anti-HOXA13
were reblotted with anti-B-ACTIN antibody while membrane blotted with anti-
FANCD2 was reblotted with anti-DDK primary antibody. Details of primary and
secondary antibodies were given in Table 3.7. and Table 3.8., respectively.



Table 3.7. Primary antibody information.

Host / Final _
Clone _ - Molecular weight (kDa) Cat no. Manufacturer
Clonality Dilution
Mouse Santa Cruz,
Anti-PKNOX2 56.1 1:100 70 sc-101857
Monoclonal USA
Mouse
Anti-DDK 4C5 1:2000 - TA50011-100 OriGene, USA
Monoclonal
Mouse
Anti-FANCD2 FI17 1:100 150 and 162 sc-20022 Santa Cruz, USA
Monoclonal
Rabbit Santa Cruz,
Anti-HOXA13 C-13 1:100 40 sc-46122
Polyclonal USA
) Rabbit Cell Signaling
Anti-p-ACTIN D6A8 1:2500 45 8457S
Monoclonal Technology, USA

S9
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Table 3.8. Secondary antibody information.

Final
o Cat no. Manufacturer
Dilution
Goat- anti-
1/2000 AS003 Abclonal, USA
mouse
Goat- anti- ]
1/1000 SA00001-1 Proteintech,
mouse
Goat-anti-
) 1/2000 AS014 Abclonal, USA
rabbit
Goat-anti- )
) 1/1000 SA00001-2 Proteintech,
rabbit

3.5.4. Lateral Motility

One day post-electroporation, lateral motility of 100% confluent passage 5
PKNOX2:MSC was compared to pCMV6:MSC, pulsed or untransfected cell cultures
using monolayer wound-healing assay. A wound was made per well of a 6-well plate
using a sterile 200ul pipette tip. Total of three pictures of each wound were taken
immediately at zero hour and then at various time points (2, 4, 6, 13, 20, 22, 24 and
36 hours) using an inverted microscope. Pictures of PKNOX2:MSCs were also taken
at 42, 120 and 168 hours following wound formation. For each picture, the wound
width was measured in pixels at three different points using ImageJ software and
mean of these points was calculated. Then, overall mean of the three pictures taken
for each condition at a particular time was calculated. Two technical replicates per
condition were performed. Motility index (MI) was used to measure lateral motility
using Equation 2.11. where W; depicted the width of the wound at a particular time
and Wy depicted the width at 0 hour. MI value equaled to zero meant no cell

movement whereas MI value equaled to 1 depicted complete wound closure (407).

MI= 1 - (Wt = W0) (2.11)
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3.5.5. Adipogenic Differentiation Potential

Two days post-electroporation, DMF10 medium of 100% confluent passage 5
PKNOX2:MSC, pCMV6:MSC, pulsed or untransfected cell cultures was replaced
with adipogenic differentiation medium. Uninduced cells were used as controls.
Protocol details were outlined above. For quantitation of lipid accumulation, ORO
content of each well was extracted by incubation in 1 ml 4% igepal CA-630 (cat no:
13021, Sigma-Aldrich) in 2-propanol (cat no: A3928, Applichem) for 1 hour at room
temperature. Dye content was measured at 492nm with a Sunrise™ Microplate

Reader and analyzed with Magellan™ data analysis software.
3.5.6. Osteogenic Differentiation Potential

Two days post-electroporation, DMF10 medium of 70-80% confluent
passage 3 or 5 PKNOX2:MSC, pCMV6:MSC, pulsed or untransfected cell cultures
was replaced with osteogenic differentiation medium. Uninduced cells were used as
controls. Protocol details were outlined above. To quantify retention of ARS by
calcium deposits, cells were incubated with 800ul/well 10% acetic acid at room
temperature for 30 minutes, collected using a cell scraper, transferred to a 1.5ml tube
and vortexed for 30 seconds. Samples were then heated to 85°C for 10 minutes,
followed by incubation on ice for 5 minutes and centrifugation at 20000 x g for 15
minutes. 500ul supernatant per sample was transferred to a new 1.5ml tube, followed
by neutralization using 200ul/tube 10% ammonium hydroxide. Absorbance was
detected at 405nm using Sunrise™ Microplate Reader and analyzed with

Magellan™ data analysis software (408).
3.5.7. Immunophenotypic Characterization

90% confluent passage 5 PKNOX2:MSC, pCMV6:MSC, pulsed and
untransfected cell cultures were trypsinized using Trypsin-EDTA and washed with
PBS as described above. The flow cytometry analyses were performed using FACS
Aria instrument and BD FACSDiva™ software as described above. CD105, CD73,
CD90, CD44, CD29, CD45, CD34, HLA-DR and CD31 levels were assessed (see
Table 3.5.).
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3.5.8. Active TGF-B1, TGF-B2 and TGF-B3 Secretion Levels

Following three days post-electroporation, active TGF-p1, TGF-p2 and TGF-
B3 secretion levels by 100% confluent passage 5 PKNOX2:MSC and PCMV6:MSC
cultures were determined using Bio-Plex Pro™ TGF-f 3-plex Assay kit following
the protocol outlined above. Samples from at least two independent electroporations
were studied and two technical repeats per sample were performed.

3.5.9. Co-Culturing CD34* Hematopoietic Stem Cells with Bone Marrow
Mesenchymal Stromal/Stem Cells Overexpressing PKNOX2

Two or three days post-electroporation, 100% confluent passage 5
PKNOX2:MSC, pCMV6:MSC and untransfected cells were washed with PBS and
used as feeder layer for cryopreserved or fresh cord blood derived CD34*
hematopoietic stem cells (CD34"HSCs). CD34"HSCs were kindly provided by
Assist. Prof. Dr. Fatima Aerts Kaya.

Expansion and Clonogenic Potential of Cryopreserved CD34*

Hematopoietic Stem Cells

Prior to co-culture, cryopreserved CD34"HSCs in 10% DMSO were thawed in PBS
supplemented with 0.1% DNase 1, 2mM EDTA and 2% HI-FBS. Purity of
CD34"HSCs was determined using anti-CD34 (see Table 3.5.) and PE/FITC-anti-
CD38 (HIT2, cat no: 555459, BD Pharmingen) antibodies by flow cytometry
analysis as described above. To prevent low colony counts due to cryopreservation
of cells, for clonogenic assays performed with previously cryopreserved cells, 2x10*
cells were added to 2ml Iscove’ Modified Dulbecco’s Medium (IMDM, cat no:
12440-061, Gibco) and 0.3ml (or 0.33ml) of these cells were then added onto 2.7ml
(or 3ml) MethoCult™ H4434 Classic (methylcellulose medium; cat no: 04434 or
04444, StemCell Technologies, France). Afterwards, 1ml of cell suspension in
methylcellulose medium was transferred to two 35mm dishes (cat no: 351008, BD
Falcon), followed by incubation in a 5% CO: incubator at 37°C for 10-15 days. CFU-
GEMM, BFU-E and CFU-GM were counted. The average of two replicate dishes

was calculated and results were given per 1x10° CD34*HSCs.
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CD34*HSCs (97.5x10%/condition) in 2 ml StemMACS HSC expansion media

(cat no: 130-100-463, MACS Miltenyi Biotec) supplemented with 1X StemMACS

HSC expansion cocktail (cat no: 130-100-843, MACS Miltenyi Biotec) were seeded
directly onto BM-MSCs, followed by incubation in a 5% CO2 incubator at 37°C for 4
days. CD34"HSCs or BM-MSCs cultured alone were used as controls. On day four,
co-culture (CD34"HSCs + BM-MSCs) or control cells were collected and total cell
number was determined using Trypan blue stain. Clonogenic potential of HSCs after
co-culture was determined according to protocol described above. Since the initial
cell number was not known, equivalent of 2x10* cells was used. Afterwards,
immunophenotypes of cells were determined using CD73, CD34 (see Table 3.5.) and
CD38 antibodies (Figure 3.7.) by flow cytometry analysis as described above. Total
percentage of P1 and P2 gates (% Total; Figure 3.7.) was then used to determine the
HSC number from the total cell number counted by Trypan blue after co-culture. In
order to calculate HSC fold expansion after co-culture, the HSC number estimated
after co-culture was divided by the total number of cells seeded. Fold expansion
within only CD34*, CD38" or CD34"CD38" HSC population was determined by
further multiplying the estimated HSC number with only CD34 (Q1; Figure 3.7.),
only CD38 (Q4; Figure 3.7.) or double positive (Q2; Figure 3.7.) percentage,

respectively and then normalized to total number of cells initially seeded.
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Figure 3.7. Representative images of how CD34 and CD38 levels of CD34" cells
were determined from a mixed cell population of BM-MSCs and
cryopreserved CD34"HSCs following co-culture. Firstly, side-scattered
light (SSC-A; depicts cell granulity) versus forward-scattered light
(FSC-A; depicts cell size) graphic was constructed to gate (P1) cells
with smaller granules (i.e. HSCs) out of all cells (i.e. all events). Then,
SSC-A versus FITC-CD73 graphic was constructed to gate (P2) HSCs
that were CD73 out of all cells. Lastly, APC-CD34 versus PE-CD38
graphic was used to determine only CD34" (Q1), CD34"CD38" (Q2) or
CD38" (Q4) HSCs within both P1 and P2 gates.

Expansion and Clonogenic Potential of Fresh CD34* Hematopoietic Stem

Cells

One day prior to co-culture, CD34*HSCs were enriched and total of 40x10*

cells were incubated overnight in 8 ml StemMACS HSC expansion media containing
StemMACS HSC expansion cocktail in 5% CO: incubator at 37°C. CD34"HSCs

(10x10* per condition) in 2 ml media were then seeded directly onto BM-MSCs,

followed by incubation as described above. Two technical replicates were made.

Immunophenotyping using BD Accuri™ C6 flow cytometer along with BD

CSamples™ Analysis software (BD Biosciences; Figure 3.8.) and clonogenic

potential of CD34"HSCs were determined according to above protocol. Total of

10x10% CD34*HSCs were used for determining clonogenic capacity.
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Figure 3.8. Representative images of how CD34 and CD38 levels of CD34" cells
were determined from a mixed cell population of BM-MSCs and fresh
CD34"HSCs following co-culture. Firstly, SSC-A versus FSC-A was
plotted to gate (P19) cells with smaller granules within all events. Then,
SSC-A versus FITC-CD73 was plotted to gate (P20) HSCs that were
CD73 in P19. Lastly, APC-CD34 versus PE-CD38 was plotted to
determine only CD34" (QUL), CD34"CD38" (QUR) or CD38" (QLR)
HSCs within P20 in P19 in all events.

3.6. Identifying Proteins Interacting with PKNOX2
3.6.1. Optimizing Co-Immunoprecipitation Protocol

Anti-DDK magnetic immunoprecipitation kit (cat no: AR100024, OriGene
Technologies Inc.) was used for co-immunoprecipitations (Co-IP). 25ul of magnetic
bead, washed in 1ml lysing buffer solution containing protease inhibitor cocktail,
was used per reaction. 50ul or same concentration (within in an experiment) of
protein lysate from passage 4 or 5 PKNOX2:MSC, pCMV6:MSC, pulsed or
untransfected cells was diluted in 450ul lysing buffer solution containing protease
inhibitor cocktail, followed by pre-cleaning with control magnetic beads (Mouse
IgG) by gently rotating for 1, 2, 4 or 16 hour(s) at room temperature. Tubes were
placed in a magnetic separator and supernatant was transferred to a new tube
containing anti-DDK magnetic beads for Co-IP reaction. Additionally,
PKNOX2:MSCs protein lysates incubated with control magnetic beads overnight
instead of anti-DDK beads were used as control. Samples were gently rotated
overnight at 4°C, followed by three washes with 1X washing buffer. Flow-through
following first wash was collected and used as negative control for downstream

analysis. Protein samples were then eluted by boiling in 25ul/tube 2X SDS-PAGE
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sample buffer (with 5% BME added either prior to or after elution) for 5 minutes.
BSA-DDK protein was used as positive control for immunoprecipitation reaction.
Co-IP elutes along with total protein lysates (at same concentration within an
experiment) were then loaded to SDS-PAGE (protocol details are given above) either
in the presence or absence of magnetic beads. Prior to developing, PVDF membranes
were washed three times for 15 minutes or four times for 10 minutes with TBS-T.
Membranes were further either washed or not with washing solution containing
500mM NaCl for 5 minutes. For detection of immunoprecipitated PKNOX2-DDK
fusion protein either anti-DDK or anti-PKNOX2 primary antibody was used. Anti-
FANCD2 primary antibody was used to determine whether FANCD2 directly co-
immunoprecipitated with PKNOX2 protein.

3.6.2. Co-immunoprecipitation Followed by Mass Spectrometry Analysis
to Identify PKNOX2 Interactome

Anti-DDK magnetic immunoprecipitation kit was used for Co-IP. 44.5 ug of
protein lysate from passage 5 PKNOX2:MSC and pCMV6:MSC obtained 3 days
post-electroporation were used for this experiment. Briefly, samples were pre-
cleaned with control magnetic beads for 2 hours at room temperature and were
incubated with anti-DDK magnetic beads overnight at 4°C. Three technical
replicates per sample were performed. Co-IP elutes prepared in 25ul/tube 3X SDS-
PAGE sample buffer were sent to Kog¢ University Cell Biology and Proteomics
Laboratory where the mass spectrometry analysis was performed using Q Exactive
Quadrupole-Orbitrap Mass Spectrometer with nano Liquid Chromatography (n-LC
MS/MS; Thermo Scientific) and analysed using Thermo Discoverer 1.4 software
(Thermo Fisher Scientific) by Dr. Nurhan Ozlii. Technical replicates were pooled
together prior to analyses and each sample was analysed twice (i.e. first run depicted

as ‘Run 1’ and the second run depicted as ‘Rep 1°) in mass spectrometry.
3.7. Statistical Analysis

To increase the performance of the statistical analysis done using HOX and
TALE gene expression levels, missing values were imputed using Multivariate

Imputation by Chained Equations (MICE) in R Statistical software by Dr. Erdal
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Cosgun (409). MICE method has been broadly used in the statistics literature since
work by Donald Rubin in the 1970s. Firstly, it initialized the missing entries with a
default value, followed by updating each column by using an appropriate regression
or classification algorithm. These updates are repeated a number of times, as
specified by the Number of Iterations parameter (410, 411). Heat-map was
constructed using single linkage (i.e. groups two clusters based on minimum distance
between a case in group 1 and a case in group 2) as the clustering method and
Euclidean (i.e. compares the association between actual measures) as the distance
measure of genes and samples by Exiqon GeneEx software (USA). Spearman
correlation test was conducted using GraphPad Prism 7 (GraphPad Software, Inc.,
USA).

Statistical analysis was performed using IBM SPSS Statistics software and
the graphs showing mean with or without standard deviation (SD) were constructed
using GraphPad Prism 7 unless indicated otherwise. When making pairwise
comparisons of independent groups, Student’s T-Test or Mann Whitney U (MWU)
test was applied. Statistical significance threshold was considered as P< 0.05 for
Student’s T-Test and exact P< 0.05 for MWU test. To compare more than two
related groups, Friedman’s 2-way ANOVA by ranks test was used and if the
asymptotic P-value was less than 0.05, All pairwise test with Bonferroni correction
was then performed to test the significance of pairwise differences (i.e. adjusted P<

0.05 depicted the statistically significant difference).

Coefficient of variation which represents the ratio of SD to the mean, was
calculated and expressed as a percentage to determine the variation among raw Ct
values of ACTB.
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4. RESULTS
4.1. Characterization of Bone Marrow Mesenchymal Stromal/Stem Cells
4.1.1. Mutation Screening of Fanconi anemia Patients

Mutations in FANCA, FANCD2 or FANCG genes were investigated for the
patients (Table 4.1.). One patient had no pathogenic mutation in FANC-A, -B, -C, -
D2, -E, -F, -G, -I, -L, -M, BRCAL, BRCA2, BRIP1, ERCC4, PALB2, RAD51 or SLX4
gene (Table 4.1.). Three of the detected mutations (FANCA ¢.2851C>T, FANCA,
€.2738A>C, FANCG ¢.1182_1192delinsC) were identified previously. Six of them
(FANCA del exon 3-5, FANCA c.427-3C>G, FANCA ¢.3586G>T, FANCA del
exon 1-2, FANCA c¢.1229G>A, FANCD2 c.1766+40T>G) were not described
previously (Table 4.1.).

4.1.2. Immunophenotyping of Bone Marrow Mesenchymal Stromal/Stem
Cells

All BM-MSCs were positive for specific mesenchymal markers (CD29,
CD44, CD73, CD90, CD105, CD140b, CD146, CD166, HLA-ABC), whereas they
had low or no (depicted as negative; -) expression of others (CD106'*-, CD200'",
CD271) (Figure 4.1. and Figure 4.2.). Additionally, 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 (Figure 4.1.
and Figure 4.2.). MWU test showed that FA and donor BM-MSCs had similar
immunophenotypes, but the CD29 level of patient cells was significantly higher than
donors (P< 0.05; Figure 4.2.). CD106 level of patient MSCs was higher than donors,
but the difference was not significant (P= 0.397; Figure 4.2.). The CD200 level of

patients was relatively lower than donors (P= 0.064; Figure 4.2.).



Table 4.1. Results from mutational screening of the Fanconi anemia patients for known FA genes.

genes

Mutation
Patient 1D Comp. Group cDNA Level™ Expected Consequence Reference
HUSCS-FA01" FA-A del exon 3-5* Truncation Novel
HUSCS-FAQ02 FA-A €.427-3C>G Aberrant Splicing Novel
HUSCS-FAQ3 FA-A €.3586G>T p.Glul1196X Novel
HUSCS-FA04 FA-A del exon 1-2* Truncation Novel
HUSCS-FAQ05 FA-A €.1229G>A p.Trp410X Novel
HUSCS-FAQ6 FA-A €.2851C>T p.Arg951Trp [33]
HUSCS-FA07 FA-A C.2738A>C p.His913Pro [33]
HUSCS-FA08 FA-G c.1182_1192delinsC p.(Glu395Trpfs*5) [34]
HUSCS-FA09.a™" FA-D2 C.1766+40T>G Aberrant Splicing Novel
HUSCS-FA09.b™ FA-D2 C.1766+40T>G Aberrant Splicing Novel
HUSCS-FALO ) No mutation in known FA NA NA

™ HUFAO09.a and HUFAO09.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; " Proper segregation for patients from which DNA from the parents was available, was confirmed; # Deletion
detected by MLPA, break points not known; ? No mutation in known FA genes; NA, information Not Available; * Mutation knowledge of HUSCS-FAO04 is based on

the patient’s file records
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Figure 4.1. Representative flow cytometry analysis of CD29, CD44, CD166, CD90,
CD106, CD146, CD133, CD34, CD144, CD200, CD105, CD45,
CD140b, CD31, CD14, CD73, HLA-ABC, HLA-DR and CD271
(NGFR) surface markers.
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Figure 4.2. Immunophenotypes of donor and FA BM-MSCs. * depicts statistically
significant difference (P< 0.05). ns depicts not significantly different.
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4.1.3. Differentiation Potential of Bone Marrow Mesenchymal
Stromal/Stem Cells

There were no differences in adipogenic and osteogenic potency between FA
and donor BM-MSCs, as confirmed by ORO and ARS positivity, respectively
(Figure 4.3.). Furthermore, FA patient and donor cells had similar expression levels
of adipogenic-specific genes (Adipsin, PPARy and LPL) (P> 0.05; Figure 4.4. A-C).
Additionally, expression level of osteogenic-specific genes (RUNX2, ALPL, OCN
and SP7) were not statistically different between groups (P> 0.05; Figure 4.5. A-D).

BM-MSCs in Adipo. BM-MSCs in Osteo. BM-MSCs in Basal
Diff. Medium on day 21 Diff. Medium on day 21 Medium on day 21

Donor

FA |

Figure 4.3. Representative images of donor and FA BM-MSCs differentiated to
adipogenic and osteogenic lineages on day 21 following induction and
compared with MSCs cultured in basal medium. BM-MSCs
differentiated to adipogenic lineages were stained with ORO while cells
differentiated to osteogenic lineages were stained with ARS (100x
magnification).
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Figure 4.4. Fold change in the expression level of adipose-specific genes, A)
Adipsin, B) PPARy and C) LPL of BM-MSCs grown in adipogenic
induction medium on day 21. ns depicts not significantly different.
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4.1.4. Cell Cycle Analysis of Bone Marrow Mesenchymal Stromal/Stem
Cells

Prior to DEB treatment, BM-MSCs were dominantly found in the dip G1
phase of the cell cycle (see Figure 3.1.). The fold change (fc) in each specific cell
cycle phase between before and after DEB treatment of donor BM-MSCs was
negligible (see Figure 3.1.). In contrast, FA derived cells shifted from dip G1 phase
to dip G2 phase after treatment (see Figure 3.1.). Following DEB treatment, there
was a significant decrease (P< 0.05) in FA BM-MSCs (fc=-29.83 £11.67) in dip G1
phase compared to donor cells (fc= -5.13 +5.69; Figure 4.6.). Within dip G2 phase,
there was a significant increase (P< 0.05) in cells obtained from FA patients (fc=
36.18 +£13.40) compared to donors (fc= 0.29 +0.24; Figure 4.6.). In the S-phase,
there was no significant difference (P> 0.05) between patients (fc= -6.35 £11.25) and
donors (fc= 4.84 +5.77; Figure 4.6.). Due to very few number (< 5000) of modelled
events, one patient (HUSCS-FAQ6) with a mutation in FANCA gene was excluded

from the analysis.
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Figure 4.6. The effect of DEB treatment on cell cycle of FA patient and donor BM-
MSCs. Following DEB treatment, there was a significant decrease in
cells with non-functional FA pathway in dip G1 phase compared to
donors. Within dip G2 phase, there was a significant increase in FA
BM-MSCs compared to donors. The results are presented 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). Dip means the peak.



80

4.1.5. Population Doubling Analysis of Bone Marrow Mesenchymal
Stromal/Stem Cells

At each passage, cPDs of donor and FA BM-MSCs were calculated to
compare proliferative potency. Between passages 3 to 7, donor (cPD= 10.93 +2.73)
and FANCA-deficient cells (cPD= 10.30 £0.16) had a similar proliferative potential
(Figure 4.7.). Proliferation of FANCG-deficient BM-MSCs halted at P6 with a cPD
of 8.86, thus had a similar proliferative capacity as donor cells (Figure 4.7.). BM-
MSCs from one of the FANCD2-deficient patients stopped propagating at P4 (cPD=
1.33) and from another patient cPD was 7.90 at P7 (Figure 4.7.).

HUSCS-D03
HUSCS-D04
HUSCS-DO05
HUSCS-D07
HUSCS-FA04
HUSCS-FA06
HUSCS-FA(09.a
HUSCS-FA09.b
HUSCS-FA08

SRR

10+

cPD
4

Figure 4.7. Proliferative potency of FA BM-MSCs was determined between
passages 3 to 7 and compared with donors by calculating cumulative
population doubling (cPD) at each passage.

4.1.6. Senescence Associated B-galactosidase Activity of Bone Marrow

Mesenchymal Stromal/Stem Cells

SA-B-gal of passages 3 and 6 BM-MSCs derived from donor or FA patients
was assessed (Figure 4.8. A). At passage 3, BM-MSCs obtained from patients with
FANCA and unknown mutations exhibited similar SA-p-gal activity with each other
but lower than donors (Figure 4.8. B). However, passage 6 cells from patients with
FANCA and unknown mutation had higher SA-B-gal activity and enlarged cell
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morphology compared to corresponding cells at passage 3 (Figure 4.8. B). Passage 6
donor cells had similar SA-B-gal activity as passage 3 donor cells (Figure 4.8. B).
Intriguingly, passage 3 cells with FANCD2 deficiency had elevated SA-B-gal and
bigger cell morphology compared to other samples (Figure 4.8. B).
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Figure 4.8. Senescence of FA patient BM-MSCs was evaluated at passage 3 (P3)
and 6 (P6) by SA-B-gal activity and compared with donor cells. Patients
with unknown FA mutations were depicted as FA-X. A) Representative

images (200x magnification) and B) Percentage of senescent BM-
MSCs.

4.1.7. Reactive Oxygen Species Production by Bone Marrow
Mesenchymal Stromal/Stem Cells

FA Patient BM-MSCs produce slightly higher ROS compared to donor cells
(P> 0.05; Figure 4.9.). Mean FI intensity of CM-H2DCFDA was 112002 £15981 in

controls, 150513 +£34648 in FANCA-deficient cells, 135111 £12665 in FANCD2-
deficient cells.
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Figure 4.9. ROS production of FA patient (n= 4) and donor (n= 3) BM-MSCs was
compared.

4.1.8. TGF-p Expression and Secretion Levels of Bone Marrow
Mesenchymal Stromal/Stem Cells

All BM-MSCs expressed the TGF-#1 gene (Fig. 4.10. A). The expression
level of cells derived from FA patients was similar with donor BM-MSCs (P> 0.05;
Figure 4.10. A). TGF-f1 gene expression of the most BM-MSCs was not affected by
the DEB treatment, except BM-MSCs from one donor (HUSCS-D11) and one FA
patient (HUSCS-FAO04), who had no expression following treatment (Figure 4.10.
B). The level of TGF-B1 gene expression did not differ between DEB treated BM-
MSCs from donor and FA patients (P> 0.05; Figure 4.10. B). However, variation in
TGF-B levels secreted by BM-MSCs was wide within groups. Mean TGF-B1 level
was 808.32pg/mL +953.30 for FA patient BM-MSCs and was not significantly
different from donors (763.05pg/ml +824.47; P> 0.05; Figure 4.10. C). TGF-B2 or
TGF-B3 secretion of BM-MSCs was very low in comparision to TGF-p1 secretion
(Figure 4.10. C). Mean TGF-B2 secretion was 99.58pg/ml +123.20 by FA cells
versus 112.70pg/ml +£97.42 by donors. Mean TGF-B3 production was 20.28pg/ml
+31.22 by patients and 17.44pg/ml £23.48 by donors (P> 0.05; Figure 4.10. C).
Intriguingly, cells obtained from either of the FANCD2-deficient patients did not
secrete any of the TGF-f isoforms (Figure 4.10. D).
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Figure 4.10. TGF-B gene expression and secretion levels of BM-MSCs derived from

4.2.

FA patients and donors. A) FA BM-MSCs had similar TGF-S/ gene
expression compared to donor cells (P> 0.05). B) DEB-treated FA and
donor BM-MSCs had similar TGF-A1 gene expression (P> 0.05). TGF-
pS1 expression level was normalized to ACTB. C) Overall, there was a
variation in the level of active TGF-B1, TGF-B2 or TGF-B3 secretion
within each group. BM-MSCs produced very low amounts of TGF-f2
and TGF-B3. FA patients and donor cells produced similar amount of
active TGF-p1, TGF-B2 or TGF-3 (P> 0.05). D) FA-D2 BM-MSCs
did not express TGF-f isoforms.

HOX and TALE Profile of Bone Marrow Mesenchymal

Stromal/Stem Cells

4.2.

1. HOX and TALE Gene Expression Pattern

Expression profile analysis of 39 HOX and 8 TALE genes in BM-MSCs
derived from FA patients and healthy donors revealed a conserved expression

pattern. Donor and FA patient BM-MSCs were highly associated in terms of HOX
and TALE gene expression (r=0.9879, P< 0.0001). BM-MSCs did not express
HOXB1, while HOXB13, HOXC12, HOXD10, HOXD11, HOXD12 and HOXD13

genes were transcribed at low levels and inconsistently (more than 40% of samples
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had no expression as shown in Figure 4.11.). Due to low/inconsistent or absence of
expression, HOXB1, HOXB13, HOXC12, HOXD10, HOXD11, HOXD12 and
HOXD13 genes were excluded from imputation and further statistical analysis. There
was no difference between imputed and non-imputed data sets (P> 0.05). Across
donor and FA samples, coefficient of variation for Ct values of ACTB gene was
3.69%.

Histogram of Missing Data Ratio (%)

PEX4 pmsm

HOXA! mm

HOXDM

HOXBS

Figure 4.11. BM-MSCs had no or low expression of HOXB1, HOXB13, HOXC12,
HOXD10, HOXD11, HOXD12 and HOXD13 genes. More than 40% of
the analyzed samples had no expression of these genes, thus they were
excluded from imputation and further statistical analysis.

Following imputation, gene expression of FA BM-MSCs was highly
correlated with donor cells (r= 0.9861, P< 0.0001; Figure 4.12.). However, PKNOX2
and HOXC13 gene expression were differentially expressed between FA and donor
cells (Figure 4.12.).

HOX and TALE gene expression was clustered using the single linkage
method and the Euclidean distance between rows and columns (Figure 4.13.). Genes
were clustered into six clusters, as outlined in Table 4.2. HOXC10 gene had the
highest expression level in all BM-MSCs (Figure 4.13. and Table 4.2.).
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Figure 4.12. FA patient and Donor BM-MSCs were highly correlated in terms of
HOX and TALE gene expression. The two outliers were PKNOX2 and

HOXC13 genes.
Table 4.2. HOX and TALE genes were grouped into six clusters.
Cluster Genes Range of ACt
Min: -18.79
1 HOXA13, HOXB4/B8, HOXD3/D4/D9, PBX4
Max: -11.91
HOXAL/A2/A3/A4/A5/A6/ATIA9/AL0/ALL, Min: - 1759
in: - 17.
2 HOXB2/B3/B5/B6/B7, HOXC4/C5/C6/C8/C9/C11, M & 45
ax: - 5.
HOXDS8, MEIS1/2, PBX1/2/3, PKNOX1/2
Min: -18.05
3 HOXD1
Max: -12.73
Min: -18.74
4 HOXB9
Max: -11.25
Min: -18.97
5 HOXC13
Max: -13.90
Min: -7.10
6 HOXC10
Max: -4.03

Min depicts minimum ACt value within the cluster. Max depicts maximum ACt value within the

cluster.




HUSCS-D03
HUSCS-FADE
HUSCS-FATT
HUSCS-D15

HUSCS-D16
HUSCS-FAD2

HUSCS-FADS.a

Figure 4.13. Heat map showing the HOX and TALE gene expression levels. Classification of genes as well as donor and FA patient
samples visualized with dendrograms.
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Expression of HOX genes in donor and FA BM-MSCs was not significantly
different (P> 0.05; Figure 4.14.). Changes in MEIS1, MEIS2, PBX1, PBX2, PBX3,
PBX4 or PKNOX1 gene expression between groups were not significant either (P>
0.05; Figure 4.14.). In contrast, PKNOX2 expression in FA (-15.19 + 1.49) was
significantly lower than donors (-13.24 + 1.37, P= 0.002; Figure 4.14.). In addition,
FA-A (-15.00 +£1.80) and FA-D2 (-14.95 +0.68) deficient cells had similar PKNOX2
expression. HOXC13 expression of FA cells (-17.21 £ 1.28) was relatively lower (P=
0.146) than that of donor BM-MSCs (-16.36 + 1.47; Figure 4.14.). DEB treated FA
and donor BM-MSCs did not show a significant fold change in HOXC13 and
PKNOX2 gene expression (P> 0.05; Figure 4.15.). Across all DEB-treated/untreated

samples, the coefficient of variation for the Ct value of the ACTB gene was 2.28%.
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Figure 4.14. Relative HOX and TALE gene expression pattern of donor and FA
patient BM-MSCs. * depicts statistically significant difference (P<

0.05).
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Figure 4.15. Effect of DEB treatment on A) PKNOX2 and B) HOXC13 gene
expression of donor and FA patient BM-MSCs.

4.2.2. Protein Level of Differentially Expressed Gene

The PKNOX2 protein level was assessed in donor and FA patient BM-MSCs
by western blotting. Three different protein bands were observed following
immunoblotting with anti-PKNOX2 antibody of which two corresponded with 52
and 70kDa, respectively (Figure 4.16. A-B). All samples expressed higher levels of
large isoform (70kDa) compared to smaller one (52kDa). Donors (1.19 £0.33 or 0.24
+0.06, respectively) and FA (1.21 +0.28 or 0.30 +0.07, respectively) had a similar
level of large or small isoforms of PKNOX2 protein (P> 0.05; Figure 4.16. A-B).
Additionally, FANCA- (1.27 £0.28 or 0.31 +£0.08, respectively) and FANCD2- (1.08
+0.30 or 0.29 +0.06, respectively) deficient cells had no difference in expression of

large or small variant.
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Figure 4.16. PKNOX2 protein level in FA patient and donor BM-MSCs was
determined. A) 45ug protein was loaded on to each lane of 10% SDS-
PAGE gel (exposure time= 5 minutes). B) Semi-quantitative analysis
of PKNOX2 protein isoforms normalized to B-ACTIN are shown.
4.3. Induction of Bone Marrow Mesenchymal Stromal/Stem Cells with

Recombinant Human TGF-$1 Protein

4.3.1. Effect of Recombinant Human TGF-B1 Protein Induction on Cell
Viability

The effect of rTGF-B1 protein on BM-MSCs was determined following
treatment with different concentrations (0.01, 0.05, 0.1, 0.2, 1, 5 and 10ng/ml) for 12,
24 and 48 hours. Following induction for 12 hours, cell viability decreased at
concentrations above 1 ng/ml (i.e. cell viability= 58% at 10ng/ml), whereas longer
incubation periods (i.e. 24 and 48 hours) showed an opposite effect, during which the
cell viability increased as the concentration of rTGF-f1 protein increased (i.e.
following induction for 24 and 48 hours cell viability at 10ng/ml was 118% and
104% of uninduced cells, respectively) (Figure 4.17.). Further experiments were
performed only with 0.1 and 5ng/ml of rTGF-B1 protein.
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Figure 4.17. Effect of recombinant human TGF-B1 protein induction on the viability
of BM-MSCs. Percentage of viable BM-MSCs obtained following
rTGF-B1 induction was calculated as the ratio of mean absorbance of
induced cells to mean absorbance of uninduced cells.

4.3.2. Effect of Recombinant Human TGF-f1 Protein Induction on Cell

Proliferation

After rTGF-B1 treatment, BM-MSC proliferation increased in comparision to
controls (Figure 4.18. A). Doubling time of cells was calculated after induction
between 37:46:27 and 68:17:04 hours (Figure 4.18. A-B). For each condition (i.e.
control, 0.1 or 5ng/ml), MWU test was used to investigate whether the doubling time
between FA and donor BM-MSCs differed significantly. There was no difference
between the doubling time of patient and donor cells (P> 0.05). The doubling time of
donors (62.27 +2.18 hours) and FANCD2-deficient (62.28 +0.04 hours) cells
cultured in DMF10 medium was similar but slightly higher than FANCA-deficient
BM-MSCs (50.87 +0.47 hours; Figure 4.18. B). Following 0.1 or 5ng/ml rTGF-p1
induction, a fold change in doubling time of donors (0.88 +0.00 or 0.57 +0.03,
respectively), FANCA-deficient (0.83 +0.02 or 0.66 +0.06, respectively) and
FANCD2-deficient (0.82 +£0.11 or 0.69 +0.17, respectively) BM-MSCs was similar
(Table 4.3.). At 219:13:38 hours, the cell index of donor (5.31 +0.05), FA-A (4.11
+1.55) and FA-D2 (5.61 £0.95) cells in DMF10 medium was similar. Additionally,
the cell index (at 219:13:38 hours) of 0.1 or 5ng/ml rTGF-B1 induced donor (5.21
+0.10 and 5.14 +0.79, respectively), FA-A (4.89 +0.64 and 5.84 +1.42, respectively)
and FA-D2 (5.41 £1.51 and 6.09 +0.77, respectively) BM-MSCs did not change.
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Figure 4.18. Proliferation of FANCA-deficient, FANCD2-deficient and donor BM-
MSCs was assessed following 219:13:38 hours of rTGF-1 induction.
A) Line graph showing normalized cell index versus time
measurements of real-time proliferation using xCELLigence RTCA
systems. B) Doubling time of cells in DMF10 medium supplemented
with or without 0.1 and 5ng/ml rTGF-B1 protein.

Table 4.3. Following the initial rTGF-B1 induction, fold change in doubling time of
cells derived from FA patients and donors was determined.

Fold Change in Doubling Time by rTGF-p1**
Control* 0.1ng/ml rTGF-$1 5ng/ml rTGF-$1

Donor 1.00 +£0.00 0.88 +0.00 0.57 £0.03
FA-A 1.00 £0.00 0.83+0.02 0.66 +0.06
FA-D2 1.00 £0.00 0.82 £0.11 0.69 +0.17

* Depicts DMF10 medium; ** Fold change was the ration of doubling time of rTGF-B1 treated
cells to the population doubling of corresponding BM-MSC cultured in DMF10 medium.

4.3.3. Effect of Recombinant Human TGF-B1 Protein on PKNOX2,
MEIS1, PBX1 and TGF-g#1 Expression Levels

Dose- and time-dependent effect of rTGF-B1 protein on PKNOX2, TGF-41,
MEIS1 and PBX1 expression of a donor BM-MSCs was determined by calculating



92

the fold change difference between induced and uninduced cells (Figure 4.19. A-D).
Across all samples, the coefficient of variation for the Ct value of ACTB gene was
2.75%. The fold change in TGF-£1 expression level increased as the dose of rTGF-
B1 increased at 24, 48 or 72 hours (Figure 4.19. A-B). TGF-£1 gene expression level
of BM-MSCs induced with 0.1ng/ml rTGF-1 decreased in time (Figure 4.19. A).
Fold change in PKNOX2 expression of BM-MSCs fluctuated for each dose of
recombinant protein in time (Figure 4.19. B). Low doses of rTGF-B1 increased
PKNOX2 at 24 hours, but again dropped at 48 hours followed by a second increase at
72 hours (Figure 4.19. B). There was a slight change in MEIS1 expressions following
induction in time (Figure 4.19. C). Fold change in PBX1 expression was -1.25 after

48 hours and decrease in the expression stayed stable after 72 hours (Figure 4.19. D).
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Figure 4.19. Fold change in A) TGF-41, B) PKNOX2, C) MEIS1 and D) PBX1 gene
expression level of BM-MSCs induced with 0.1 or 5ng/ml rTGF-B1
protein for 24, 48 and 72 hours.
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Fold change in TGF-1, PKNOX2, MEIS1 and PBX1 gene expression of FA
patients (n= 5) and donor (n=5) BM-MSCs induced with 0.1 or 5ng/ml rTGF-B1 for
24 hours were compared (Figure 4.20. A-D). For each experimental condition (i.e.
control, 0.1 or 5ng/ml), the MWU test was used to investigate whether gene
expression levels between FA and donor BM-MSCs differed significantly. There
were no significant differences in TGF-p1, PKNOX2, MEIS1 and PBX1 gene
expression levels between donor and FA cells at different concentrations of rTGF-§1
protein (P> 0.05; Figure 4.20. A-D).

Friedman’s 2-way ANOVA by ranks test was used to determine whether fold
change in gene expression altered as the rTGF-B1 protein concentration changed
within the donor or FA BM-MSC group, and was followed by a Bonferroni corrected
all pairwise test. As the dose of rTGF-B1 protein increased, TGF-£1 gene expression
increased in the donor or FA BM-MSC group (Figure 4.20. A). Donor BM-MSCs
induced with 5ng/ml rTGF-B1 protein (fc= 1.10 +0.16) had a significant increase
(adjusted P= 0.013) in TGF-A1 gene expression compared to control cells (fc= 0.00
+0.00; Figure 4.20. A). PKNOX2 gene expression changed in FA patient or donor
BM-MSC groups treated with rTGF-B1 protein (Figure 4.20. B) and 5ng/ml rTGF-1
upregulated PKNOX2 gene expression in either donor (fc= 3.09 +0.58) or FA patient
(fc= 2.37 +0.84) BM-MSCs significantly (adjusted P< 0.05). MEIS1 or PBX1 gene
expression levels remained unchanged upon rTGF-B1 induction (P> 0.05; Figure
4.20. C-D).
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Figure 4.20. Fold change in A) TGF-$1, B) PKNOX2, C) MEIS1 and D) PBX1 gene
expression of FA patients (n=5) and donor (n=5) BM-MSCs induced
with 0.1 or 5ng/ml rTGF-p1 for 24 hours. * depicts statistically
significant difference (P< 0.05).

4.3.4. Effect of Recombinant Human TGF-g1 Protein Induction on
PKNOX2 Protein Level

PKNOX2 protein level was measured prior to and following treatment with
0.1 or 5ng/ml rTGF-B1 protein using western blotting. Two protein bands
corresponding to 52 and 70kDa were quantified (Figure 4.21. A-B). All samples had
higher level of the large variant (70kDa) compared to small isoform (52kDa). Both
PKNOX2 and B-ACTIN levels of HUSCS-FAQO1 were lower than other samples,
which might be due to technical problems, such as protein degradation. For each
experimental condition (i.e. control, 0.1 or 5ng/ml), the MWU test was used to
investigate whether the levels of PKNOX2 isoforms between FA and donor BM-
MSCs differed significantly. There was no significant difference in PKNOX2 at a
protein level between FA patients and donor BM-MSCs at any concentration of
rTGF-B1 protein (P> 0.05; Figure 4.21. A-B). Friedman’s 2-way ANOVA by ranks
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test was used to determine whether levels of PKNOX2 variants varied as the rTGF-
B1 protein concentration altered in donor or FA BM-MSC group, and was followed
by the Bonferroni corrected all pairwise test. As the dose of rTGF-B1 protein
increased, PKNOX2 protein level remained unchanged in both the donor or FA BM-
MSC groups (P> 0.05; Figure 4.21. B).

A) HUSCS- HUSCS- HUSCS- HUSCS- HUSCS- HUSCS-
FA09.a D09 D14 FAO03 FAOI [)Ps
A 1 A 1 i
f YT VI = ! r = 1l e Vf - )
=E 3% =34 =3 34 =53
e O B 3 w O e O w O w O
s £ s 2 G = S = o B S =
B o B o £ = 2 e £ 2 B o
g — B 2 - 5§ 2 = % £ - 5§ & = 8 8 - 35
w o= C w s O w o=@ O i oo O w < O v = ©
S ¥ e
| —— 75 - — — e L PKNOX2 (70kDa)
50| =>PKNOX2(52kDa)
g 50
9 37

!\
|
:
|
:
|
|
|
|
i'i
|
l
I
|
l

= B-ACTIN (45 kDa)

B)
Bands at 70kDa Bands at 52kDa
7 44 2 0.8
,-L- Z 08 e Control
5 3] = 0.1 ng/ml FTGF-B1
i 34 i 0.6 A 5ng/ml fTGF-BI
K-} =z ) z
2 £ 2 Ao —»FA-A & g 0.4
E * w =z - A
:;\ e B 4 — —a 9 . A » =
5 Y ] A . [ ] A o S
ﬁ 1 E o2 T = e W A
- - ™ A A
) > . ]
€, € 00
$ ol & -
& <7 & b %4
\\° o

Figure 4.21. PKNOX2 protein level of FA patient and donor BM-MSCs was
determined following rTGF-B1 protein induction. A) 20ug protein

was loaded on to each lane of 10% SDS-PAGE gel (exposure time=5
minutes). B) Semi-quantitative analysis of PKNOX2 protein variants
normalized to B-ACTIN were shown.

4.4. Characterization of Bone Marrow Mesenchymal Stromal/Stem Cells

Carrying PKNOX2 Expression Plasmid

Detailed characterization of the PKNOX2 expression plasmid transfected
BM-MSCs could be performed by using more than one donor.

4.4.1. Gene Expression Levels Following PKNOX2 Overexpression

Following day 2 (D2) and 4 (D4) post-electroporation, PKNOX2
overexpression was confirmed at the mRNA level in BM-MSCs. PKNOX2
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expression was 16.85 (+4.29) and 12.59-fold upregulated in BM-MSCs
overexpressing PKNOX2 compared to pCMV6:MSCs at day +2 and +4 post-
electroporation, respectively (Figure 4.22. A). Following PKNOX2 overexpression,
fold change in expression of HOXC13 gene as well as in its paralog gene HOXA13
was assessed. HOXA13 (fc= -0.05 +1.98) expression remained unchanged but
HOXC13 expression (fc= -0.69 +4.23) varied widely on day 2 of electroporation
(Figure 4.22. B).
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Figure 4.22. Fold change in A) PKNOX2, B) HOXA13 and HOXC13 gene
expression levels in PKNOX2:MSC, compared to pCMV6:MSCs
were determined. D2 and D4 depict day 2 and 4 following
electroporation, respectively. HUSCS-D08 and HUSCS-D11 were
used for the assay.

4.4.2. Western Blot Analysis Following PKNOX2 Overexpression

PKNOX2-DDK overexpression was confirmed in BM-MSCs using anti-DDK
(Figure 4.23. A) and anti-PKNOX2 antibodies. (Figure 4.23. B). The PKNOX2-
DDK fusion protein was heavier than the endogenous one and migrated slower the
gel (Figure 4.23. B). Samples had higher levels of the large isoform (70kDa)
compared to the small variant (52kDa) of endogenous PKNOX2 (Figure 4.23. B).
The unubiquitinated (S; 150kDa) and monoubiquitinated (L; 162kDa) isoforms of
the FANCD2 protein were assessed (Figure 4.24. A). FANCD2-L had a lower
expression compared to FANCD?2-S. Pulsed BM-MSCs had higher FANCD?2 levels
than other groups. The level of both isoforms decreased after plasmid transfection
(Figure 4.24. A). The HOXA13 protein level was slightly decreased in
PKNOX2:MSCs (Figure 4.24. B) However, electroporation, as well as, plasmid

transfection also affected downregulation of the protein (Figure 4.24. B).
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Figure 4.23. PKNOX2 protein level was confirmed using A) anti-DDK and B) anti-
PKNOX2 antibodies following electroporation of PKNOX2-pCMV6
plasmid to BM-MSCs. 38ug protein was loaded on to each lane of 10%
SDS-PAGE gel. Cells of HUSCS-DO08 were used.
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Figure 4.24. Levels of A) FANCD2 and B) HOXA13 proteins were determined
following PKNOX2 overexpressing. 38ug protein was loaded on to
each lane of 10% SDS-PAGE gel.
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4.4.3. Lateral Motility

The wound-healing assay was used to measure lateral migration of
PKNOX2:MSCs compared to pPCMV6:MSCs, pulsed MSCs and untransfected cells
(Figure 4.25. and Figure 4.26.). The motility index of all samples was similar after 2
hours (Figure 4.26.). 4 hours post-wounding, the lateral motility of pulsed cells was
slightly higher than other conditions (Figure 4.26.). 6 hours post-wounding, there
was a decrease in the motility index of PKNOX2 plasmid transfected cells compared
to controls (Figure 4.26.). The wound closure of pulsed cells was nearly completed at
24 hours (Figure 4.25.) and their motility index was higher than BM-MSCs and
pCMV6:MSCs at 20 hours post-wounding (Figure 4.26.). Wound closure in BM-
MSC, pulsed cell and pCMV6:MSC cultures was completed at 36 hours, whereas the
wound healing in PKNOX2:MSC cultures was nearly complete at 168 hours post-
wounding (Figure 4.25. and Figure 4.26.).

BM-MSC Pulsed BM-MSC pCMV6:MSC KNOX2:MSC

= 2

0 hour

24 hour

36 hour

168 hour

Figure 4.25. Representative images of wound-healing assay were taken at 0, 24, 36
and 168 hours post-wounding (40x magnification). The wound healing
in BM-MSCs, pulsed cells and pCMV6:MSCs was complete at 36
hours. However, the wound healing in BM-MSCs overexpressing
PKNOX2 was nearly complete at 168 hours.
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Figure 4.26. Motility index of PKNOX2 overexpressing BM-MSCs was lower than
pCMV6:MSCs, pulsed and untransfected BM-MSCs. Cells of HUSCS-
D11 were used.

4.4.4. Adipogenic and Osteogenic Differentiation Potential

PKNOX2:MSCs, pPCMV6:MSCs, pulsed and control BM-MSCs were able to
differentiate to adipogenic lineages as assessed by positive ORO staining of the lipid
droplets (Figure 4.27. A-B). Additionally, cells cultured in DMF10 medium were
used as control and stained negative with ORO (Figure 4.27. A). Following
electroporation, adipogenic differentiation of BM-MSCs was slightly higher

compared to untransfected cells (Figure 4.27. B).

Passage 3 BM-MSCs were able to differentiate into osteogenic lineage as
shown by positive ARS staining (Figure 4.28. A-B). Cells cultured in DMF10
medium did not produce any calcium phosphate deposits, and stained negative for
ARS. Following electroporation, passage 3 BM-MSCs had a lower capacity to
differentiate to osteogenic lineages compared to untransfected cells (Figure 4.28. B).
Passage 5 BM-MSCs were not able to differentiate to osteoblasts (Figure 4.28. A-B).
When the experiment was repeated, most of the electroporated BM-MSCs lost their

adherence once induced with osteogenic differentiation medium (Figure 4.28. B).
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Figure 4.27. Adipogenic differentiation capacity of BM-MSCs transfected with
PKNOX2 (n= 1) was compared with BM-MSCs (n= 1), pulsed cells
(n= 1) and pCMV6:MSCs (n= 1). A) Representative images were
taken following ORO staining (200x magnification). BM-MSCs
induced in adipogenic differentiation medium stained positively with
ORO while BM-MSCs cultured in DMF10 medium were not stained.
B) For quantitation of lipid accumulation, ORO content was extracted
and the absorbance was measured at 492nm, and then used to
calculate concentration. Normalized ORO concentration was
calculated by subtracting concentration of cells cultured in DMF10
medium from cells induced in adipogenic differentiation medium.
Cells of HUSCS-D11 were used.
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Figure 4.28. Osteogenic differentiation capacity of BM-MSCs transfected with
PKNOX2 plasmid was compared with BM-MSCs, pulsed cells and
pCMV6:MSCs. A) Representative images were taken following ARS
staining (200x magnification). Passage 3 BM-MSCs (HUSCS-D09)
induced in osteogenic differentiation medium stained positively while
cells differentiated at passage 5 were negative for ARS. B) For
quantification of calcium phosphate deposit formation, ARS content
was extracted and the absorbance was measured at 405nm, which was
then used to calculate concentration. Normalized concentration was
calculated by subtracting ARS concentration of cells cultured in
DMF10 medium from cells induced in osteogenic differentiation
medium. Cells of HUSCS-D09 and HUSCS-D11 were used.
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4.4.5. Immunophenotyping Analysis

CD105, CD73, CD44, CD29, CD90, CD31, HLA-DR, CD45 and CD34
levels were measured following PKNOX2 overexpression in BM-MSCs. CD105
level was downregulated by plasmid transfection, but downregulation in the
PKNOX2 overexpressed cells was more prominent. CD73 level was downregulated
in all transfected groups, that indicated electroporation effect. Following PKNOX2
plasmid transfection, CD29 level decreased in cells from HUSCS-D11, but was not
altered in cells of HUSCS-D16. CD44 level did not change in PKNOX2:MSCs from
HUSCS-D11, but was downregulated in PKNOX2:MSCs from HUSCS-D16. CD90
percentage did not change by PKNOX2 plasmid transfection. Cells were negative for
endothelial (CD31) and hematopoietic markers (HLA-DR, CD45 and CD34) (Table
4.4.).

4.4.6. Active TGF-B1, TGF-p2 and TGF-B3 Secretion Levels

Following three days post-electroporation, cells secreted predominantly TGF-
B1 and low amounts of other isoforms. Level of TGF-B1 secretion varied within each
group (Figure 4.29.). BM-MSCs overexpressing PKNOX2 secreted similar amount
of TGF-B1 (1905.92pg/ml +1138.90; P= 0.800), TGF-B2 (210.51pg/ml +90.64; P=
0.800) and TGF-B3 (62.04pg/ml +£35.53; P= 0.800) as pPCMV6:MSCs (2443.66pg/ml
+1413.28, 241.97pg/ml £105.11 and 72.96pg/ml £39.78, respectively).
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Figure 4.29. Levels of TGF-B1, TGF-B2 and TGF-B3 secretion by PKNOX2:MSCs
and pCMV6:MSCs. Cells from HUSCS-D11 were used.



Table 4.4. Immunophenotyping BM-MSCs, pulsed BM-MSCs, pCMV6:MSCs and PKNOX2:MSCs from two donors.

CD105 | CD73 | CD44 | CD29 | CD90 | CD31 | HLA-DR | CD45 | CD34

BM-MSC (HUSCS-D11) 86.80 | 96.30 | 97.50 | 90.40 | 99.80 | 0.00 0.40 0.10 | 0.00
Pulsed BM-MSC (HUSCS-D11) | 91.40 | 82.80 | 97.30 | 93.80 | 99.90 | 0.00 0.60 0.10 | 0.20
pCMV6:MSC (HUSCS-D11) 80.90 | 85.00 | 97.30 | 91.70 | 99.70 | 0.00 1.30 0.00 | 0.10
PKNOX2:MSC (HUSCS-D11) | 73.50 | 86.00 | 96.80 | 76.10 | 99.60 | 0.00 2.10 0.10 | 0.10

BM-MSC (HUSCS-D16) 91.90 | 99.30 | 79.10 | 95.20 | 98.00 | 0.00 0.00 0.00 | 0.00
Pulsed BM-MSC (HUSCS-D16) | 86.10 | 91.80 | 55.20 | 88.10 | 93.40 | 0.00 0.00 0.30 | 0.00
pCMV6:MSC (HUSCS-D16) 76.00 | 90.10 | 65.50 | 91.70 | 96.60 | 0.10 0.20 0.20 | 0.10
PKNOX2:MSC (HUSCS-D16) | 59.80 | 88.10 | 47.50 | 89.50 | 92.40 | 0.00 0.00 0.00 | 0.00

€01
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4.4.7 Co-culturing Bone Marrow Mesenchymal Stromal/Stem Cells
Overexpressing PKNOX2 with CD34* Hematopoietic Stem Cells

Co-culturing with Cryopreserved CD34* Hematopoietic Stem Cells

Prior to co-culture, the purity of cryopreserved CD34"HSCs was determined
by flow cytometry analysis and was found to be 44.50% CD34'CD38", 3.90%
CD34°CD38" and 1.30% CD34CD38" (Figure 4.30.). On day 4 of culture, the
percentage of early hematopoietic stem/progenitors (CD34"CD38") of CD34"HSCs
from all conditions was decreased, whereas more mature hematopoietic phenotypes,
including CD34"CD38" and CD34'CD38" levels were increased compared to cells
on day zero (Figure 4.30.). CD34"HSCs cultured for 4 days on PKNOX2:MSCs had
a similar CD34"CD38" percentage, but higher CD34"CD38" and CD34 CD38" levels
compared to control CD34"HSCs and cells co-cultured with BM-MSCs or
pCMV6:MSCs (Figure 4.30.).

The effect of PKNOX2:MSCs on the expansion of CD34"HSCs was
assessed. A decrease in the fold expansion of total CD34*HSCs was observed for all
experimental conditions after four days of culture (Table 4.5.). However, fold
expansion of total CD34"HSCs co-cultured with PKNOX2:MSCs increased
compared to CD34"HSCs cultured on pCMV6:MSCs or BM-MSCs (Table 4.5.).
However, on day 4 of co-culture, the fold expansion of HSCs was higher in control

wells than of cells cultured on a feeder layer (Table 4.5.).

The clonogenic potential of CD34"HSCs was determined by their ability to
form CFU-GEMM, CFU-GM and BFU-E colonies (Figure 4.31. A-C). 4 days post-
culturing, CD34"HSCs cultured on PKNOX2:MSCs had a higher potential to form
CFU-GEMM (fc= 7.00), CFU-GM (fc= 6.94) and BFU-E (fc= 6.67) compared with
cells cultured alone. The differentiation capacity of CD34"HSCs co-cultured with
pCMV6:MSCs was similar to CD34"HSCs cultured in the absence of feeder layers in
terms of CFU-GEMM (fc= 0.85) and BFU-E (fc= 1.09). However, there was a slight
increase in CFU-GM potential of cells cultured with pPCMV6:MSCs (fc= 1.72).
CD34"HSCs cultured on BM-MSCs had a more restricted clonogenic potential and
were only able to form CFU-GM colonies (Table 4.6.).
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Figure 4.30. CD34 and CD38 levels of cryopreserved CD34*HSCs prior to and on
day four of co-culture. BM-MSCs of HUSCS-D11 were used.

b

Figure 4.31. Representative images showing A) CFU-GEMM, B) CFU-GM and C)
BFU-E colonies.



Table 4.5. Fold expansion of cryopreserved CD34"HSCs on day four of co-culture.

Fold Expansion

CD34*CD38 | CD34*CD38* | CD34CD38*
Total CD34*HSC
HSC HSC HSC
CD34"HSCs (Day 4) 0.88 0.30 0.17 0.02
CD34"HSCs co-cultured with BM-MSC (Day 4) 0.14 0.04 0.03 0.00
CD34"HSCs co-cultured with pCMV6:MSC (Day 4) 0.11 0.03 0.03 0.00
CD34"HSCs co-cultured with PKNOX2:MSC (Day 4) 0.23 0.03 0.10 0.01

Table 4.6. The clonogenic potential of cryopreserved CD34"HSCs prior to and on day four of co-culture.

Per 1000 CD34*HSCs
CFU-GEMM number CFU-GM number BFU-E number

(fc) (fc) (fc)
CD34"HSCs (Day 0) 15 27 13
CD34"HSCs (Day 4) 26 (1.0) 18 (1.0) 101 (1.0)
CD34"HSCs co-cultured with BM-MSC (Day 4) 0(-) 4(0.22) 0(-)
CD34"HSCs co-cultured with pCMV6:MSC (Day 4) 22 (0.85) 31(1.72) 110 (1.09)
CD34"HSCs co-cultured with PKNOX2:MSC (Day 4) 182 (7.00) 125 (6.94) 674 (6.67)

(-) fold change (fc) was not calculated.

90T
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Co-culturing with Fresh CD34* Hematopoietic Stem Cells

Prior to co-culture, fresh CD34"HSCs were 14.80% CD34'CD38", 72.50%
CD347CD38" and 7.30% CD34CD38" (Figure 4.32. A). On day four of culture,
CD34"HSCs from all experimental conditions had higher CD34"CD38" percentage
and lower CD34"CD38" and CD34"CD38" percentages compared to cells on day
zero (Figure 4.32. A-B). CD34CD38" (49.25% +4.03), CD34"CD38" (49.85%
+4.17) and CD34CD38" (0.70% =+0.14) levels of CD34"HSCs cultured on
PKNOX2:MSCs were similar to cells cultured on pCMV6:MSCs (44.50% =+6.08,
54.60% +£5.66 and 0.85% =0.35, respectively) or BM-MSCs (50.45% =+11.81,
48.90% +11.60 and 0.50% +0.14, respectively) (Figure 4.32. B). On day 4 of culture,
CD34*CD38" level of control CD34"HSCs (19.00% +2.40) was lower than cells co-
cultured on a feeder layer (Figure 4.32. B).

Fold expansion of fresh CD34"HSCs cultured on BM-MSCs overexpressing
PKNOX2 was evaluated. Following co-culture, CD34"HSC numbers increased in all
experimental conditions (Figure 4.33.). Fold expansion of CD34°CD38 HSCs
cultured on PKNOX2:MSCs was slightly higher than for other groups (Figure 4.33.).
Furthermore, fold expansion of CD34°CD38" HSCs co-cultured with
PKNOX2:MSCs or pPCMV6:MSCs increased compared to cells cultured alone or on
BM-MSCs. Expansion in the CD34'CD38" HSCs population was not observed
(Figure 4.33.).

The effect of PKNOX2:MSCs on the clonogenic potential of CD34"HSCs
was determined following co-culture (Figure 4.34.). CD34"HSCs seeded prior to co-
culture had a higher capacity to form CFU-GEMM and BFU-E colonies compared to
cells cultured for four days, which formed few or no colonies (Figure 4.34.).
CD34"HSCs cultured for four days had more restricted differentiation potential and
mostly formed CFU-GM colonies (Figure 4.34.). Cultured CD34"HSCs had the
highest capacity to differentiate to CFU-GM colonies, whereas other experimental
conditions had comparable CFU-GM colony forming capacities with each other
(Figure 4.34.).
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Figure 4.32. CD34 and CD38 levels of fresh CD34*HSCs A) prior to (D0) and B) on
day four (D4) of co-culture. BM-MSCs of HUSCS-D08 were used.

®  CD34HSC
e (CD34"HSC+BM-MSC
10~ A CD34'HSC+pCMV6:MSC
Y  CD34*HSC+PKNOX2:MSC
8' v
g B =
g s
g 445 v 3 :
S | BeY o8,
24 ° °
..
0 ' r r PEPVVIR S
(@
&& %& X& XQ%
S > = o
S Mo oy S
o> K o5

Figure 4.33. Fold expansion of fresh CD34"HSCs prior to and on day four of co-
culture. After co-culture, fold expansion of all HSCs (CD34"HSC)
were calculated. Additionally, fold expansion of CD34'CD38,
CD34"CD38" and CD34CD38" cells following co-culture were
calculated according to percentages obtained from flow cytometry
analysis.
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Figure 4.34. The clonogenic potential of fresh CD34*HSCs prior to (D0) and on day
four (D4) of co-culture.

4.5. ldentifying Proteins Interacting with PKNOX2

45.1. Optimizing Co-Immunoprecipitation Protocol for Identifying
Proteins Directly Interacting with PKNOX2

Firstly, the manufacturer’s routine protocol was applied and pre-cleaning with
magnetic beads at room temperature for one hour and incubation with anti-DDK
magnetic beads overnight at 4°C were done and anti-DDK beads were loaded to gel
together with proteins. Using anti-DDK primary antibody, PKNOX2-DDK protein
was detected in PKNOX2:MSC Co-IP product (Figure 4.35. A). Traces of PKNOX2-
DDK protein were also found in the flow-through of Co-IP reaction with
PKNOX2:MSC protein and not with pPCMV6:MSC lysates (Figure 4.35. A). Positive
band for PKNOX2-DDK was only present in total protein from PKNOX2:MSCs and
not from BM-MSCs or pCMV6:MSCs. BSA-DDK was used as positive control for
Co-IP reaction. However, high levels of unspecific binding (i.e. near 25, 50, 100 and
150kDa) were obtained in all three Co-IP products (Figure 4.35. A).

Secondly, the manufacturer’s routine protocol was re-applied but pre-

cleaning with magnetic beads was performed at room temperature for two hours and
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Co-IP products were separated from anti-DDK magnetic beads prior to SDS-PAGE.
Using anti-PKNOX2 primary antibody, the PKNOX2-DDK protein was detected in
PKNOX2:MSC Co-IP product (Figure 4.35. B). The PKNOX2-DDK protein band
was not observed in the flow-through of Co-IP reactions. The PKNOX2-DDK was
only present in total protein from PKNOX2:MSCs whereas endogenous PKNOX2
(70 kDa) was present in total proteins from all groups (Figure 4.35. B). Unspecific
binding (i.e. near 25, 50, 100 and 150kDa) was also obtained in all three Co-IP
products (Figure 4.35. B).

The above protocol (Figure 4.35. B) was re-applied but 5% BME was added
to sample buffer after boiling and separating Co-IP products from the anti-DDK
magnetic beads. 44.45 ug protein lysate was used per Co-IP reaction. Prior to the
ECL reaction, membrane was additionally washed with 500nM NaCl containing
wash buffer at room temperature for 5 minutes. Using anti-DDK primary antibody,
PKNOX2-DDK protein was not detected in PKNOX2:MSC Co-IP products
incubated with anti-DDK magnetic beads, but was observed in Co-IP products
performed with control magnetic (pre-clean) beads (Figure 4.35. C). A low amount
of PKNOX2-DDK protein was observed in the PKNOX2:MSC flow-through. A
band for BSA-DDK was present, showing that the Co-IP reaction worked (Figure
4.35. C). A positive band for PKNOX2-DDK was only present in the total protein
from PKNOX2:MSCs and not from control groups. Unspecific binding was mainly
observed near 25, 50, 100 and 150kDa in all four Co-IP products (Figure 4.35. C).

Pre-cleaning of PKNOX2:MSC proteins with control magnetic beads was
then extended to 4 or 16 hours at room temperature and Co-IP reaction was
performed using anti-DDK magnetic beads or control beads as described above.
42.85 ug protein lysate was used per Co-IP reaction Using anti-DDK primary
antibody, PKNOX2-DDK protein was detected in both PKNOX2:MSC Co-IP
products (Figure 4.35. D). Traces of the protein were observed in Co-IP reactions
with control magnetic beads and in the flow-through of Co-IP reactions (Figure 4.35.
D). A positive band was detected for total protein from PKNOX2:MSCs, but not
from pCMV6:MSCs. Background, as described above, was observed for all four Co-
IP products (Figure 4.35. D).
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Figure 4.35. Optimization procedures applied to co-immunoprecipitation protocol
(A-D).

Following Co-IP, interaction between FANCD2 and PKNOX2 proteins was
assessed. The membrane shown in Figure 4.35. B was reblotted with anti-FANCD2
primary antibody (Figure 4.36. A). A positive band for FANCD2 was observed in
total proteins from PKNOX2:MSC, pCMV6:MSC and BM-MSCs and no protein
was detected in flow-through samples, as well as in BSA:DDK, pCMV6:MSC and
BM-MSC Co-IP products. PKNOX2:MSC Co-IP product had a band corresponding
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to FANCD2 molecular weight (150 kDa; Figure 4.36. A), which was also present as
background signal after initial immunoblotting with anti-PKNOX2 primary antibody
(Figure 4.36. B). Therefore, the experiment was repeated using a different set of
lysates. 44.45 ug protein lysate was used per Co-IP reaction and immunoblotting was
performed only with anti-FANCD?2 antibody (Figure 4.36. B). FANCD2 protein was
present in all total protein samples, but was not observed following Co-IP reaction of
PKNOX2:DDK protein (Figure 4.36. B). Unspecific binding, which might be due to
protein charges or interaction between hydrophobic surfaces, was still present
(Figure 4.36. B). Therefore, mass-spectrometry analyses after Co-1P were performed
to determine whether FANC proteins were among the PKNOX2 interactome.
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Figure 4.36. Following Co-IP, direct interaction between PKNOX2 and FANCD?2
proteins was analysed. A) On 10% SDS-PAGE gel reblotted using
anti-FANCD2 antibody, PKNOX2:MSC Co-IP product had a band
corresponding to FANCD?2 protein (150kDa) but was also previously
present after first blotting with anti-PKNOX2 antibody (see Figure
4.35. B). B) SDS-PAGE gel blotted with only anti-FANCD2 antibody,
showed no band for FANCD?2 protein in neither of the Co-IP products.

4.5.2. Co-Immunoprecipitation Followed by Mass spectrometry Analysis

to Identify PKNOX2 Interactome

Mass spectrometry analysis following co-immunoprecipitation of PKNOX2-
DDK protein was used to identify proteins directly interacting with PKNOX2. Co-IP
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products from pCMV6:MSC proteins were used as negative control. Three replicates
of Co-IP products from either PKNOX2-DDK or pCMV6 carrying MSC (HUSCS-
D11) protein extracts, were used for mass spectrometry. PKNOX2 protein was only
detectable in mass spectrometry analysis of PKNOX2:MSCs Co-IP products
(number of unique peptides= 4 and coverage= 17.58% in ‘Run 1’ and number of
unique peptides= 7 and coverage= 13.56% in ‘Rep 1°), but not in control
(pCMV6:MSCs). 331 proteins in ‘Run 1° and 317 proteins in ‘Rep 1° were identified
to interact with PKNOX2 while 227 in ‘Run 1’ and 272 in ‘Rep 1’ were detected to

co-immunoprecipitate with control plasmid.

‘Rep 1’ and ‘Run 1’ lists were combined for both plasmids and analysed
using Venny 2.1 software (412) to exclude proteins interacting with both plasmids or
only with pCMV6-Entry plasmid (Figure 4.37. A). A total of 219 proteins was
identified to be only interacting with PKNOX2-DDK. The coverage of mass
spectrometry analyses for proteins only interacting with PKNOX2 ranged from
56.95% — 0.37%. FANCD?2 protein and other FANC/BRCA pathway members were

not identified as direct PKNOX2 interactors (data not shown).

Gene Ontology (GO) enrichment analyses (Analyses type: PANTHER
Overrepresentation Test, released on 13/04/2017; Annotation version: GO Ontology
database, released on 28/11/2017) were initially performed using a list of proteins
only interacting with PKNOX2 (Figure 4.37. A) (413-415). Three of the 219 proteins
were identified as uncharacterized protein or Ig kappa chain V regions, thus a total of
216 proteins were used. Parent GO terms for biological processes, molecular
functions or PANTHER pathways involved by PKNOX2 interactors were listed in
Table 4.7.-Table 4.9., respectively. PKNOX2 interacted with proteins that function
mostly in binding to and processing ribosomal RNA and cytoskeletal proteins (i.e.
vinculin) or polymers (i.e. actin filaments), as well as in forming structural integrity
of the ribosome and cellular cytoskeleton (Table 4.7. and Table 4.8.). PKNOX2
associated proteins were also act in cadherin binding, GTP binding and nucleoside-
triphosphatase activity (Table 4.8.). Additionally, they played a role in cytoskeletal
regulation by Rho GTPase, integrin signaling pathway and inflammation mediated
chemokine and cytokine signaling pathway (Table 4.9.).
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Additionally, the analyses were repeated for unspecifically bound proteins
(Figure 4.37. A and Table 4.10.-Table 4.12.). 344 out of 347 unspecifically bound
proteins were used for these analyses among which three of them were determined as
Ig kappa or heavy chain V regions. Like PKNOX2 interactors, unspecifically bound
proteins were found to act in ribosomal large subunit biogenesis, SRP-dependent
cotranslational protein targeting to membrane, viral transcription, translational
initiation, rRNA processing and cytoskeleton organization (Table 4.10.). PKNOX2
interactors had a role in the ribosomal large unit assembly (Table 4.7.), which is a
subclass of ribosomal large subunit biogenesis involved by unspecific proteins
(Table 4.10.). Additionally, the fold enrichment (FE) of PKNOX2 interactors
involved in ribosomal large unit assembly (FE= 20.43; Table 4.7.) was higher than
unspecific proteins (FE= 9.58; Table 4.10.). Unspecifically bound proteins were also
identified to play a role in molecular (Table 4.11.) and PANTHER pathways (Table
4.12.) similar to PKNOX2 interactors (Table 4.8. and Table 4.9., respectively).

28 proteins were identified to be shared between ‘Rep 1’ and ‘Run 1’ lists of
PKNOX2 (Figure 4.37. B), and none of the FANC proteins were among them. These
proteins were further analysed via HitPredict software (Figure 4. 37. C) to construct
a more detailed interaction network (416-418). Specific accession numbers obtained
from mass spectrometry analyses were used as identifiers and no interactions were
found for 5 proteins. Proteins interacting with PKNOX2 interactors were identified
to regulate hematopoietic stem cell differentiation, negatively regulate of G2/M
transition of mitotic cell cycle as well as involved in double-strand break repair via
NHEJ (Table 4.13.; cut-off value is P <0.001 and FE > 5).

Protein list obtained from proteomic profiling of undifferentiated human bone
marrow stromal cells (419) was used as a reference to determine which of the
proteins interacting with PKNOX2 interactors were expressed in these cells (Figure
4.37. D). 39.5% (n= 486) of the proteins identified using HitPredict software (n=
1230) were found in bone marrow stromal cells (Figure 4.37. D). Further enrichment
of proteins increased the fold expansion (Table 4.14.; cut-off value is P < 0.001 and
FE > 5) of previously mentioned biological processes; regulation of hematopoietic

stem cell differentiation (FE= 17.92) and negative regulation of G2/M transition of
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mitotic cell cycle (FE= 12.11). The interactors of PKNOX2 interacting proteins,

expressed by the bone marrow stromal cells, were also involved in double-strand
break repair via NHEJ (FE= 8.14) but the P-value (5.74E-03) was slightly higher
than the threshold (P < 0.001).

. To identify proteins exclusively interacting n To identify common proteins between
PKNOX2 ‘Run I’ and ‘Rep I':

with PKNOX2:

Proteins
interacting
only with
PKNOX2

PKNOX2
Co-IP

GO enrichment analyses

gEonfemen cometion ERLUS k\ HitPredict software

syBiclogicn’ praceds 5 —_ - Detailed interaction

' )\ } network of PKNOX2
2 . i l interactors

Unspecific
protein
lists

& Proteome profile of
B bone marrow stromal IE
__cells (reference list)

i

Reference List Proteins interacting with
PKNOX2 interactors
(HitPredict)

Figure 4.37. Overview of follow-up analyses of proteome data. A) Schematic

workflow for identifying biological processes, molecular function and
PANTHER pathways associated with only PKNOX2 interactors via
GO enrichment analyses. A total of 219 were identified to interact
exclusively with PKNOX2-DDK. B) 28 proteins were identified to be
shared between PKNOX2 ‘Run 1’ and ‘Rep 1°. HitPredict software
was used to identify proteins interacting with PKNOX2 interactors. A
total of 1230 different proteins were identified and C) biological
processes related to these proteins were determined. D) Proteins
interacting with PKNOX2 interactors were further enriched to identify
ones expressed in bone marrow stromal cells using a previously
published data set (depicted as Reference list) (419). 486 out of 1230
proteins interacting with PKNOX2 interactors were determined to be
expressed by bone marrow stromal cells. GO enrichment analyses was
repeated to identify biological processes played by proteins interacting
with PKNOX2 interactors and also expressed by bone marrow stromal
cells.



Table 4.7. Proteins directly interacting with PKNOX2 were involved in variety of biological processes.

Homo sapiens
Reference List

Uploaded List

GO Biological Process Complete # # Expected l_:OId +/- | P-value
Enrichment

ribosomal large subunit assembly 30 6 .29 20.43 + | 5.61E-03
SRP-dependent cotranslational protein targeting to membrane 93 17 91 18.67 + | 1.14E-12
viral transcription 114 17 1.12 15.23 + | 3.03E-11
nuclear-transcribed mMmRNA catabolic process, nonsense- 119 17 1.17 14.59 + | 6.02E-11
mediated decay

translational initiation 143 20 1.40 14.29 + | 3.43E-13
Regulation of lamellipodium organization 43 6 0.42 14.16 + | 4.53E-02
rRNA processing 259 18 2.54 7.10 + | 1.31E-06
cytoskeleton organization 962 35 9.42 3.72 + | 2.07E-07
actin filament-based process 503 18 4.92 3.66 + | 2.53E-02
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Table 4.7. (Continued) Proteins directly interacting with PKNOX2 were involved in variety of biological processes.

Homo sapiens )
) Uploaded List
Reference List
) ) Fold
GO Biological Process Complete # # Expected _ +/- | P-value
Enrichment
regulation of biological quality 3622 62 35.46 1.75 + | 3.35E-02
Unclassified 3676 9 35.99 25 - | 0.00E00

Homo sapiens reference list, are the genes known to play a role in a particular pathway and are used as reference list of GO; Uploaded list, are genes uploaded by the
user; Uploaded list #, total number of genes known to play a role in a particular pathway; Expected, number of genes expected to be in a pathway over whole genome;
Fold enrichment, ratio of number of observed genes over number of expected genes; +/-, Fold enrichment is depicted as °-° if the value is less than 1 whereas it is
depicted as ‘+’ if the value is bigger than >1; P-value, is the probability of uploaded gene list to be found within genes of a particular pathway and P< 0.05 is

considered statistical significant (413-415).
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Table 4.8. Molecular function of proteins directly interacting with PKNOX2.

Homo sapiens

Reference List

Uploaded List

GO Molecular Function Complete # # Expected Fold +/- | P-value
Enrichment
vinculin binding 11 4 A1 37.14 + | 1.57E-02
rRNA binding 60 7 .59 11.92 + | 8.28E-03
structural constituent of ribosome 169 17 1.65 10.28 + | 5.57E-09
actin filament binding 161 13 1.58 8.25 + | 3.23E-05
structural constituent of cytoskeleton 108 8 1.06 7.57 + | 4.32E-02
cadherin binding 295 15 2.89 5.19 + | 9.37E-04
GTP binding 383 15 3.75 4.00 + | 2.22E-02
nucleoside-triphosphatase activity 834 25 8.16 3.06 + | 2.58E-03
Unclassified 3666 12 35.89 .33 - 0.00E00

Homo sapiens reference list, are the genes known to play a role in a particular pathway and are used as reference list of GO; Uploaded list, are genes uploaded by the
user; Uploaded list #, total number of genes known to play a role in a particular pathway; Expected, number of genes expected to be in a pathway over whole genome;
Fold enrichment, ratio of number of observed genes over number of expected genes; +/-, Fold enrichment is depicted as ‘- if the value is less than 1 whereas it is
depicted as ‘+’ if the value is bigger than >1; P-value, is the probability of uploaded gene list to be found within genes of a particular pathway and P< 0.05 is

considered statistical significant (413-415).
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Table 4.9. Proteins interacting with PKNOX2 play roles in three of PANTHER pathways.

Homo sapiens

Reference List Uploaded List
PANTHER Pathways # # Expected Fold +/- P-value

Enrichment

Cytoskeletal regulation by Rho GTPase 80 9 .78 11.49 + 2.05E-05
Huntington disease 135 8 1.32 6.05 + 1.03E-02
Integrin signaling pathway 162 9 1.59 5.67 + 5.91E-03
Inflammation mediated by chemokine and 230 10 2.25 4.44 + 1.67E-02
cytokine signaling pathway

Homo sapiens reference list, are the genes known to play a role in a particular pathway and are used as reference list of GO; Uploaded list, are genes uploaded by the
user; Uploaded list #, total number of genes known to play a role in a particular pathway; Expected, number of genes expected to be in a pathway over whole genome;
Fold enrichment, ratio of number of observed genes over number of expected genes; +/-, Fold enrichment is depicted as ‘- if the value is less than 1 whereas it is
depicted as ‘+’ if the value is bigger than >1; P-value, is the probability of uploaded gene list to be found within genes of a particular pathway and P< 0.05 is
considered statistical significant (413-415).
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Table 4.10. GO Biological processes enriched for unspecific protein lists.

Homo sapiens

Reference List

Uploaded List

GO Biological Process Complete # # Expected l_:OId +/- P-value
Enrichment

cytoskeletal anchoring at plasma membrane 10 5 .16 30.50 + 7.25E-03
SRP-dependent cotranslational protein targeting to 93 40 1.52 26.23 + 5.75E-39
membrane

nuclear-transcribed mRNA catabolic process, nonsense- 119 41 1.95 21.01 + 3.22E-36
mediated decay

viral transcription 114 39 1.87 20.87 + 3.53E-34
cytoplasmic translation 46 15 75 19.89 + 3.59E-11
translational initiation 143 45 2.34 19.19 + 2.19E-38
collagen fibril organization 42 10 .69 14.52 + 2.73E-05
tRNA aminoacylation for protein translation 49 10 .80 12.45 + 1.15E-04
intermediate filament cytoskeleton organization 41 8 .67 11.90 + 4.60E-03
peptide cross-linking 59 10 97 10.34 + 6.39E-04
rRNA processing 259 41 4.25 9.65 + 3.11E-23
ribosomal large subunit biogenesis 70 11 1.15 9.58 + 3.04E-04
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Table 4.10. (Continued) GO Biological processes enriched for unspecific protein lists.

Homo sapiens

Reference List

Uploaded List

GO Biological Process Complete # # Expected l_:OId +/- P-value
Enrichment
collagen catabolic process 65 10 1.07 9.38 + 1.54E-03
homotypic cell-cell adhesion 53 8 87 9.21 + 3.03E-02
Cornification 113 17 1.85 9.18 + 1.10E-07
osteoblast differentiation 121 16 1.98 8.06 + 2.82E-06
protein heterooligomerization 103 13 1.69 7.70 + 2.23E-04
cell junction assembly 139 16 2.28 7.02 + 1.99E-05
protein stabilization 159 15 2.61 5.75 + 8.21E-04
negative regulation of protein ubiquitination 140 12 2.30 5.23 + 4.15E-02
neutrophil degranulation 482 41 7.90 5.19 + 1.47E-13
platelet activation 142 12 2.33 5.15 + 4.78E-02
regulation of mRNA stability 154 13 2.52 5.15 + 1.97E-02
regulation of organelle assembly 157 13 2.57 5.05 + 2.43E-02
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Table 4.10. (Continued) GO Biological processes enriched for unspecific protein lists.

Homo sapiens

Reference List

Uploaded List

GO Biological Process Complete # # Expected l_:OId +/- P-value
Enrichment
protein folding 234 18 3.84 4.69 + 8.90E-04
regulation of protein polymerization 187 14 3.07 4,57 + 3.19E-02
Phagocytosis 242 18 3.97 4,54 + 1.45E-03
regulation of supramolecular fiber organization 307 20 5.03 3.97 + 2.40E-03
actin cytoskeleton organization 430 27 7.05 3.83 + 4.09E-05
regulation of actin filament-based process 340 20 5.57 3.59 + 1.14E-02
cell division 488 26 8.00 3.25 + 1.92E-03
cellular response to growth factor stimulus 472 24 7.74 3.10 + 1.27E-0
response to toxic substance 499 25 8.18 3.06 + 9.91E-03
microtubule-based process 581 27 9.53 2.83 + 1.50E-02
cell morphogenesis 632 28 10.36 2.70 + 2.36E-02
positive regulation of organelle organization 620 27 10.17 2.66 + 4.87E-02
response to organonitrogen compound 881 38 14.44 2.63 + 7.01E-04
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Table 4.10. (Continued) GO Biological processes enriched for unspecific protein lists.

Homo sapiens )
) Uploaded List
Reference List
. : Fold
GO Biological Process Complete # # Expected ) +/- P-value
Enrichment
regulation of anatomical structure morphogenesis 968 40 15.87 2.52 + 9.53E-04
negative regulation of apoptotic process 851 33 13.95 2.37 + 5.00E-02
cellular response to endogenous stimulus 1105 42 18.12 2.32 + 4.09E-03
response to oxygen-containing compound 1444 54 23.68 2.28 + 1.29E-04
plasma membrane bounded cell projection organization 1039 38 17.04 2.23 + 3.65E-02
movement of cell or subcellular component 1424 51 23.35 2.18 + 1.30E-03
regulation of localization 2603 75 42.68 1.76 + 6.97E-03
Unclassified 3676 11 60.27 <0.2 - 0.00E00

Homo sapiens reference list, are the genes known to play a role in a particular pathway and are used as reference list of GO; Uploaded list, are genes uploaded by the
user; Uploaded list #, total number of genes known to play a role in a particular pathway; Expected, number of genes expected to be in a pathway over whole genome;
Fold enrichment, ratio of number of observed genes over number of expected genes; +/-, Fold enrichment is depicted as - if the value is less than 1 whereas it is
depicted as ‘+’ if the value is bigger than >1; P-value, is the probability of uploaded gene list to be found within genes of a particular pathway and P< 0.05 is
considered statistical significant (413-415).
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Table 4.11. GO molecular function enriched for unspecific protein lists.

Homo sapiens

Reference List

Uploaded List

GO Molecular Function Complete # # Expected Fold +/- | P-value
Enrichment
platelet-derived growth factor binding 11 5 .18 27.72 + | 4.19E-03
disordered domain specific binding 31 9 51 17.71 + | 1.13E-05
structural constituent of ribosome 169 40 2.77 14.44 + | 1.69E-29
aminoacyl-tRNA ligase activity 45 10 74 13.55 + | 1.90E-05
structural constituent of cytoskeleton 108 23 1.77 12.99 + | 6.01E-15
cadherin binding 295 58 4.84 11.99 + | 7.85E-40
cell-cell adhesion mediator activity 31 6 51 11.80 + | 4.71E-02
rRNA binding 60 11 .98 11.18 + | 2.34E-05
double-stranded RNA binding 67 11 1.10 10.01 + | 7.13E-05
actin filament binding 161 20 2.64 7.58 + | 1.86E-08
extracellular matrix structural constituent 78 9 1.28 7.04 + | 2.34E-02
MRNA binding 197 17 3.23 5.26 + | 1.48E-04
GTPase activity 291 20 4.77 4.19 + | 3.80E-04
GTP binding 383 25 6.28 3.98 + | 2.67E-05
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Table 4.11. (Continued) GO molecular function enriched for unspecific protein lists.

Homo sapiens )
_ Uploaded List
Reference List
¢ Fold
GO Molecular Function Complete # # Expected _ +/- | P-value
Enrichment

ATPase activity, coupled 364 19 5.97 3.18 + | 4.05E-02
protein kinase binding 576 28 9.44 2.96 + | 1.46E-03
identical protein binding 1683 64 27.59 2.32 + | 8.42E-07
adenyl ribonucleotide binding 1534 48 25.15 1.91 + | 4.47E-02
drug binding 1757 54 28.81 1.87 + | 2.01E-02
transmembrane signaling receptor activity 1271 4 20.84 <0.2 - | 1.74E-02
Unclassified 3666 8 60.11 <0.2 - 0.00E00

Homo sapiens reference list, are the genes known to play a role in a particular pathway and are used as reference list of GO; Uploaded list, are genes uploaded by the
user; Uploaded list #, total number of genes known to play a role in a particular pathway; Expected, number of genes expected to be in a pathway over whole genome;
Fold enrichment, ratio of number of observed genes over number of expected genes; +/-, Fold enrichment is depicted as - if the value is less than 1 whereas it is
depicted as ‘+’ if the value is bigger than >1; P-value, is the probability of uploaded gene list to be found within genes of a particular pathway and P< 0.05 is
considered statistical significant (413-415).
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Table 4.12. PANTHER pathways enriched for unspecific protein lists.

Homo sapiens

Reference List

Uploaded List

PANTHER Pathways # # Expected l_:OId +/- | P-value
Enrichment
Glycolysis 20 5 33 15.25 + | 3.68E-03
Cytoskeletal regulation by Rho GTPase 80 11 1.31 8.39 + | 2.07E-05
Integrin signaling pathway 162 13 2.66 4.89 + | 6.16E-04
Huntington disease 135 10 2.21 4.52 + | 1.54E-02
Unclassified 18605 277 305.04 91 - 0.00E00
Glycolysis 20 5 33 15.25 + | 3.68E-03

Homo sapiens reference list, are the genes known to play a role in a particular pathway and are used as reference list of GO; Uploaded list, are genes uploaded by the
user; Uploaded list #, total number of genes known to play a role in a particular pathway; Expected, number of genes expected to be in a pathway over whole genome;
Fold enrichment, ratio of number of observed genes over number of expected genes; +/-, Fold enrichment is depicted as
depicted as ‘“+’ if the value is bigger than >1; P-value, is the probability of uploaded gene list to be found within genes of a particular pathway and P< 0.05 is

considered statistical significant (413-415).
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Table 4.13. GO Biological processes enriched for proteins interacting with PKNOX2 interactors.

Homo sapiens

Reference List

Uploaded List

GO Biological Process Complete # # Expected l_:OId +/- | P-value
Enrichment
DNA replication-dependent nucleosome assembly 10 9 .58 15.60 + | 9.79E-05
histone H3 deacetylation 21 14 1.21 11.56 + | 4.43E-07
negative regulation of telomere maintenance via telomerase 21 11 1.21 9.08 + | 5.71E-04
regulation of hematopoietic stem cell differentiation 77 39 4.44 8.78 + | 6.24E-20
regulation of transcription from RNA polymerase Il 79 37 4.56 8.12 + | 1.15E-17
promoter in response to hypoxia
regulation of cellular amino acid metabolic process 62 29 3.58 8.11 + | 2.70E-13
NIK/NF-kappaB signaling 86 40 4.96 8.06 + | 3.42E-19
negative regulation of ubiquitin-protein ligase activity 72 33 4.15 7.94 + | 3.26E-15
involved in mitotic cell cycle
anaphase-promoting complex-dependent catabolic process 81 37 4.67 7.92 + | 2.61E-17
positive regulation of ubiquitin-protein ligase activity 77 35 4.44 7.88 + | 3.57E-16
involved in regulation of mitotic cell cycle transition
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Table 4.13. (Continued) GO Biological processes enriched for proteins interacting with PKNOX2 interactors.

Homo sapiens

Reference List

Uploaded List

GO Biological Process Complete # # Expected l_ZOId +/- | P-value
Enrichment

SCF-dependent  proteasomal  ubiquitin-dependent 73 32 4.21 7.60 + | 3.92E-14

protein catabolic process

negative regulation of G2/M transition of mitotic cell 89 36 5.13 7.01 + | 4.09E-15

cycle

double-strand break repair via nonhomologous end 53 21 3.06 6.87 + | 1.27E-07

joining

stimulatory C-type lectin receptor signaling pathway 123 48 7.10 6.76 + | 2.40E-20

DNA replication-independent nucleosome assembly 39 15 2.25 6.67 + | 1.46E-04

antigen processing and presentation of exogenous 76 29 4.38 6.61 + | 4.62E-11

peptide antigen via MHC class |, TAP-dependent

positive regulation of gene expression, epigenetic 55 20 3.17 6.30 + | 1.68E-06

Fc-epsilon receptor signaling pathway 135 49 7.79 6.29 + | 1.67E-19
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Table 4.13. (Continued) GO Biological processes enriched for proteins interacting with PKNOX2 interactors.

Homo sapiens

Reference List

Uploaded List

pathway

GO Biological Process Complete # # Expected l_:OId +/- | P-value
Enrichment
regulation of megakaryocyte differentiation 51 18 2.94 6.12 + | 2.10E-05
Whnt signaling pathway, planar cell polarity pathway 101 35 5.83 6.01 + | 1.29E-12
tumor necrosis factor-mediated signaling pathway 129 44 7.44 591 + | 2.99E-16
regulation of histone acetylation 53 18 3.06 5.89 + | 3.78E-05
response to gamma radiation 56 19 3.23 5.88 + | 1.44E-05
regulation of mRNA stability 154 49 8.88 551 + | 3.76E-17
T cell receptor signaling pathway 155 49 8.94 5.48 + | 4.89E-17
activation of MAPKK activity 54 17 3.12 5.46 + | 2.96E-04
ATP-dependent chromatin remodeling 67 21 3.87 5.43 + | 8.20E-06
histone lysine methylation 68 21 3.92 5.35 + | 1.06E-05
positive regulation of canonical Wnt signaling 124 37 7.15 5.17 + | 1.75E-11
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Table 4.13. (Continued) GO Biological processes enriched for proteins interacting with PKNOX2 interactors.

Homo sapiens

Reference List

Uploaded List

signaling pathway

Fold
GO Biological Process Complete # # Expected ) +/- | P-value
Enrichment
regulation of intracellular steroid hormone receptor 75 22 4.33 5.08 + | 1.09E-05

Homo sapiens reference list, are the genes known to play a role in a particular pathway and are used as reference list of GO; Uploaded list, are genes uploaded by the
user; Uploaded list #, total number of genes known to play a role in a particular pathway; Expected, number of genes expected to be in a pathway over whole genome;
Fold enrichment, ratio of number of observed genes over number of expected genes; +/-, Fold enrichment is depicted as - if the value is less than 1 whereas it is
depicted as ‘+’ if the value is bigger than >1; P-value, is the probability of uploaded gene list to be found within genes of a particular pathway and P< 0.001 is

considered statistical significant (413-415).
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Table 4.14. GO Biological processes enriched for proteins interacting with PKNOX2 interactors and expressed by bone marrow stromal

cells.

Homo sapiens

Reference List

Uploaded List

GO Biological Process Complete # # | Expected I_ZOId +/- | P-value
Enrichment

positive regulation of RNA polymerase Il transcriptional 10 7 .23 30.18 + | 4.85E-05

preinitiation complex assembly

regulation of hematopoietic stem cell differentiation 77 32 1.79 17.92 + | 2.63E-25

regulation of cellular amino acid metabolic process 62 24 1.44 16.69 + | 1.29E-17

negative regulation of ubiquitin-protein ligase activity involved 72 25 1.67 14.97 + | 2.39E-17

in mitotic cell cycle

SCF-dependent  proteasomal  ubiquitin-dependent protein 73 25 1.69 14.77 + | 3.31E-17

catabolic process

positive regulation of ubiquitin-protein ligase activity involved 77 26 1.79 14.56 + | 7.53E-18

in regulation of mitotic cell cycle transition

NIK/NF-kappaB signaling 86 29 1.99 14.54 + | 3.38E-20

anaphase-promoting complex-dependent catabolic process 81 27 1.88 14.37 + | 1.70E-18
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Table 4.14. (Continued) GO Biological processes enriched for proteins interacting with PKNOX2 interactors and expressed by bone

marrow stromal cells.

Homo sapiens

Reference List

Uploaded List

GO Biological Process Complete # # | Expected l_:OId +/- | P-value
Enrichment

regulation of transcription from RNA polymerase Il promoter 79 26 1.83 14.19 + | 141E-17
in response to hypoxia

antigen processing and presentation of exogenous peptide 76 23 1.76 13.05 + | 1.81E-14
antigen via MHC class I, TAP-dependent

negative regulation of G2/M transition of mitotic cell cycle 89 25 2.06 12.11 + | 3.34E-15
regulation of mMRNA stability 154 39 3.57 10.92 + | 1.31E-23
Whnt signaling pathway, planar cell polarity pathway 101 25 2.34 10.67 + | 6.13E-14
stimulatory C-type lectin receptor signaling pathway 123 30 2.85 10.52 + | 4.45E-17
Fc-epsilon receptor signaling pathway 135 31 3.13 9.90 + | 5.36E-17
positive regulation of canonical Wnt signaling pathway 124 28 2.88 9.74 + | 6.56E-15
positive regulation of gene expression, epigenetic 55 12 1.28 941 + | 9.29E-05
tumor necrosis factor-mediated signaling pathway 129 28 2.99 9.36 + | 1.78E-14
regulation of megakaryocyte differentiation 51 11 1.18 9.30 + | 4.26E-04
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Table 4.14. (Continued) GO Biological processes enriched for proteins interacting with PKNOX2 interactors and expressed by bone
marrow stromal cells.

Homo sapiens )
_ Uploaded List
Reference List
) ) Fold
GO Biological Process Complete # # | Expected ) +/- | P-value
Enrichment

T cell receptor signaling pathway 155 32 3.59 8.90 + | 2.69E-16
DNA duplex unwinding 75 14 1.74 8.05 + | 3.95E-05
negative regulation of canonical Wnt signaling pathway 167 29 3.87 7.49 + | 1.39E-12
regulation of mRNA splicing, via spliceosome 79 13 1.83 7.10 + | 5.94E-04
Fc-gamma receptor signaling pathway involved in 86 14 1.99 7.02 + | 2.13E-04
phagocytosis
protein deubiquitination 286 43 6.63 6.48 + | 1.20E-17
translational initiation 143 18 3.32 5.43 + | 1.13E-04
MAPK cascade 374 45 8.67 5.19 + | 6.33E-15
viral process 654 76 15.17 5.01 + | 1.46E-26

Homo sapiens reference list, are the genes known to play a role in a particular pathway and are used as reference list of GO; Uploaded list, are genes uploaded by the
user; Uploaded list #, total number of genes known to play a role in a particular pathway; Expected, number of genes expected to be in a pathway over whole genome;
Fold enrichment, ratio of number of observed genes over number of expected genes; +/-, Fold enrichment is depicted as - if the value is less than 1 whereas it is
depicted as ‘+’ if the value is bigger than >1; P-value, is the probability of uploaded gene list to be found within genes of a particular pathway and P< 0.001 is
considered statistical significant (413-415).
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5. DISCUSSION

More than a decade on, the interaction between HSCs and their niche has
been widely studied, but there are still unanswered questions about the stromal cell
components of the BM microenvironment. Stroma is not only important for HSC
maintenance, but also can trigger changes in cellular identity. Therefore, it is critical
to study stromal cells such as BM-MSCs under genome instable conditions, which
may help us to gain more understanding on their role of tissue support as well as
progression of cancers like leukemia. The initial objective of this thesis was to

characterize BM-MSCs obtained from FA patients in comparison to healthy donors.

5.1. Characterization of Bone Marrow Mesenchymal Stromal/Stem Cells

from Fanconi Anemia Patients Compared to Donors

Herein, eleven of the FA patients were molecularly profiled to identify their
mutations. Molecular classification of one subject showed no mutation in FANC-A, -
B, -C, -D2, -E, -F, -G, -I, -L, -M, BRCAL, BRCA2, BRIP1, ERCC4, PALB2, RAD51
or SLX4 gene, which might result from technical difficulties, such as poor
sequencing coverage or participation of other FA causing genes. Overall, six of the
identified mutations of which five in FANCA and one in FANCD2 were novel. Most
of the classified cases had pathogenic variations in FANCA gene (n= 7), which is
reported as the most frequently mutated FA gene (420). Two patients with negative
DEB-test results had mutations in FANCA gene. This might be explained by reverse
mosaicism seen in lymphocytes (241-243). Additionally, one individual had
mutation in FANCG gene, while two siblings were identified to carry mutated
FANCD?2 gene. Studies carried out in humans, as well as, in animal models report
that mutations in FANCD?2 have severe phenotypes (421-423). In humans, mutations
classified to FA-D2 complementation group are only hypomorphic suggesting
biallelic null mutations are sufficient to cause death (423). Patients with mutated
FANCD2 have various congenital anomalies and hematological defects (423). In this
study, FA-D2 patients possessed typical disease symptoms, including microcephaly,

hyper/hypopigmentation, growth retardation and microphthalmia.
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BM-MSCs from FA patients and donors were characterized according to their
immunophenotypes, differentiation potentials, proliferative capacities, senescence
activity, ROS production and TGF-B levels. Various cell surface markers indicating
mesenchymal (CD29, CD44, CD73, CD90, CD105, CD140b, CD146, CD166, HLA-
ABC, CD106, CD200, CD271), endothelial (CD31 and CD144) or hematopoietic
(CD34, CD14, CD45, and HLA-DR) origin, as well as CD133, as general stem cell
marker were used in this study. BM-MSCs were positive for CD29, CD44, CD73,
CD90, CD105, CD166, CD140b and HLA-ABC surface markers, in line with
previously published data (59, 424-426). Cells did not consistently express CD146,
as previously shown (427). Additionally, cells had low or no CD106, CD200 and
CD271 levels. Culturing MSCs triggers downregulation of CD106 level (428).
Intriguingly, CD106 level of FA BM-MSCs was slightly higher than donors. CD106
is an adhesion molecule that plays an important role in HSC maintenance within the
niche (429). Increase in CD106 expression may keep HSCs in dormancy and
decrease the number of cycling HSCs. BM-MSCs had no CD31, CD144, CD34,
CD14, CD45, HLA-DR and CD133 expression. This is in concordance with the
previously published data (59, 424, 430-433). FA BM-MSCs had similar cell surface
marker level, as donors, as previously described (32, 33). Notably, the mesenchymal
marker CD29 (B1-integrin) level of patient cells was significantly higher than donors.
CD29 is important to maintain migration of MSCs (434, 435). Additionally, B1-
integrin expressed by osteoblastic niche is important for adhesion of HSCs to the
niche, thus help to keep HSCs in quiescence (104). Elevated CD29 expression in FA
BM may apply as a physical force that keeps HSCs to stay in dormancy and
consequently decrease their ability to expand or differentiate. Further investigation is
required to elucidate whether dysregulation of CD29 plays a role in FA pathogenesis.
Besides CD200 (OX-2) expression by FA BM-MSCs was lower than donors. CD200
receptor (CD200R) is only expressed by myeloid-lineage cells and the interaction
between CD200-CD200R inhibits TNF-a secretion by macrophage like cells (436).
Fancc” mice cells are sensitive towards TNF-o and ROS levels are shown to
increase due to TNF-o treatment, which may then initiate ICL formation and
consequently may cause unresolved DNA damage (253). We also showed that ROS

production was higher in FA BM-MSCs compared to donors. TNF-a increase in the
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FA bone marrow environment may be a consequence of lower CD200 expression of
FA BM-MSCs (252).

Adipogenic and osteogenic differentiation capacities of FA and donor BM-
MSCs were obtained using histochemical staining, as well as, RT-gPCR analysis
measuring the change in expression of differentiation-specific genes such as Adipsin,
PPARy, LPL, RUNX2, ALPL, OCN and SP7. Differentiation potential varied a lot
and BM-MSCs had higher tendency to commit to adipogenic lineages compared to
osteogenic lineages. An inverse relationship between osteogenic and adipogenic
differentiation is reported and MSCs triggered via steady-state signaling pathways
can be more potent towards differentiating into a certain lineage (437). Fold change
in Adipsin and PPARy gene expression increased following adipogenic stimulation,
but were lower than the increased fold change measured for LPL expression. Graneli
and co-authors (438) show that LPL and PPARjy gene expression levels are
upregulated following 14 days post-adipogenic induction and also the increase in
LPL expression was more prominent. Fold change in the expression of osteogenesis-
related genes, RUNX2, ALPL, OCN and SP7 was low. Increase in RUNX2 or ALPL
gene expression following induction was more promising compared to change in
OCN and SP7 genes. Our results in correlation with Gulliot and colleagues (439)
show similar RUNX2 and ALPL gene expression on day 21 of osteogenic induction.
Unlike our findings, OCN and SP7 gene expression are revealed to increase
continuously following differentiation (439). Miron and Zhang (440) point out that
OCN is a marker of mature osteoblasts and is not expressed by pre-osteoblasts.
Based on these findings, we were most probably able to differentiate BM-MSCs to
pre-osteoblasts. Low OCN and SP7 expression obtained in this study may increase as
a result of extended culture period in osteogenic medium. Additionally, BM-MSCs
from FA patients and donors had comparable differentiation capacities as previously
shown. However, a recent study report that FA MSCs lack osteogenic differentiation
potential (33, 441). Impairment of osteoblastic function can trigger MDS and AML,
thus defective BM (270).

ICL-inducing reagents, such as MMC and DEB cause chromosomal

aberrations, genomic instability and consequently cellular toxicity in cells with non-
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functional FA pathway (224, 225, 442). Additionally, MMC treatment is reported to
cause a cell cycle arrest in dermal fibroblasts from FA patients, as well as, in Brcal”
mouse embryonic fibroblasts (233, 442). BM-MSCs from FA patients are reported to
be hypersensitive to MMC treatment (32). Mantelli and co-authors (33) characterized
BM-MSCs with prolonged G2 transition as well as having spontaneous chromosomal
breaks that were not upregulated after DEB treatment. Insensitivity of MSCs to DEB
treatment can be explained by their resistance towards cytotoxic agents (443). Here,
FA BM-MSCs treated with 0.1ug/ml DEB for four days were arrested in G2/M
phase. The frequency of FA BM-MSCs in G1 phase was decreased, whereas there
was no change in the number of cells within S-phase following DEB treatment. In
the report by Mantelli et al (33), the incubation of BM-MSCs with DEB is 59 hours,
which is shorter than the period used in this study. Therefore, exposure for longer
periods of time may be required until the cellular failure due to DEB treatment
occurs. Genomic instability in FA BM-MSCs may also make the arrest in G2/M

phase apparent.

Proliferation of FA BM-MSCs was compared to donors between passage 3 to
7 using population doubling assay. BM-MSCs from both FA-A and FA-G patients
had similar but from FA-D2 patients had lower proliferative capacity compared with
donors. Proliferative capacity of FA and donor BM-MSCs were also compared in
terms of doubling time and were found to be similar. In a previous report, FANCA-
deficient and donor cells are shown to have comparable cPD between passages 1 to 5
(33). FANCA-deficient and donor BM-MSCs used in this study had similar
senescence activity and were expanded until passages 8-10 and passages 7-11,
respectively. However, Mantelli et al (33) show that FANCA-deficient cells
(passages 4-17) undergo growth arrest earlier than donor BM-MSCs (passages 13-
21). Furthermore, FANCG- (passage 6) and FANCD2- (passage 4 and 7) deficient
BM-MSCs used in this study had relatively lower in vitro expansion capacity than
donors. Concordantly, cell displaying FANCD2 mutation had a slightly higher p-gal
associated senescence activity at passage 3. These results correlate with senescence
propensity of the FA cells, as a result of the genomic instability in MSCs, due to the

impaired FA pathway.
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TGF-p signaling has pleiotropic effects in the BM. On one hand, it suppresses
HSC proliferation and supports HSC dormancy, but on the other hand, it promotes M
to G1 progression in BM stromal cells (126, 444, 445). In this thesis, rTGF-f1
induction increased proliferation of BM-MSCs. Tgf-B1 is also shown to play a role in
the progression of a BM disease called myelofibrosis in mice (446). Recently,
overactive TGF-f signal transduction has been suggested to cause BMF (34). TGF-$3
expression or production by FA BM-MSCs and its possible role in BMF has not been
studied before. The TGF-£1 gene is a downstream target of TGF-B signaling (447).
Therefore, TGF-f1 expression of FA BM-MSCs was compared to donors, but there
was no significant difference between groups. DEB treatment had no effect on the
expression level. Additionally, TGF-B1, TGF-B2 and TGF-B3 secretion levels by
BM-MSCs with a defective FA pathway were also similar to controls. However,
BM-MSCs from individuals with FANCD2 mutation did not secrete TGF-p1, TGF-
2 and TGF-B3 at all. TGF-B1-deficient mice develop an autoimmune reaction (448).
Autoimmunity is a factor associated with inadequate blood production (449).
Autocrine TGF-B signaling has been widely studied (450-452) and FANCD2-
deficient BM-MSCs with impaired TGF-B production may lead to cellular defects
and trigger BMF. Additionally, Zhang and co-authors (34) reveal overexpression of
Tgf-p1 in Fancd2”- mice HSPCs, which may result in increased TGF-B secretion into
BM. Downregulation of TGF-B production by BM-MSCs might be a response to
such conditions. Accordingly, bone marrow stroma from aplastic anemia patients has
significantly lower TGF-B1 production than controls (453). Inducing FA BM-MSCs
with rTGF-B1 protein had no significant effect on the proliferation compared to
donor cells. Lastly, TGF-B1 induced mice BM-MSCs have increased senescence
activity compare to controls, which is partly associated with elevated levels of ROS
production (454). In this study, FA BM-MSCs were found to have increased ROS
production. Similarly, Kumari and co-authors (455) also report that FA cells are
characterized with increased ROS levels, thus downregulation of TGF-f secretion in
FA-D2 BM-MSCs can be a protective response. A report on oxidative stress showing

a decrease in TGF-p signaling supports this conclusion (456).
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5.2. HOX and TALE Profile of Fanconi Anemia Bone Marrow Stromal
Cells in Comparison to Donors

The main objective of this thesis was to determine whether HOX and TALE
profiles of BM-MSCs change in Fanconi anemia. During adult life, tightly regulated
HOX expression pattern continues to provide a “biological fingerprint” for different
cell types (16, 375). Expression of HOX and TALE genes may change gradually in
the diseases with a predisposition to cancer. Loss of cellular identity via alterations in
the HOX pathway is one of the driving mechanisms of cancer development, such as
solid tumors and leukemia (457, 458). Regarding FA BM-MSCs, the HOX code did
not show major changes except for HOXC13 expression, which was expressed at
slightly lower levels in patient cells compared to donors. BM-MSCs are reported to
express most of the HOX genes except HOXB1/B13, HOXC12 and HOXD10-13 (17,
18). Additionally, HOXA9-10, HOXC6, HOXC8, HOXC10 and HOXD8 expression is
relatively higher than other HOX genes in healthy BM-MSCs (17, 18), as observed
in our study. On the other hand, Liedtke and colleagues (17) report that BM-MSCs
do not express HOXA3/A11/A13, HOXB2/B3/B8/B9, HOXC11/C13 and HOXD1
genes, yet in our study, these genes had intermediate to low levels of expression in
healthy donor samples. The difference might have resulted from higher sensitivity of
TagMan probes used in our study compared to SYBR Green used in the
aforementioned study (17, 459).

Low DNA binding specificity of HOX proteins is increased through protein-
protein interactions with the members of TALE gene class (19, 20). Expression
analysis in this thesis also revealed that all the members of TALE gene class were
actively expressed in BM-MSCs. Significant downregulation of PKNOX2 gene
expression with no change in the protein level was observed in FA patients’ BM-
MSC, as compared to healthy samples. It is known that mRNA level may not
correlate with protein level due to post-transcriptional modifications or half-lives of
proteins (460). On the other hand, a whole genome microarray study (GSE17233)
shows an increase of PKNOX2 expression in FA peripheral blood mononuclear cells

compared to donors.
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PKNOX2 is a transcription factor encoded by PKNOX2 gene located on
chromosome 11924-g25 (370, 461). In humans, PKNOX2 is expressed in many
tissues (e.g. brain, skeletal muscle, heart, ovary, placenta, lung, pancreas, prostate,
testis and small intestine), but has no or very low expression in colon, kidney, spleen,
thymus, liver and peripheral blood leukocytes (370, 461). Additionally, Pknox2 is
expressed throughout development of mice embryos, and is exclusive to neuronal
cells in the vomeronasal organ at postnatal stages (462, 463). NIH3T3 mouse embryo
fibroblast cell line has five different isoforms of PKNOX2 protein (464). Three of
these isoforms detected by C-terminal PKNOX2 antibody (two close to 62kDa and
one at 47kDa), are mainly found in nucleus (464). Two of the isoforms (25 and
62kDa) detected by N-terminal specific antibody, are prominent in nucleus and
cytoplasm, respectively (464). In this thesis, more than one variant of PKNOX2
protein (including 70 and 52kDa) were detected in human BM-MSCs. The PKNOX2
isoform, showing SDS-PAGE displayed molecular weight approximately 70kDa,

corresponds to the previously in vitro synthesized protein by Fognani et al (370).

HD regions of PKNOX2 (Figure 5.1.) and PKNOX1 share an overall
similarity of 52% and their HDs have almost identical sequence 94%, thus they are
referred as paralog genes (370, 461). It has been reported that HDs of these two
proteins differ in the first helix and the first loop (370). Due to their sequence
similarity, PKNOX2 and PKNOX1 proteins may also have similar functions.
PKNOX1 is known to function in the maintenance of genomic stability, thus
PKNOX2 may also be a potential player in the DNA repair of FA stromal
environment (23, 370). Concordancely, a whole genome RNA interference study
shows an increase in cellular sensitivity to ionizing radiation by PKNOX2 silencing
(465). However, no change in HOXC13 and PKNOX2 expression of BM-MSCs was
obtained by ICL-inducing agent, DEB, in this study. On the other hand, distinct
tissue distribution of PKNOX2 and PKNOX1 give a hint of discrete PKNOX2
functions (370). Indeed, the linkage studies showing association of PKNOX2 with
schizophrenia and alcohol dependence supports this assumption (466, 467).
Additionally, it regulates transcription through sequence-specific DNA binding and

actin filament/monomer binding (464).
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Figure 5.1. Domains of PBX/knotted 1 Homeobox 2 protein (468).

5.3. Role of Recombinant Human TGF-$1 Protein on Fanconi Anemia

Bone Marrow Stromal Cells in Comparison to Donors

Expression of Pknox2 plays a vital role in limb development of mice (361,
469). Pknox2 overexpression in mice limb bud mesenchyme results in a hypoplastic
radius and ulna, which are common defects observed in FA patients (469).
Furthermore, overexpressed PKNOX2 is shown to perturbate ossification and
chondrogenic differentiation as well as to lower Hox10-11 and Col2 gene expression,
and Bmp/Smad signaling in the mice limb (469). These results implicate that
PKNOX2 functions in development via BMP/SMAD pathway through Hox activity.
A comparative expression microarray study (GSE46019) shows a significant
increase of PKNOX2 expression in BM-MSCs after TGF-B1 stimulation (470). These
studies confirm the association between TGF-B signaling and PKNOX2. Here,
stimulation of BM-MSCs with rTGF-B1 protein had both a dose and time-dependent
effect on PKNOX2 gene expression. Haley et al, (471) also report that TGF-p
induction of epithelial NCI-H358 cells affected PKNOX2 gene expression in a time-
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dependent manner that peak at 18 hours, decreases by 24 hours and is then again
upregulated by 72 hours. In this study, rTGF-B1 protein induction increased TGF-41
gene expression of BM-MSCs in a concentration dependent manner at 24, 48 or 72
hours, as previously described (447). In response to TGF-B1, there was either no
change or a slight decrease in the expression of MEIS1 and PBX1 genes, known to
encode transcription factors, that interact with PKNOX2. Lastly, it was investigated
whether the misexpression of PKNOX2 in FA BM-MSCs is further impaired by
increased TGF-B1 stimulation. As the concentration of recombinant protein
increased, PKNOX2 gene and protein expression of patients behaved like donors.
Additionally, TGF-f1 expression of donor and patients increased whereas PBX1 and
MEIS1 mRNA levels did not change significantly upon induction. These results
suggest that downregulation in PKNOX2 expression is not due to aberrant TGF-f
signaling in FA BM-MSCs. Additionally, TGF-B1, TGF-B2 and TGF-B3 secretion
level by PKNOX2:MSCs was compared with controls and no statistically significant
difference was obtained. Therefore, it is possible to conclude that PKNOX2 is a

target of TGF-p signaling, but not vice versa.

5.4. Characterization of Bone Marrow Mesenchymal Stromal/Stem Cells
Carrying PKNOX2 Expression Plasmid

PKNOX2 contains a HR 1 and HR2 within the N-terminal region (Figure
5.1.), which involves in protein-protein interactions (370, 461, 462). Due to its
differential expression in FA BM-MSCs, PKNOX2 protein may interact with the
members of FA/BRCA pathway. Therefore, PKNOX2 expression plasmid was
transiently overexpressed in BM-MSCs, and expression was confirmed at both
mMRNA and protein level. PKNOX2 overexpressing BM-MSCs had similar
differentiation capacity as controls, but immunophenotypic properties were slightly
skewed. The CD105 (endoglin) level was downregulated following PKNOX2
plasmid transfection. Additionally, wound closure of PKNOX2:MSCs took longer to
be completed than donors. CD105 is a member of the TGF-f receptor complex and is

known to play a role during wound healing (472).

In order to assess the effect of PKNOX2 overexpression in the BM niche on
HSC expansion and differentiation, PKNOX2:MSCs were co-cultured with either
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cryopreserved or fresh CD34"HSCs. The purity of CD34"HSCs was established by
determining their CD34 and CD38 positivity prior to and following co-culture.
CD34"HSCs are defined as a heterogeneous population consisting of multipotent
cells and further defined according to their CD38 expression (473). CD34*CD38"
HSCs are the most primitive cells with self-renewal, as well as, myeloid and
lymphoid differentiation capacities (474-478). However, it is also reported that
CD34*CD38'"“HSCs are capable of long-term repopulation and CD38 positivity is
related to G1 phase of the cell cycle (479). Following co-culture with
PKNOX2:MSCs, pCMV6:MSCs or BM-MSCs, CD34"CD38"HSC percentage and
fold expansion of fresh CD34"HSCs remarkably increased compared to cells
cultured alone. This suggests that co-culturing CD34*HSCs with BM-MSCs
increases the number of cycling HSCs and may be more advantageous for

transplantation.

Cryopreserving HSCs in DMSO decreases their engraftment capacity and/or
cell viability (480). Similarly, the frequency of CD34"HSCs and CD34*CD38 HSCs,
as well as the capacity to form total CFU and CFU-GM decrease after
cryopreservation (481). Additionally, two studies comparing colony-forming
capacity between HSCs frozen under controlled and uncontrolled conditions state
that CFU-GM levels are downregulated in HSCs following uncontrolled rate freezing
procedure (482, 483). Here, cryopreserved HSCs had lower CD34*CD38  and
CD347CD38" compared to fresh HSCs after culture. Following co-culture with
PKNOX2:MSCs, CD34 and CD38 double positivity (45.5%) of cryopreserved cells
was upregulated, and was comparable to fresh HSCs (49% +4.17). Additionally, co-
culturing cryopreserved HSCs with PKNOX2:MSCs also increased their CFU
potential, while proliferative capacity was not affected. Cryopreservation is shown to
cause cellular stress like hypothermia, increase solute concentration, free radical
production, ionic imbalances, elevated protease activation, protein degradation and
consequently increase programmed cell death due to altered proteomic and genomic
profile of the cells (484-486). Upon DNA damage, HSCs have been shown to
terminally differentiate which may be responsible to avoid self-renewal, thus
progressive DNA damage in the niche (487). Therefore, PKNOX2:MSCs may
induce differentiation of HSCs as a response to DNA damage.
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5.5. Protein Interactions of PKNOX2 in Bone Marrow Mesenchymal

Stromal/Stem Cells

Since HOXC13 expression was also downregulated in FA cells, the effect of
PKNOX2 overexpression on this gene and its paralog HOXA13 expression was
assessed. Following overexpression, HOXC13 expression varied between individual
experiments and HOXA13 expression did not alter. A decrease in HOXA13 protein
level was observed, which was also affected by the electroporation. PKNOX2 is
probably not a transcriptional regulator of HOXA13 and HOXC13 genes. The effect
of PKNOX2 overexpression was assessed on the key player of FA/BRCA pathway,
FANCD2 but no specific changes were observed. However, the FANCD2 level

increased following electroporation, which might be due to ROS production.

In order to identify proteins directly interacting with PKNOX2, Co-IP was
performed followed by western blotting. Only the presence of PKNOX2-DDK
protein was demonstrated in specific Co-IP products. Throughout the western blots,
unspecific binding, which might be due to protein charges or interaction between
hydrophobic surfaces, was present and made the interpretation of the results difficult.
Prior to western blot analysis, heating up Co-IP products using a sample buffer
consisting of denaturing reagents (e.g. DTT or BME) released both heavy (50kDa)
and light (25kDa) chains of the primary antibody bound to magnetic beads.
Consequently, using secondary antibodies that recognize both chains for western blot
detection of the Co-IP sample results in unspecific binding. The easiest solution
would be to add denaturing reagent following separation of Co-IP products from the
beads. Here, no specific band for PKNOX2-DDK protein was obtained, when the

samples were initially boiled in the absence of BME.

Mass-spectrometry analyses after Co-IP were performed to determine the
PKNOX2 interactome. Initially, it was confirmed that PKNOX2 protein was only
detectable in mass spectrometry analysis of PKNOX2:MSCs Co-IP products, but not
in control. There was no direct interaction between PKNOX2 and FANC proteins.
The sequence coverage of PKNOX2 protein within the sample was low, which might
result in the loss of important information. Nevertheless, false discovery rate used for

analyzing mass spectrometry results was stringent (0.01%). Therefore, it is highly
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likely that the proteins identified as unique PKNOX2 interactor are true. GO
enrichment analysis of proteins only interacting with PKNOX2 revealed roles in
forming structural integrity of the ribosome and cellular cytoskeleton. It has been
reported that PKNOX2 protein interacts with actin (i.e. F- and G-actin) and
microtubule (i.e. B-tubulin) cytoskeletons following its export from nucleus via
chromosome region maintenance 1 (CRM1)-mediated nuclear export (464). To
create a more detailed interaction network, proteins interacting with PKNOX2 were
analysed using HitPredict software. Intriguingly, proteins indirectly associated with
PKNOX2 were identified to be involved in many biological processes, but most
importantly to control differentiation of HSC, to negatively regulate G2/M transition
of mitotic cell cycle and to affect double-strand break repair via NHEJ. This new list
was then filtered using proteins obtained from proteomic profiling of undifferentiated
human bone marrow stromal cells to determine, which of these proteins interacting
with PKNOX2 interactors were expressed only in this specific cell population (419).

Further enrichment of the proteins elicited the effect of biological pathways.

Proteins indirectly associated with PKNOX2 are suggested to maintain HSC
differentiation. Herein, cryopreserved CD34"HSCs co-cultured with PKNOX2
overexpressing BM-MSCs had increased CFU potential in comparison with controls.
In the niche, PKNOX2 expressed by BM-MSCs may indirectly regulate HSC
differentiation. Additionally, proteins indirectly associated with PKNOX2 were
negative regulators of G2/M transition and were involved in G1/S transition of the
mitotic cell cycle. In this study, FA BM-MSCs underwent cell cycle arrest at G2
phase and the number of cells in G1 phase decreased after DEB induction. Another
study even shows that FA BM-MSCs have a prolonged G2 phase transition
independent of an ICL agent (33). Therefore, downregulation of PKNOX2 gene
expression may play a role in cell cycle arrest. In this thesis, interactors of proteins,
which have direct interaction with PKNOX2 were defined as members of NHEJ
pathway. Recently, it is suggested that suppressing hyperactive TGF-f signaling in
HSCs from Fancd2™~ mice, increases HR related gene expression such as Brca2 and
Xrcel and HSC survival, but downregulates NHEJ gene expression like Lig4 and
Prkdc (34). MSCs are known to resolve IR-induced double strand breaks through
NHEJ pathway and PKNOX2 silencing has been suggested to upregulate cellular
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sensitivity to IR (465, 488). In the light of these findings and the results of this thesis
showing decreased PKNOX2 expression in FA BM-MSC:s, it is possible to conclude
that PKNOX2 protein may be involved in the NHEJ pathway.
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Figure 5.2. BM-MSCs derived from FA patients has lower PKNOX2 expression
compared to donor cells. In view of PKNOX2 protein-protein
interaction analysis, disregulation of PKNOX2 in FA cells may cause
activation of NHEJ-related gene expression, cell cycle arrest and
differentiation of HSCs.

In conclusion, a comprehensive characterization of FA and donor BM-MSCs
offered valuable insights into how BM microenvironment changes in disease state.
PKNOX2 expression of FA BM-MSCs was significantly lower than donors. HSCs or
other cellular components of the bone marrow microenvironment may have a role in
the misexpression of PKNOX2 in BM-MSCs, which needs to be elucidated. Proteins
indirectly interacting with PKNOX2 were involved in negative regulation of G2/M
transition, DNA repair via NHEJ pathway and differentiation of HSC. It can be
proposed that a genomic unstable BM niche may cause PKNOX2 disregulation and
its misexpression may trigger activation of NHEJ-related gene expression, cell cycle
arrest in FA BM-MSCs and consequently differentiation of HSCs, that may result in
HSC exhaustion (Figure 5.2.). The outcomes of this thesis provide new insights in
how the microenvironment changes due to genomic unstable conditions and provide

more information with respect to FA pathophysiology.
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6. CONCLUSIONS and FUTURE PERSPECTIVES
According to the results of the thesis, it is concluded that;

o Mutation analyses of FA patients revealed total of six new pathogenic
variants (FANCA del exon 3-5, FANCA ¢.427-3C>G, FANCA ¢.3586G>T,
FANCA del exon 1-2, FANCA ¢.1229G>A, FANCD2 c¢.1766+40T>G). It
will be important to confirm these new pathogenic variants by functional
assays.

o DEB treatment of FA BM-MSCs caused G2/M phase arrest as known to
happen in HSCs. It will be intriguing to investigate the effect of other ICL-
inducing agents such as MMC on cell cycle of BM-MSCs from FA patients
carrying different pathogenic mutations.

o BM-MSCs from FA-D2 patients had a lower proliferative potential, higher
senescence activity and no TGF-B1/p2/B3 secretion. We reported these results
in our recent paper published in Stem Cell Reviews and Reports (489).

o Among 39 HOX genes and 8 TALE genes, only PKNOX2 expression was
disregulated in BM-MSCs from FA patients with a significant decrease
compared to donors. HOXC13 expression level of FA BM-MSCs was also
slightly downregulated.

o DEB treatment had no effect on either HOXC13 or PKNOX2 expression. It
may be important to see whether other ICL-inducing agents change
HOX/TALE gene expression in BM-MSCs.

o ITGF-B1 induced PKNOX2 expression, as well as TGF-41.

o PKNOX2 overexpression in BM-MSCs from different donors caused a wide
variation in HOXC13 expression. It will be important to increase sample size
to determine effect of PKNOX2 on HOXC13.

o PKNOX2 overexpression in BM-MSCs resulted in downregulation of CD105
and a decreased wound-healing capacity. The role of TGF-B/CD105
interaction on the BM niche needs to be further explored.

o Proteom analysis of Co-IP products did not show any interactions between
PKNOX2 and FANC proteins.
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o Co-culture aasays performed with cryopreserved CD34"HSCs and PKNOX2
overexpressing BM-MSCs revealed increased CD34"CD38" percentage and
CFU potential of HSCs. However, increase in CD34*CD38"* percentage of
fresh CD34"HSCs was not specific to cells co-cultured with PKNOX2
overexpressing BM-MSCs. The effect of PKNOX2:MSC on cryopreserved
HSCs needs to be elucidated further.

o Confirmation of PKNOX2-interacting proteins obtained in the proteome
analysis will put more insight to the role of PKNOX2 on the cross-talk
between stromal and hematopoietic stem cells in genome unstable conditions.
In addition, proteins interacting with PKNOX2 interactome have functions in
negative regulation of G2/M transition, HSC differentiation and NHEJ

pathway which is worth to investigate further.
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o Levels of TGF-B1, TGF-B2, TGF-B3 secretion by BM-MSCs derived from
FA patients and donors

o Inducing FA and donor BM-MSCs with rTGF-f1 protein

o PKNOX2 overexpression in BM-MSCs

o Characterization of PKNOX2 overexpressing BM-MSCs

o Following Co-IP, identifying proteins interacting with PKNOX2 using
western-blotting

o Following Co-IP, identifying proteins interacting with PKNOX2 using mass

spectrometry analysis
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006. PBX/Knotted 1 Homeobox 2 is an activator and a downstream target of
transforming growth factor beta-1. The FEBS Journal, 283, Supplement 1:
59-60. 41 FEBS Congress, Kusadasi, Turkey, 3-8 September 2016.

o Cagnan I, Cosgun E, Konu O, Aerts Kaya FS, Kuskonmaz B, Uckan D,
Gunel-Ozcan A. HOX and TALE gene expression profile of bone marrow
derived mesenchymal stem/stromal cells from Fanconi anaemia patients and
donors. 3" International Molecular Biology Congress, Izmir, Turkey, 10-12
September 2014. Abstract selected as oral presentation, Session: Cell
Biology/ Developmetal Biology/ Stem Cell Research.

o Cagnan I, Cosgun E, Konu O, Aerts Kaya FS, Kuskonmaz B, Uckan D,
Gunel-Ozcan. Poster number: P-17. Fankoni anemili hastalarin kemik iligi

mezenkimal kok hiicrelerinde PREP2 gen ifadesi dondrlere oranla diisiis



194

gostermektedir. 1st Congress on Stem Cell and Cell Therapies, Kocaeli,
Turkey, 20-23 March 2014.
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