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ABBREVIATIONS

Abbreviation Full description
ABC ATP-Binding Cassette
ARC adventitial reticular cells
ATP Adenosine triphosphate
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CLP common lymphoid progenitor
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PaS PDGFR and Sca-1 expressing mesenchymal stem cells
SnPP IX tin protoporphyrin IX
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ST-HSC short-term hematopoietic stem cells
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ABSTRACT

Protection of hematopoietic stem cells from premature aging - the role of heme oxygenase-1.

Hematopoietic stem cells (HSC) support the production of all blood cells throughout a
lifetime, but during aging they gradually lose their regenerative potential. Changes in the HSC
associated with aging are well known, but the mechanisms responsible for protection of the HSC
from age-related decline remain largely unexplained. Heme oxygenase-1 (HO-1) is an important
anti-inflammatory and anti-apoptotic protein involved in the protection of mature hematopoietic

cells. However, little is known how this enzyme affects the functioning of the HSC.

Moreover, in recent years there have been reports suggesting that non- hematopoietic
cells preserve the potential for hematopoietic differentiation in postnatal organism. One of these
populations called VSEL (Very Small Embryonic-Like cells) was defined as adult stem cells that
have potential of pluripotent stem cells. They were characterized by small size, lack of mature
blood cells markers (called lineage markers, Lin) and hematopoietic marker CD45 expression,
but having expression of Sca-1 (Lin'Sca-1"CD45  phenotype). The proposed VSEL properties
have not been verified functionally at the single cell level, what is necessary to confirm their

multidirectional hematopoietic differentiation.

The aim of this study was to investigate whether blood cells in the postnatal organism can
be derived from non-hematopoietic Lin'Sca-1"CD45" fraction or only from the defined HSC.
After checking this possibility, the next step was to verify the hypothesis that the activity of HO-
1 protects the stem cells from premature aging and exhaustion of hematopoietic regenerative

potential.

In the first step of the study we demonstrated that the expression of c-Kit and KDR
markers distinguished from Lin"Sca-1"CD45" fraction three distinct subpopulations: c-Kit'KDR,
c-Kit KDR", c-Kit KDR". Flow cytometry and imaging cytometry (ImageStream) showed that
the subpopulation of c-Kit KDR contains only small cells (FSC"°") satisfying the criterion of
cell size VSEL. The subpopulation of c-Kit KDR" contains only larger cells, and a subpopulation
of c-Kit’ KDR is enriched with apoptotic cells that bind annexin V. RT-PCR analysis showed no
expression of pluripotent marker Oct-4A in whole bone marrow, Lin'Sca-1"CD45FSC""

low

population as well as in single sorted Lin'Sca-1"CD45FSC*" cells.



Single sorted Lin"Sca-1"CD45c-Kit" did not form hematopoietic colonies, even after
co-culture with OP9 cells, in contrast to hematopoietic progenitor cells Lin'Sca-1"CD45 ¢-Kit".
Further experiments showed that the population of Lin'Sca-1"CD45 ¢c-kit" cells is enriched with
early apoptotic cells, characterized by chromatin fragmentation. It can also be contaminated with

nuclei expelled from erythroblasts during erythropoiesis.

The first step of our research demonstrated that the population of murine bone marrow
cells with Lin'Sca-1"CD45 FSC"" phenotype is heterogeneous and does not have expression of
the transcription factor Oct4 that characterizes pluripotent cells. Most importantly, this
population does not show hematopoietic potential and is enriched with early apoptotic cells.
Therefore, in the next steps we focused on determining the role of HO-1 in aging of well-defined

HSC.

We have shown that young mice lacking the HO-1 gene (HO-1"") are characterized by
the expansion of the long-term repopulating hematopoietic stem cells in bone marrow (called
long-term HSC, LT-HSC) defined as Linc-Kit'Sca-1"CD150"'CD48 CD34" and a predominance
of myeloid over lymphoid cells in peripheral blood. LT-HSC from HO-1"" mice demonstrated
higher signal of phosphorylated form of histone yH2aX, which is a marker of DNA damage.
Finally, HO-1"" LT-HSC transplanted into irradiated wild-type (HO-1"") provides lower
donor-derived chimerism than the wild-type control cells. All of the above disorders/disturbances

observed in LT-HSC from young HO-1"" mice appeared in the LT-HSC from old HO-1"",

These results evidenced that the lack of heme oxygenase-1 causes premature aging of
LT-HSC. This is linked with their increased activation and proliferation. We observed that in
young HO-1"" mice more LT-HSC are in G1 cell cycle phase and in G2/S/M phases, and less in
the GO phase when compared to the HO-1"" mouse. LT-HSC from HO-1"" mice show also lower

ATP levels, what may indicate a disturbed metabolism.

The proper functioning of LT-HSC cells is guaranteed by specialized stem cell niche.
Further experiments were designed to clarify whether the premature aging of LT-HSCs in the
HO-1"" mice is associated with lack of HO-1 in the LT-HSC themselves or in the cells
composing the niche. We observed that highest expression of HO-1 in the bone marrow
characterizes CD31"#"Sca-1"¢" endothelial cells and reticular mesenchymal cells (called
CXCL12-abudant reticular cells, CAR), which form the HSC niche. In contrast, in hematopoietic

stem and progenitor cells HO-1 expression is low.
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To determine whether the activity of HO-1 in the bone marrow niche is essential for
protection of LT-HSC we transplanted HO-1"" LT-HSC to HO-1""* or HO-1"" recipient mice.
After 32 weeks, the HO-1"" recipient mice showed worse chimerism in the peripheral blood and
bone marrow. Then, the donor-derived bone marrow cells from primary HO-17" or HO-1"*
recipients were transplanted into secondary HO-1"" recipients. Only the cells that were initially
transplanted into HO-1"" mice reconstituted hematopoietic system in secondary recipients in
contrast to the cells primary transplanted into HO-17" recipients, which did not contribute to

chimerism in secondary recipients.

In summary, the HO-1 suppresses proliferation and activation of hematopoietic stem cells
and reduces level of DNA damage. HO-1 is also essential for the proper functioning of the bone
marrow niche, and its absence in the hematopoietic niche causes premature aging of LT-HSC

and decreases their regenerative potential.
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STRESZCZENIE

Ochrona hematopoetycznych komérek macierzystych przed przedwczesnym starzeniem —

rola oksygenazy hemowej-1.

Hematopoetyczne komorki macierzyste (HSC) podtrzymuja produkcje wszystkich
komorek krwi przez okres calego zycia, jednakze wraz ze starzeniem si¢ organizmu stopniowo
traca swoj potencjal regeneracyjny. Zmiany w HSC zwiazane ze starzeniem si¢ sa dobrze
poznane, ale mechanizmy odpowiadajace za ochron¢ komorek HSC przed tymi zmianami
pozostaja w duzej] mierze niewyjasnione. Waznym biatkiem cytoprotekcyjnym i
antyapoptotycznym biorgcym udziat w ochronie dojrzalych komoérek hematopoetycznych jest
oksygenaza hemowa-1 (HO-1). Nie wiadomo jednak, czy enzym ten wptywa na funkcjonowanie

HSC.

Ponadto, w ostatnich latach pojawily si¢ doniesienia sugerujace, ze potencjat do
réznicowania hematopoetycznego w postnatalnym organizmie posiadajg takze komorki spoza
linii hematopoetycznej. Jedng z takich domniemanych populacji, nazwang VSEL (ang. very
small embryonic-like cells), zdefiniowano jako komorki macierzyste o wilasciwosciach
pluripotencjalnych, charakteryzujace si¢ matymi rozmiarami, niewykazujace ekspresji markerow
dojrzatych komorek krwi (ang. lineage markers, Lin) oraz hematopoetycznego markera CDA45,
ale posiadajace ekspresje Sca-1 (czyli: Lin'Sca-1"CD45"). Postulowane wtasciwosci VSEL nie
zostaly jednak zweryfikowane na poziomie pojedynczej komorki, co jest niezbedne do

potwierdzenia ich wielokierunkowego réznicowania hematopoetycznego

Celem niniejszej pracy bylo zbadanie, czy komorki krwi w organizmie postnatalnym
moga wywodzié¢ sie z niehematopoetycznej frakcji Lin'Sca-1"CD45", czy tez wylacznie ze
zdefiniowanych HSC. Po sprawdzeniu tej mozliwos$ci, kolejnym krokiem byto zweryfikowanie
hipotezy, ze aktywno$¢ HO-1 chroni komodrki macierzyste przed przedwczesnym starzeniem si¢ i
wyczerpaniem hematopoetycznego potencjatu regeneracyjnego.

W pierwszym etapie badan wykazali$my, ze ekspresja markerow c-Kit i KDR wyrdznita
spoéréd komorek o fenotypie Lin'Sca'l'CD45™ trzy subpopulacje: c-Kit'KDR', c-Kit KDR",
c-KitKDR'". Analiza z wykorzystaniem cytometrii przeptywowej i obrazowej (ImageStream)

low

wykazata, ze subpopulacja c-Kit' KDR™ zawiera wylacznie mate komorki (FSC'®Y), spehiajace

kryterium wielkosci komoérek VSEL. Subpopulacja c-KitKDR" zawierata wylacznie wicksze
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komorki, natomiast subpopulacja c-Kit KDR™ byta wzbogacona w komorki apoptotyczne wigzace
anneksyne V. Analizy RT-PCR nie wykazaly ekspresji pluripotencjalnego markera Oct-4A w
catym szpiku, subpopulacji Lin'Sca-1"CD45FSC"", jak rowniez w sortowanych, pojedynczych
komoérkach Lin'Sca-1"CD45FSC"".

Pojedynczo sortowane komoérki LinSca-1"CD457c-Kit" nie tworzyly kolonii
hematopoetycznych, nawet w kokulturze z komorkami OP9, w przeciwienstwie do
hematopoetycznych komorek progenitorowych Lin'Sca-1'CD45"¢c-Kit". Dalsze badania
wykazaly, ze populacja Lin'Sca-1'CD45¢c-Kit" jest wzbogacona w  komorki
wczesnoapoptotyczne charakteryzujace si¢ fragmentacja chromatyny. Moze by¢ rowniez

zanieczyszczona jadrami usuwanymi z erytroblastow podczas erytropoezy.

Pierwszy etap naszych doswiadczen wykazal wigc, ze mysia populacja komorek szpiku
kostnego o fenotypie Lin'Sca-1'CD45 FSC"" jest heterogenna i nie ma ekspresji czynnika
transkrypcyjnego  Oct4A, charakterystycznego dla komorek pluripotencjalnych. Co
najwazniejsze, populacja ta nie wykazuje potencjatu hematopoetycznego i jest wzbogacona w
komorki wezesnoapoptotyczne. Dlatego w dalszym etapie badan skoncentrowaliSmy si¢ na
okresleniu roli HO-1 w starzeniu si¢ $cisle zdefiniowanych komoérek HSC.

Wykazalismy, ze mtode myszy pozbawione genu HO-1 (HO-17) charakteryzuja sig
ekspansja dlugoterminowo odnawiajacych si¢ hematopoetycznych komorek macierzystych w
szpiku  kostnym  (ang. long term  HSC, LT-HSC)  zdefiniowanych  jako
Lin'c-Kit'Sca-1'CD150'CD48'CD34" oraz przewaga komorek linii mieloidalnej nad linig
limfoidalng wsrod komorek krwi. Komoérki LT-HSC z myszy HO-17- wykazywaly rowniez
wyzszy sygnat fosforylowanej formy histonu yH2aX, ktory jest markerem uszkodzen DNA.
Komérki LT-HSC z myszy HO-1"" przeszczepione do naswietlonych myszy typu dzikiego (HO-
1) rekonstytuowaly hematopoeze w mniejszym stopniu, niz kontrolne komorki typu dzikiego.
Wszystkie powyzsze zaburzenia komérek LT-HSC obserwowane u miodych myszy HO-17"

++

pojawialy si¢ w komoérkach LT-HSC u starych HO-1"".

Otrzymane wyniki wskazuja, ze brak oksygenazy hemowej-1 powoduje przedwczesne
starzenie si¢ komorek LT-HSC. Jest ono zwigzane z ich wzmozong aktywacja i proliferacja.
Zaobserwowali$my, ze u mtodych myszy HO-17" wigcej komoérek LT-HSC jest w fazach Gl i
G2/SM cyklu komérkowego, a mniej w fazie GO w pordwnaniu do myszy HO-1"". LT-HSC z
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myszy HO-1" wykazuja takze nizszy poziom ATP, co moze $wiadczyé o zaburzonym
metabolizmie.

Dla prawidlowego funkcjonowania komoérek LT-HSC niezbedna jest wyspecjalizowana
nisza szpikowa. Kolejne do§wiadczenia mialy na celu wyjasnienie, czy przedwczesne starzenie
sic LT-HSC u myszy HO-1"" jest zwiazane z brakiem HO-1 w samych komoérkach LT-HSC, czy
w komorkach niszy. WykazaliSmy, ze najwyzsza ekspresja HO-1 w szpiku kostnym
charakteryzuje komorki $rodblonka oraz siateczkowate komorki mezenchymalne (ang.
CXCLI12-abudant reticular cells, CAR), ktéore tworza nisz¢ HSC. Natomiast w samych
hematopoetycznych komoérkach macierzystych i progenitorowych ekspresja HO-1 byta niska.

W celu sprawdzenia, czy aktywno$¢ HO-1 w niszy szpikowej jest kluczowa dla ochrony
komoérek LT-HSC, przeszczepilismy komorki LT-HSC z myszy HO-17" do myszy-biorcéow HO-
1" lub HO-17". Po 32 tygodniach myszy-biorcy o genotypie HO-17" wykazywaly mniejszy
chimeryzm we krwi obwodowej, a takze posiadaly w szpiku kostnym mniej LT-HSC
pochodzacych od przeszczepionych komorek. Nastepnie, komorki pochodzace od dawcy ze
szpiku kostnego pierwszych biorcow HO-1"" lub HO-17" zostaly przeszczepione do kolejnych

++

biorcow drugorzedowych, wylacznie o genotypie HO-1"". Jedynie komorki, ktore pierwotnie
przeszczepione byly do myszy HO-1"" rekonstytuowaty uklad hematopoetyczny u biorcow
drugorzedowych, w przeciwienstwie do komorek przeszczepionych pierwotnie do biorcéw HO-
17", ktore nie przyczynialy sie do chimeryzmu u biorcéw drugorzedowych.

Podsumowujac, HO-1 zmniejsza proliferacj¢ i aktywacje hematopoetycznych komoérek
macierzystych, oraz zmniejsza w nich poziom uszkodzen DNA. HO-1 jest rowniez niezbg¢dna do

prawidlowego funkcjonowania niszy szpikowej, a jej brak w niszy hematopoetycznej powoduje

przedwczesne starzenie 1 wyczerpywanie si¢ potencjatu regeneracyjnego komorek LT-HSC.
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INTRODUCTION

Hierarchy of postnatal hematopoiesis
Discovery and identification of hematopoietic stem and progenitor cells

The hematopoiesis refers to a process of new blood cells production. Mature blood cells
are short lived and up to 10° new blood cells have to be produced each second to sustain
hematological homeostasis in human organism [1]. Such continuous production of high number
of cells needs to be well controlled to avoid exhaustion of hematological system and to provide

proper cellular composition of blood throughout organism’s lifespan.

Studies began in 1960°s revealed how the hematopoietic system is organized and
maintained. The pioneering experiments by Till and McCulloch indicated that different kinds of
mature blood cells originate from common clonal precursor cells [2, 3]. The establishment of
methods allowing prospective isolation of mouse hematopoietic stem cells (HSC) combined with
their transplantation to irradiated hosts allowed revealing hematopoietic hierarchy in details [4]
(Fig. 1.1). Transplantation of purified and strictly defined murine populations revealed that HSC
are on the top of hematopoietic hierarchy and represent the only population that give rise to all
kinds? of blood cells and simultaneously could self-renew their own reservoir (reviewed and

summarized in [5]).

Among cells referred to as HSC, two different subsets were further distinguished. The so
called long-term HSC (LT-HSC) owe their name to potential to reconstitute irradiated mice in
serial transplantations [6]. Short term (ST-HSC) also reconstitute all blood cells of irradiated
host, but their self-renewal is limited as they do not provide reconstitution in serial

transplantation model [6]. Therefore only the LT-HSC entirely fulfill the definition of stem cells.

In mouse, both LT-HSC and ST-HSC lack expression of mature lineage blood cells (Lin")
and express Sca-1, c-Kit, CD150 [4, 6, 7]. But upon LT-HSC differentiation toward ST-HSC, the
CD34 antigen appears on cell surface, what allows distinguishing these two cell subsets [8].
Expression of next antigens, Flk-2 [9] and CD48 [7], characterizes the multipotent progenitor
(MPP) fraction which can differentiate to all blood cells, but does not self-renew their own
population. Other markers that are used to distinguish LT-HSC include endothelial protein C
receptor (EPCR) [10], TEK tyrosine kinase (Tie-2) [11] and endoglin (CDI105) [12].
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The next descending populations in hematopoietic hierarchy are already committed to
myeloid/erythroid or lymphoid lineage (Fig. 1.1). The common myeloid progenitors (CMP, Lin’
c-Kit"Sca-1"CD34 FcRy“¥CD48'CD150") give rise to megakaryocyte-erythroid precursors
(MEP, Linc-Kit'Sca-1"'CD34 FcRy*“CD48'CD150") and granulocyte-myeloid progenitors
(GMP, Linc-Kit'Sca-1"CD34 FcRy CD48"CD1507) (Fig. 1.1) [13]. The lymphocytes are
derived from common lymphoid progenitor (CLP) which could be distinguished by analysis of
IL7Ra expression (Lin-c-Kit'“Sca-1"""IL7Ra'Flt-3"¢") [14]. Further lineage differentiation of

committed progenitor cells leads to production of mature blood cells (Fig. 1.1).

Not only can the cell surface markers be used to identify HSC. It was proposed that HSC,
but not progenitor and mature cells could efflux fluorescent dye Hoechst 33342. This feature of
HSC could be distinguished by flow cytometry and allow efficient purification of engraftable
and blood-reconstituting cells in mouse model [15]. Due to the characteristic flow cytometry
profile, this population was called “side population” (SP). The rationale behind the “side
population” as criterion of HSC isolation is linked with multidrug-resistant ATP-Binding
Cassette (ABC) transporters such as MDR-2 and ABCG2, that can efflux also the lipophilic
fluorescent dyes [16]. High expression of ABC transporters in HSC could be explained as one of
the evolutionary conserved mechanism that protects lifelong-lived HSC from toxic compounds.
The majority of SP* bone marrow cells show phenotype consistent with main surface markers of
HSC: Linc-Kit'Sca-1"CD48"CD34", however controversy exists about contribution of long-term

reconstituting CD150" and CD150 fractions that are present among the SP™ [17, 18].

The advances in identification and purification of mouse stem and progenitor cells were
fundamental for deciphering how the hematopoietic system is organized. However, it turned out
that human hematopoietic compartment cannot be characterized and classified by the same
markers that were found in mouse, what hindered translation to clinical settings. In case of
human HSC, the phenotype Lin'CD90'CD38 CD34" was proposed [19], however it is likely that
this phenotype is still not unique for HSC and includes also multipotent progenitors [1].

Recently, the CD49f expression was showed to discriminate the human HSC from MPP [20].

The techniques used for prospective isolation of HSC triggered the studies that clarify the
postnatal hematopoiesis. Nevertheless, it is the biological function: self-renewal, long-term
reconstitution of all blood cells and engraftibility in in-vivo assays, that defines the HSC and not

the phenotype alone. Although the isolation methods based on phenotype are so efficient that
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few or even one single transplanted cell provide long-term reconstitution [8, 21, 22], the
phenotype of cells with HSC potential could be altered upon stress conditions or in genetically
modified mouse models [23]. Therefore, characterization of HSC by phenotype cannot exclude

in-vivo assays [23].

Different function of HSC and MPP: quiescence versus proliferation

Despite the close relationship of HSC and MPP fractions, these two different populations
play exclusively different biological functions (discussed in [24]) (Fig. 1.2). The HSC present
quiescent character. Analysis of cell cycle revealed that HSC divide extremely rarely — only ~2%
of HSC are in G2/M/S phase [25]. Not only HSC infrequently enter HSC proliferation phase, but
majority of them are in GO phase and only small part in Gl phase [25]. These quiescent
properties of HSC could be interpreted as evolutionary conserved function to constitute reservoir
providing new blood cell production for whole lifespan. The low proliferation rate and exit from
cell cycle allow avoiding proliferation-induced damage of DNA. The quiescent character is
connected with low metabolic activity [26]. HSC produce adenosine-5'-triphosphate (ATP) via
glycolysis and reduce oxidative phosphorylation by pyruvate dehydrogenase kinase (Pdk)-
dependent mechanism [27]. Suppressed oxidative metabolism protects HSC from generation of
reactive oxygen species (ROS). The MPP represents opposite characteristics. They actively

proliferate, what results in expansion of cells which than follow the lineage specifications [24].

The differences in quiescence and proliferation state between HSC and MPP could be
understood in the light of their self-renewal potential. Only the HSC can self-renew and the next
differentiation step toward MPP is connected with loss of the self-renewal capabilities [24]. The
self-renewal of HSC sustains the stem cell reserve, but is inevitable connected with accumulation
of acquired DNA damages. Therefore, from evolutionary point of view, the low proliferation rate
of the self-renewing HSC is beneficial [24, 28]. Oppositely, all MPP cells differentiate to
functional, mostly short-lived blood cells (apart from long-lived memory lymphocytes), and
potential proliferation-induced damages would not be accumulated in the hematopoietic system

[28].
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Fig. 1.2 Different biological functions of HSC and MPP.

Heterogeneity of HSC

The progress in identification and sorting of rare cells allows to isolate highly purified
population of hematopoietic stem cells. Although the methodology gives the possibility to isolate
almost homogenous population in term of potential to reconstitute sublethally irradiated mouse,
purified HSC are still heterogeneous regarding their differentiation pattern, proliferation and self-
renewal (reviewed in [29]).

The best method to analyze heterogeneity of HSC is transplantation of single HSC and
tracking its progeny. Using this strategy, Dykstra and co-workers found four (a, B, y, 9)
functionally different subsets of HSC among murine CD45™‘LinRhodamiel23°SP* bone
marrow fraction [30]. The four fractions could be separated by the type of the blood cells they
produce. The a subset differentiates almost exclusively to myeloid cells, while the 3 subset gives
balanced reconstitution of myeloid, T cells, and B-cells [30]. The y and 6 are myeloid-deficient
clones, with y subsets produce both T and B cells whereas 0 differentiate preferentially to T-cells
[30] (Fig. 1.3). The distinct HSC subset with preferential differentiation towards platelets was

also described and could be prospectively isolated by von Willebrand Factor (vWF) expression
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(Lin'c-Kit'Sca-1"CD150"CD48 vWF") [31]. However, in long-term experiments the platelets-
primed HSC also gave rise to myeloid and lymphoid biased HSC [31]. This observation
suggested that VWF™ HSC may be at the apex of HSC hierarchy.

Another Other technique that can be applied to study HSC heterogeneity is based on
lentiviral barcoding and high-throughput sequencing. This approach revealed presence of two
subsets of HSC: one with B- and T- cell biased differentiation and the second with B- cell and

granulocyte biased differentiation [32].

Not only the differentiation biases can discriminate distinct subsets of HSC, but their self-
renewal capability also differs. The o and [ subset were the only ones that reconstituted
secondary and tertiary recipient mice, what indicated their self-renewal [30]. The y and & HSC
were not able to produce blood cells in any of secondary recipients [30]. The study on VWF"

HSC also revealed their self-renewal activity [31].

Finally, there is also a study showing two differently proliferating subsets among HSC
with mean turn-over rates 4 and 21 weeks [25]. However, it is still unclear if this observation
represents different state of HSC (activated and dormant) or rather represents separate

subpopulations with distinct differentiation potential.

The heterogeneity of HSC clones could be the result of random stochastic commitment,
or intrinsic, preprogrammed feature of a given clone or alternatively depends on extrinsic factors
regulating their fate. When o and B HSC subsets were transplanted to secondary and tertiary
recipients, their commitment to given subtype was highly inheritable, indicating that the intrinsic
factors are crucial. This was also in accordance with previous study [33]. But the transitions
between o and P states, as well as transition of platelets-primed HSC toward myeloid and
lymphoid biased HSC were also observed, what points to possible extrinsic regulation. The
extrinsic influence on HSC heterogeneity was evidenced by the changes between a, B, v, 0 states
caused by 4 day in vitro culture [30]. Therefore, the observed heterogeneity results both from

intrinsic programs and extrinsic factors.
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Fig. 1.3 Graph representing heterogeneity among HSC. Based on [30] and modified.

Molecular mechanisms shaping the hematopoietic fate

Identification of cell’s phenotype at given differentiation stage allows more detailed
studies on molecular mechanisms responsible for lineage commitment. The main attention was
put on transcription factors (TFs) that can modulate expression of gene networks. The majority
of important TFs were found by using mouse gene knockout models. Identified TFs, including
GATA-1, GATA-2, GATA-3, FOG-1, Gfi-1b, EKLF, PU.1, C/EBPa, C/EBPe, PU-1, Ikaros,
Notch, TCF-1, represent different families of DNA-binding proteins (reviewed in [34]). Changes
in expression of some of these TFs were also observed in hematological malignancies (eg.
GATA-1 in megakaryocytic leukemia [35], C/EBPa [36] and PU.1 [37] in myeloid leukemia,
while Pax5 in B-lymphoid leukemia [38], what confirmed their crucial role in regulation of

hematopoietic differentiation.

Initially, these studies linked deficiency of a given TFs with differentiation block at
specified stage of hematopoietic hierarchical tree [34], however later studies on single

hematopoietic stem and progenitor cells revealed that the interactions between many detected
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TFs constitute very complex network of dynamic regulatory relationships [39]. Thus, the role of
TFs in hematopoietic differentiation could not be understand understood as simplified notion that
activation of given TF drives the commitment to specified lineage. Oppositely, the TFs with
antagonistic roles are simultaneously active in the same cell. Even the direct physical interaction
of TFs was evidenced that led to block of each other’s activity, like in case of GATA-1 and PU.1
in promoting erythroid and megakaryocytic fate vs. myeloid fate [40], EKLF and Fli-1 for
erythroid vs. megakaryocytic fate [41], GATA-3 and T-bet for TH1 vs. TH2 differentiation [42].
Therefore, not only the given TF induce the commitment to specified lineage, but also
counteracts the differentiation to alternative fate. Such mechanism is believed to provide

efficient way for dynamic regulation of numerous possible hematopoietic fate choices [34].

The high expression of TFs was mainly observed in more committed progenitors and
their activity was linked with restriction to defined hematopoietic fate (eg. GATA-1 in
megakaryocyte-erythroid differentiation and PU.1 in granulocyte-monocyte differentiation [40]).
However, the same TFs that drive the differentiation of committed progenitors are
simultaneously expressed in HSC and MPP, albeit at significantly lower levels [34].
Nevertheless, the expression of lineage-affiliated genes in HSC does not imply the lineage
specification of HSC. This was proved by elegant study where Cre-Lox and YFP system in
mouse was used to follow fate of cells expressing lysosome — a myeloid marker [43]. It turned
out that part of HSC became YFP', what meant they had to express lysozyme at some time point.
When the YFP" HSC were transplanted to irradiated mice they were able to reconstitute not only
the myeloid cells, but all kinds of blood cells [43]. Thus, the expression of low levels of lineage-
affiliated genes in HSC does not restrict the multipotency of HSC. It is was proposed that the
expression of different lineage-restricted TFs and genes within the same HSC or MPP cell
reflects the open chromatin state of hematopoietic gene regions [44]. This phenomenon is
referred to as “lineage priming” [45]. During the differentiation to more specified lineages more
regions of chromatin become restricted, but expression of lineage-specific TFs and genes is

enhanced, what finally results in lineage commitment [44].
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Hematopoiesis after transplantation and native hematopoiesis

The current knowledge of postnatal hematopoiesis would not be gained without
experimental bone marrow transplantation (BMT) in mouse model [5]. In this assay, the
recipient animals are myeloablated to clear and prepare the bone marrow niche for the
engraftment of transplanted HSC [46]. Among myeloablation methods, the sublethal dose of
ionizing radiation is most commonly used [46], but also high dose of chemotherapeutics [47] or
even antibody-based methods to condition recipients could be applied [48]. Although, BMT or
transplantation of purified populations of cells is still fundamental method in current research on
hematopoietic processes, one could ask if hematopoietic recovery after transplantation reflects

the native hematopoiesis in non-transplantation settings.

Until recently, it remained hard to address this question due to lack of proper
experimental models. There were several studies showing transplantation in non-myeloablative
conditions, but still the transplantation itself was not excluded from the experimental scheme
[49]. The progresses has been made recently by two independent groups that developed mouse

models to study native hematopoiesis [50, 51].

Work of Sun and colleagues for the first time indicated that native hematopoiesis might
significantly differ from the hematopoiesis observed after the transplantation [50]. They
developed a mouse model that allows following clonal tracking of HSC and MPP progeny
without transplantation. The model uses the inducible transposon element, that is mobilized and
randomly incorporated into other genome locus. The mobilization is linked with DsRed
expression, and the unique integration site could be distinguished by whole genome
amplification, PCR and sequencing. The random integration sites enable differentiating cells that

origin from distinct clones [50].

These clonal tracing technique revealed that these are MPPs (defined as Linc-Kit'Sca-1"
CD48'CD150") that drive native hematopoiesis rather than classically defined LT-HSC (Linc-
Kit'Sca-1"CD48 CD150") [50]. Moreover, high number of different MPP clones are active at
given time (estimated to be at least 831 active clones) that are quickly exchanged by successive
ones (estimated half-life of active granulocytic clone is 3.3 week) [50]. This is clearly in contrast
to numerous transplantation studies, where mature PB cells are derived from limited number of

LT-HSC. What can explain this difference is that donor MPP do not engraft after transplantation.
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The second study by Bunsch and coworkers took advantage of genetic labelling of LT-
HSC using Tie-2 promotor and quantify the contribution of stem and progenitor fractions by
limiting dilution assay and modelling [51]. They evidenced that LT-HSC (defined as
Linc-Kit'Sca-1"CD150"CD48") contribution to native hematopoiesis is minimal in comparison
to ST-HSC (defined as Lin'c-Kit"Sca-1"CD150°CD48"), that mainly drive blood cell production
[51]. The results indicated also that ST-HSC possessed significant self-renewal potential [51].
The significant LT-HSC contribution to native blood cell production was observed only during
fetal development and early postnatal life, while in adult mice was increased by S-fluoruracil

induced leukopenia [51].

Concluding, these two studies on clonality of native hematopoiesis suggest that current
view on hematopoietic hierarchy has to be modified. They rise many new questions concerning
the developmental origin of the MPP/ST-HSC, aging of hematopoietic system and origin of
hematological malignancies. However, these are the first studies about native hematopoiesis
using the non-transplantation based methods, thus next independent verification, including
different experimental approaches, are needed to fully confirm the conclusions. Finally, the
important question is if these experiments done on mice cultured in sterile specific pathogen free
(SPF) conditions could be translated to humans, who do not live in sterile conditions but

encounter many environmental hematopoietic stress conditions throughout their lifespan.

Pluripotent adult stem cell as possible hematopoietic precursors

The potential of HSC to provide lifelong production of blood cells is well proven [5].
However, some hypotheses proposed that postnatal organism possesses also stem cells that have
pluripotent capabilities and under appropriate conditions give rise to blood cells. This implies that

such cells would be the precursors of HSC and of all other tissue resident stem cells (Fig. 1.4).

Multipotent adult progenitor cells

The multipotent adult progenitor cells (MAPC) were described by Catherine Verfaillie group in
2002 and proposed to be adult stem cells with broad plasticity [52]. These bone-marrow derived
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Very small embryonic like stem cells

Very small embryonic like stem cells (VSELs) described by Mariusz Ratajczak group in
2006 are another adult cells claimed to be pluripotent [56]. VSELs, similarly to MAPC, were
initially isolated from murine bone marrow and were shown to express embryonic markers (Oct-
4, Nanog). Differentiation to cells of all three embryonic lineages was also presented [56]. The
suggested phenotype of VSELs was Lin'Sca-1'CD45, but the proposed unique feature
characterizing these cells was their small size [56]. Murine VSELs had a diameter of 3.6 um
(exact size varies between publications),what is much smaller than HSC and even smaller than
erythrocytes [56]. Next studies from the same group claimed that VSELs can be isolated from
different organs (brain, kidney, heart, cord blood) both from mouse and humans. In contrast to
MAPC, VSELs did not complement blastocyst [57] or reconstitute the hematopoietic system
upon transplantation to irradiated hosts, what was explained by their quiescent character [58].

However, Ratajczak’s group showed that if VSELs are predifferentiated into hematopoietic cells
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by co-culture with OP9 stromal cells they can contribute to blood cells in transplantation model

[58].

Verification of pluripotent adult stem cell hypothesis

The potential of these claimed adult stem cells populations lacks confirmation by
independent studies [54]. The presented data indicating their hematopoietic potential is not
verified by experiments on single cell level, which are necessary to prove the stemness potential
and exclude possible artifacts connected with the contamination with other cells [54]. Other
studies questioned the presence of Oct-4" pluripotent stem cells, such as MAPCs and VSELSs, in
adult organism. One of these studies used mice where Oct-4 gene was knockdown in adult mice
by inducible Cre-loxP system [59]. The knockdown of the Oct-4 gene neither affects
hematopoietic reconstitution nor regeneration of any other tissues [59]. This indicates that even if
Oct4” pluripotent stem cells exist in postnatal organism they do not play a role in tissue
regeneration. Other studies reported no Oct-4" cells in adult bone marrow in Oct4-GFP mice
model [60]. Finally, the VSELs population isolated from human cord blood were shown to lack
embryonic, hematopoietic, neural, and mesenchymal markers [61]. Their transcriptome was also
very different from embryonic and adult stem cells [61]. Importantly this population did not

proliferate in any tested conditions and was enriched for aneuploid cells [61].

Therefore, the presence of pluripotent precursors of HSC in postnatal organism is

doubtful and needs further independent verification.

Aging of HSC
HSC acquire changes during aging

Functioning of hematopoietic system changes with aging of an organism (reviewed in
[62], Fig. 1.5A). One of the most evident age-related changes is a phenomenon referred to as
myeloid bias. Myeloid bias is manifested by increased frequency of myeloid cells among
peripheral blood cells and decreased abundance of lymphoid fraction, including lymphoid
progenitors and naive B and T lymphocytes [30, 63—65]. This is connected with higher incidence
of myeloid disorders, like myeloid dysplastic syndrome and myeloid leukemia in elderly

individuals, while the lymphoid malignances prevail in younger age [62]. It is also well
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documented that elderly patients mount adaptive immune response with much smaller efficiency
comparing to younger ones, what could be explained as a consequence of observed decreased
T lymphopoiesis and reduced repertoire of B cells (reviewed in [66—68]). Accordingly,
vaccination effects in elderly patients are weak [66]. Other dysfunction of hematopoietic system

aging is increased incidence of anemia [69].

All of these age-associated dysfunctions of hematopoietic systems may be the result of
alterations on different steps of hematopoiesis. The decreased lymphoid potential is linked with
comprised function of lymphoid progenitors, as well as with extrinsic factors: bone marrow

microenvironment in case of B cells [70] and thymus atrophy in case of T cells [71].

However, there are several evidences that age-related alterations could be explained not
only by dysfunction of effectors cells or committed progenitors, but originate already in stem cell
compartment [72]. When murine HSC from aged donors are transplanted to the syngeneic young
recipients, the reconstituted hematopoietic system showed typical age-related features, with
relative dominance of myeloid fraction over lymphoid fraction [30, 63]. The old murine HSC

produced B-cells demonstrating age-related changes within B-cell repertoire [73].

The findings on aging of hematopoietic system revealed by studies on mouse models
could be, at least partially, translated to humans. The aged human HSC showed the same
myeloid biased as murine HSC [74]. Also age-related hematopoietic malignances in humans, like
chronic lymphocytic leukemia (CLL) connected with oligoclonal and restricted B-cell
development, originate in HSC populations as evidenced by xeno-transplantation into
immunocompromised mice [75]. Therefore, the aging mechanisms of hematopoietic systems are
likely to be evolutionary conserved and studies on model organisms with shorter lifespan, like

mouse, may contribute to understand aging of human hematopoiesis.

Frequency and regenerative potential of aged HSC

Given that several evidences indicted that aging of hematopoietic system originates
already in stem cell compartment, many studies concentrated on age impact directly on HSC.
Paradoxically, strictly defined HSC are more frequent in bone marrow of older mice as well as in

eldery patients [74, 76]. Additionally, the differences in HSC frequency among older mice are
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much higher than in young individuals, what indicates that older mice lost the potential to control

size of stem cell pool [77].

Although the HSC pool expands with aging, the regenerative potential of HSC
deteriorates as shown by both in vitro and in vivo models (reviewed in [78]). In experiments
using in vitro co-cultures with stromal cells, old HSC formed two times less colonies that young
ones [77]. Not only, the efficiency of colony formation was impaired, but also the colony growth

was delayed in old HSC [77].

The in vivo experiments involving HSC transplantation confirmed the reduced
regenerative potential of aged HSC. Among transplanted purified Lin'c-Kit Sca-1"CD48 CD34
E'CDI150" population, there were 2.2 fold lower number of functional HSC in older mice
compared to young ones (26% vs 12% respectively). The old HSC did not self-renew their pool

as efficiently as young HSC in serial transplantation tests [77].

For successful reconstitution of irradiated host, the systematically injected HSC have to
home and engraft into bone marrow niches. The old HSC had impaired short-term (16-21 hours)
homing ability in direct competitive comparison with young HSC, what additionally reduced

their regenerative potential [77].

Finally, the clonal analysis of HSC pool in older mice revealed more myeloid-dominant
stem cell clones among Lin'c-Kit'Sca-1"CD48 CD34 E'CD150" fraction, what is in accordance

with observed myeloid-biased hematopoiesis in older individuals.

These studies on regenerative potential of HSC in mice model are in line with clinical
observations. Some clinical studies showed negative correlation of donor age with allogenic
transplant outcome [79, 80]. However, it has to be stated that in clinical settings many factors
apart from age influence the transplant outcome. This makes the analysis of age impact on
transplant success difficult and studies reporting no correlation between donor age and

transplantation also exist [81].
Models of HSC aging

Different models aim to explain changes among hematopoietic stem cell pool during

aging [82] (Fig. 1.5B,C,D). Originally, it was proposed that all HSC gradually lose their function
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Fig. 1.5 (A) Main changes acquired by HSC during aging and proposed models describing the
observed age-related changes among HSC pool. (B) Population shift model implies that all HSC
gradually changes during aging. (C) The clonal selection model proposes expansion of myeloid
biased HSC clones (depicted as black cell) with time. (D) The composite model suggests that
both models contribute to aging of HSC. Based on [82] and modified.
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with time — the model referred to as “population shift” [82]. However, it became evident that
hematopoietic stem cell pool is heterogeneous and some HSC clones preferentially differentiate
toward myeloid fraction while others toward lymphoid cells (described in more details in

“Heterogeneity of HSC” section).

In the light of this phenomenon, the age-related changes such as myeloid bias may be the
result of clonal selection and domination of myeloid-based HSC clones that extensively self-
renew. The Beerman and co-workers confirmed this hypothesis by prospective identification and
isolation of myeloid-biased HSC clones (Lin'c—Kit+Sca—1+CD34'F1t3'CD150high) and more
balanced between myeloid and lymphoid output HSC clones (Linc-Kit'Sca-1"CD34FIt3’
CD150"™) [83]. They showed that it is myeloid biased CD150™" fraction of HSC that mostly
expanded during aging, while the balanced CD150™" HSC subpopulation increased to lesser
extent [83]. Moreover, the CD150"" HSC isolated from old animals sustained their potential to
provide balanced reconstitution of myeloid and lymphoid fraction [83]. But despite producing
balanced progeny, the old CD150™" HSC repopulated the recipients significantly worse per cell
basis than in case of control young HSC [83]. This data demonstrated that aging of HSC pool
could be described by composite model that implies both gradual loss of HSC potential as well
as clonal selection. The composite model is further confirmed by clinical case of 115-year old

healthy women evidencing that all her blood cells were derived from only two HSC clones [84].

Therefore the models of population shift and clonal selection are not mutually exclusive.
Oppositely, combined together they reflect our understanding of HSC aging most accurately
[82].

Link between proliferation and aging of HSC

It was proposed that the decline of HSC with aging is a direct result of underwent cell
divisions. This view was confirmed by experiments involving serial transplantation, in which
HSC are forced to extensive proliferation and reconstitution of irradiated host [77, 85]. After
tertiary serial transplantation HSC already showed myeloid-biased output typical for aged
animals [77, 85].

There are also more direct proofs demonstrating that HSC entering cell cycle gradually

lose their stem cell potential. The research strategy to follow dividing HSC in vivo employs a
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pulse labeling by inducible fusion histone 2B (H2B) and GFP and then tracking label dilution or
retention among stem cells and their progeny [86]. Wilson and colleagues showed that robust
regeneration potential sustained among Lin'c-Kit"Sca-1"CD150'CD48 CD34 cells that retain the
label for longer time period (70-306 days). Label retention implied that they did not proliferate
[25]. In contrast, cells from the HSC fraction that lost label - so underwent cell divisions - were
significantly less functional [25]. However, authors suggested that HSC can change their state

from dormant non-cycling to active cycling states [25].

Other group using similar model (H2B-GFP under promotor of human CD34 gene [87])
presented partially opposite data [88]. They confirmed that proliferating HSC have decreased
stem cell ability, but showed data indicating that activation of HSC and entering into cell cycle is
irreversible: once HSC starts to proliferate it is “slaved for extinction” [88]. It is worth noticing,
that such interpretation would undermine the common notion on self-renewal as the crucial
determinant of HSC. To address this issue, authors showed that even if the cells self-renew
phenotypically (sustained surface stem cell markers and are in GO phase) they have already lost
stem cell functionality due to previous entrance into cycling phase. Importantly, they emphasized
the importance of activated HSC in steady-state, non-transplantation setting and argued that the
previously observed extensive self-renewal is typical for high stress conditions observed after

transplantation [88].

Concluding, the divisional history of HSC seemed to be inseparably connected with their
decline with age. However, while some of the age-related changes could be explained by
divisional history, such us myeloid biased and loss of regenerative potential, others like
expansion of stem cell pool are harder to interpret as direct consequence of the proliferation-

induced impairment.

Mechanism of HSC aging: role of DNA damage

Although, the age-associated changes in HSC are quite well described, the underlying
mechanism of aging process of HSC remains not fully understood. Some studies indicate that

HSC-intrinsic mechanisms may explain hematopoietic disorders observed during aging [63].

The accumulating DNA damage was proposed as one of the triggers of HSC aging [89].

The HSC self-renew their own population and are long lived population to provide blood
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production throughout lifespan. These features predispose them to accumulate DNA damage in
contrast to short lived progenitor cells. Indeed, both old mouse and human HSC possessed
increased number of double break DNA strands [89, 90] as revealed by measuring yH2aX foci —
a marker of DNA damage response. However, only few of the DNA repair pathways were
altered in aged HSC, like X-ray repair cross-complementing protein (Xrccl), Bloom syndrome
protein (B/m), and XPA binding protein (Xab2) [91]. Additionally, mice deficient in some DNA
damage response mechanisms, like xeroderma pigementosum D or Ku80 autoantigen, did not
have altered HSC pool [89]. Other mice strain with compromised DNA damage pathways had
altered function of HSC and showed premature aging phenotypes, but only upon challenge and
not in steady-state conditions (reviewed in [72]). In accordance with these observations, it was
shown that quiescent HSC do not actively repair DNA damage, but instead accumulate DNA
damage [92]. However, upon the entry into cell cycle the DNA repair processes are reactivated

and progenitor populations show reduced DNA strand breaks [92].

It was also proposed that not the DNA response machinery itself, but the signaling
pathways activated by DNA damage: cell cycle checkpoints , apoptosis or differentiation might
be responsible for age-related phenotypes. This was confirmed by some studies indicating the
p16™%44 [93] and p53 [94] were changed in aged HSC. However, the reported effects were weak
and were not confirmed by other studies [95]. Therefore, the activity of DNA repair processes

among HSC as well as their causative role in HSC aging is still matter of debate.

Given that HSC express high levels of telomerase, it was suspected that not only DNA
strand breaks, but also the telomeres erosion might lie behind the HSC aging. HSC isolated from
third generation of telomerase-deficient mice exhibited premature aging. Forcing HSC to
proliferation by serial transplantation shortened their telomeres and was linked with aged-like
phenotypes [96]. But, overexpressing telomerase did not protect HSC in serial transplantation
assays [97]. Also the HSC from old mice did not have significantly shorter telomeres when
compared to young HSC [98]. This indicates that both DNA strand breaks as well as telomere
erosion may be markers of aging, rather than causative triggers of HSC dysfunctions acquired

during aging.
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Mechanism of HSC aging: epigenetic drift

The crucial feature of stem cells is their ability to self-renew their own pool. Proper self-
renewal requires not only the error-free DNA replication during cell division but also precise
transfer of epigenetic signature to a daughter cell. As aging disturbs self-renewal, the epigenetic

machinery was thought to be responsible for the age-related changes.

Epigenetic information relies on processes such as DNA methylation as well as histone
methylation, acetylation and ubiquitination status (reviewed in [99]). Specific deletion of DNA
methyltransferase Dnmt3 in HSC expanded the stem cell pool but impaired their differentiation —
changes observed also during HSC aging [100]. The genome wide comparison of DNA
methylome of young and old HSC confirmed that altered DNA methylation is linked with HSC
aging [101]. It showed hypermethylation of regulatory regions of gens involved in differentiation

and hypomethylation of genes responsible for the stem cell functions [101].

The histone modifications and chromatin organization were also affected in aged HSC.
Several genes implicated in regulation of chromatin structure, like histone deacetylases (Hdacs)
and sirtuins, were downregulated with age [91]. The sirtuin-deficient HSC presented an aged-like
phenotype [102]. Much attention was also paid to the role of polycomb repressive complexes
(PrC) that are responsible for the various modification of histones (reviewed in [103]). Several
target genes of PrC had altered H3K4 (lysine 4 in histone H3) and H3K27 (lysine 27 in histone
H3) trimethylation status [101]. Apart from these changes the global acetylation of H4K16
(lysine 16 on histone H4) was reduced in aged HSC [104].

There are no doubts that epigenetic drift may be responsible for transcriptional alterations
observed in aged HSC. However, the question remains if the changes in epigenetic information

are one of the direct drivers of HSC aging or just the consequence of this process.

The perspective of reversing HSC aging

While our knowledge about aging of hematopoietic system is increasing, the tempting
question appears: is it possible to reverse the aging of HSC? The possibility of inducing
pluripotency from differentiated cells by transcription factors gives hopes that similar reversal of
aging state could be obtained. The proof-of-concept showing that old HSC could be transformed
to HSC with young state properties was provided by Wahlestedt and co-workers [98]. They
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reprogramed hematopoietic stem and progenitor cells from old animals into induce pluripotent
stem cells (iPS) and then used them in blastocyst complementation assay [98]. The HSC from the
derived mice resembled young HSC [98]. It was proposed that epigenome erasure was

responsible for the reversal of old HSC state.

However, from the therapeutic point of view, it would be hard to rearrange whole
epigenome. Therefore the experiments showing that modification of even one gene can reverse
some of the age-related declines are of great interest. One of the examples is Sathl, which is a
chromatin organizer and was found to be downregulated in old HSC [105]. The overexpression
of Satbl in old HSC increases their lymphoid output, at least in vitro [105]. Overexpression of
other gene, a mitochondrial deacetylase Sirt3, increased the reconstitution potential of aged HSC,
but did not reverse their myeloid bias [102]. This indicated that age-related changes in HSC

result from several intrinsic factors that independently contribute to the age-related alterations.

Oppositely to Satbl and Sirt3 which are downregulated in aged HSC, other potential
targets are upregulated, among them mammalian target of rapamicin (mTOR) pathway [106,
107] and Rho GTPase Cdc42 [104]. Administration of rapamicin — a mTOR inhibitor — reduced
the numbers of HSC, restored the lymphoid differentiation capabilities and reconstitution
potential in old individuals [107]. Also, the inhibitor of Cdc42 called Casin reversed myeloid
bias and some features of old HSC phenotype [104]. Importantly, apart from inhibiting Cdc42,

Casin modifies also epigenetic information, what may underlie the observe effects.

Rapamacin and Casin are examples evidencing that administration of single drug can at
least partially reverse age-related decline of hematopoiesis. Of course, administration of such
drugs may potentially lead to serious side effects, but nevertheless this is the proof-of-concept
that changes among HSC caused by age are not irreversible and developing strategies to

overcome them is worth effort.

HSC-extrinsic aging factors

Most of the known factors affecting HSC aging are intrinsic to stem cells. The question
how important are extrinsic factors for HSC aging remains mainly unaddressed. One of few
studies on extrinsic factors showed that increased concentrations of pro-inflammatory cytokine

RANTES skew HSC toward myeloid differentiation [108]. Also the increased fat content in bone
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marrow microenvironment observed in elderly individuals is correlated with decreased SDF-1,
which is crucial regulator of HSC function and therefore may contribute to exhaustion of HSC
with age [109]. Other extrinsic mechanism that were shown to be implicated to HSC aging are
gap junctions mediated by CXN43 channels [110]. These gap junctions transfer ROS produced
in HSC to adjacent stromal cells, and by this mechanism protect HSC from ROS-induced
damage [111].

As described in next chapter “The bone marrow niche of hematopoietic stem cells”, stem
cell niche is crucial for maintenance of HSC. Given that niche protects HSC from environmental
stress as well as regulates proliferation, self-renewal and differentiation of HSC it is likely that
alterations of niche functioning may be implicated in aging of HSC. However, up to date only
few studies focused on aging of HSC niche, showing impairment of bone formation, increased
adipogenesis and decomposition of extracellular matrix (ECM) [112—114]. Therefore, next
studies on how the niche impacts aging of HSC are required to fully understand mechanisms of

age-related decline of hematopoiesis.

The bone marrow niche of hematopoietic stem cells
The concept of stem cell niche

The term “stem cell niche”, referred to as local microenvironment where stem cells reside
(Fig. 1.6). While it is now well evidenced, that niche is specialized region of tissue that is
indispensable for controlling the stem cell fate, the cell compartments and molecular mechanism

underlying the concept of the stem cell niche remains a matter of debate (reviewed in [115, 116]).

The first hypothesis, implying that HSC requires a specialized bone marrow
microenvironment for proper functioning, was proposed by Ray Schofield in 1978 [117]. Then,
the Dexter and co-workers confirmed in in vitro model that bone marrow derived-stromal cells
are crucial for maintenance of hematopoiesis [118]. The development of genetic mouse models
as well as high-resolution imaging techniques enabled to address more specific questions about
the localization and components of stem cells niche. The studies using engineered mouse strains,
in which the osteoblasts were targeted by overexpression of parathyroid hormone expression
[119] or by deletion of BMPrla gene [120], evidenced that the increased number of osteoblasts
correlates with higher number of HSC. This indicated that it is the osteoblastic lineage localized

in endosteal region that governs stem cell potential of HSC. However, it could not be stated if the
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observed effect is due to direct interaction of osteoblasts and HSC or there are indirect
mechanism involved. Next studies refined the notion of periendosteal osteoblastic niche of HSC
and pointed to perivascular space as crucial region for regulation of HSC. The microscopic
analysis revealed that most of LinCD41° CD150 CD48 murine HSC resides not further then 5
cell diameters from bone marrow sinusoids [7, 121]. In contrast, only 20% of detected HSC were
close to endosteal region [7, 121-123]. Also the in vivo imaging revealed, that systematically

injected HSC homed to perivascular region where resides at least for several months [124].

But the endosteal and perivascular niche are not mutually exclusive. Oppositely, this two
bone marrow compartments partially overlap [115]. The endosteal region is highly vascularized
with many vessels linking the bone with the bone marrow [115]. Furthermore more HSC
preferentially resides near trabecular bone region indicating that the role of bone proximity in
stem cell niche cannot be omitted [125].
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Fig.1.6 Representation of cellular architecture of bone marrow niche of HSC and main
molecular mechanisms involved in niche-dependent regulation of HSC. Based on [126] and

[116] and modified.
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Endothelial and reticular cells in perivascular HSC niche

The two main cell types building the bone marrow perivascular niche of HSC are

endothelial cells and adventitial reticular cells (ARC) (Fig. 1.6).

The prevailing type of bone marrow vasculature are large (> 50um diameter), fenestrated
sinusoids with thin wall that consists of single layer of endothelial cells [115]. The fenestrated
nature of endothelial cells allows cellular and molecular exchange between bone marrow and
blood that is crucial for proper hematopoiesis. The importance of sinusoids for maintenance of
hematopoiesis could be deduced from developmental observations: the prior formation of

sinusoids is prerequisite to establish new sites of hematopoiesis [127].

For long time aspect of the heterogeneity of bone marrow endothelium was not
addressed. Recently, the bone marrow endothelial cells were divided into two distinct subtypes
based on expression of CD31, endomucin and Sca-1 as well as spatial localization and
phenotypic features [128]. The predominat type of endothelial cells in bone marrow express
CD31 weakly and showed only moderate expression of endomucin [128]. These cells localize in
diaphysis region of bone marrow and form sinusoids — the prevailing type of vasculature in the
bone marrow. Due to forming many branches this type of cells was called L-type bone marrow
endothelium [128]. In contrast, the second fraction of endothelial cells exhibits high expression
of CD31, endomucin and Sca-1, localizes mainly in metaphysis region of the bone where forms
long column-like tubes that are interconnected by vessel loops[128]. Based on this phenotype,
the fraction was called H-type endothelial cells. The H-type capillaries are placed where aSMA
bone marrow arterioles terminates [128]. The H-type and L-type endothelial cells interconnects

on the boundary of diaphysis and metaphysis and near endosteal region [128].

The H-type endothelial cells are minority of all endothelial cells in bone marrow (~2%),
but are hierarchically upstream of L-type endothelium. The lineage tracing techniques evidenced
that the H-type endothelium can generate L-type endothelium upon irradiation [128]. It was also

shown that H-type endothelial cells are dependent on HIF-1a pathway [128].

Another study underlines the importance of Sca-1" small arterioles for maintenance of
quiescent HSC [129]. These Sca-1" arterioles express also VEGFR2, VEGFR3 and Tie2
antigenes [129]. The whole-mount imaging of bone marrow revealed that quiescent HSC

preferentially localized to the Sca-1 arterioles [129].
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Although the relationship between H-type endothelium and Sca-1 arterioles was not
directly studied, the comparison of these two studies indicates that these two populations may

represent spatially neighboring niche in the bone marrow that is close to endosteal region.

The endothelial cells in bone marrow are covered by adventitial reticular cells (ARC) and
together compose the basic “unit” of perivascular HSC niche [130]. ARC represents population
harboring functional potential of skeletal stem cells — they can differentiate in vivo to
osteoblastic cells and their progeny(osteocytes and bone-lining cells), chondrocytes, adipocytes
and fibroblasts (reviewed in [131]). The ability to self-renew their own population fulfills the

criterion of stem cells [131].

The unique feature of the ARC cells is their ability to reconstruct hematopoietic niche
upon heterotopic transplantation [127]. ARC injected subcutaneously within a scaffold formed
ossicle, that is then invaded by host vasculature and subsequently colonized by hematopoietic

stem and progenitor cells [127].

Various isolation methods and nomenclature issues make difficult to compile numerous
studies on skeletal stem cells (reviewed in [131, 132]. Different names were ascribed to this
population in the literature: multipotent stromal cell, mesenchymal stem cell or CXCLI12-
abudant reticular cells (CAR). Identification of several cell surface markers allows prospective
isolation of ARC, however there was no one widely accepted and used phenotype. In mouse
models some used expression of PDGFR, CD105, CD90 or VCAM-1 [132]. Additionally
expression of Sca-1 among with PDGFR distinguished another skeletal stem cell subpopulation
called PaS [133]. Several different transgenic mouse models were used to target skeletal stem
cells by using promotors of Nestin [129, 134], Leptin-receptor [135] and Prx1 [136]. Finally, two
laboratories propose broad panel of markers to describe developmental hierarchy of skeletal stem
cell lineage [137, 138]. Generally, many cell populations studied based on different phenotypes
and models overlapped with each other but the functional criterion remains the gold standard to

identify HSC-supportive skeletal stem cells [115].

The high resolution immunochemistry studies of mouse tibia revealed, that the ARC cell
(defined as PDGFR" or Runx2") preferentially covered H-type endothelial cells near metaphysis
and endosteal region [128]. The Sca-1" arterioles are also specifically covered by perivascular
cells expressing Nestin and NG2, however without leptin receptor expression. The depletion of

these Nestin NG2" cells reduced the pool of quiescent HSC[129].
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These observations may indicate that these are not abundant bone marrow sinusoids that
compose the HSC niche, but rather the two rare kinds of Sca-1" endothelial cells together with
the adjacent reticular cells. The data showing presence of HSC nearby sinusoids does not have to
be contradictory with this hypothesis. Given the dense and regular sinusoid network observations
of colocalization of HSC and sinusoids may result not from the preferential interaction between
these two cell types but solely from random HSC distribution [129]. Indeed, the detailed
statistical analysis demonstrated that HSC are significantly and preferentially associated with

Sca-1" arterioles, but not with sinusoids [129].

Cellular architecture of perivascular niche

Not only the endothelial and reticular cells regulate perivascular niche, but several other
cell types also participates in this process (Fig. 1.6). The sympathetic nerves interacts with
perivascular cells and control the Cxcl12 expression [139]. This regulation is responsible for
circadian oscillations of Cxcll12 levels and subsequent daily fluctuations of HSC numbers
mobilized into peripheral circulation [140]. Other regulation of HSC niche governs by neuronal

system is the activation of TGF- by nonmyelinating Schwann cells [141].

The other hematopoietic cells also contribute to HSC niche. Among them the bone
marrow macrophages emerge as crucial population that shapes HSC niche. The fraction of
CD169" macrophages were essential for retention of HSC in the niche [142]. Depletion of
CD169" macrophages mobilized HSC into a blood stream in steady-state conditions and further
augmented the pharmacological mobilization by G-CSF or CXCR4 antagonists [142]. The
osteoclasts responsible for the bone resorption derive from macrophages and caused egress of
HSC into circulation [143]. However, the role of macrophages is not clear, as other study
identified macrophage population called “osteomacs” which revealed opposite activity — their
loss increased HSC egress [144]. Nevertheless, the macrophages are important cellular element

of the HSC niche.

Another population of hematopoietic cells, megakaryocytes, also control the HSC niche
[145, 146]. When the megakaryocytes were depleted from the bone marrow the HSC numbers
increased [145, 146]. The megakaryocytes restrict proliferation of HSC possibly by two
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mechanisms. First, they produce CXCL4 chemokine that regulates HSC proliferation [145].
Secondly, they are source of TGF-f3, which also governs the HSC quiescence [146].

The bone marrow niche provides an immune-suppressive environment that protects HSC
from immune attack. The immune privilege of HSC niche is provided by T regulatory cells
(Tregs) [147]. In vivo imaging revealed colocalization of FoxP3-positive Tregs with HSC [147].
The presence of Tregs enabled survival of HSC from allogenic donor in IL-10-dependent fashion

[147].

The molecular mechanism of HSC niche

The functioning of HSC niche depends on several interacting biological mechanisms,
including secreted factors and their signaling pathways, adhesion molecules, extracellular matrix

and chemical gradients (reviewed in [148, 149], Fig. 6).

SDF-1 and stem cell factor (SCF) are niche-derived factors which necessity for HSC
function is well documented [135, 136, 150, 151]. The SDF-1 and SCF are produced mainly by
perivascular reticular cells and endothelial cells [135, 136]. SDF-1 acts on CXCR4 receptor
present on HSC and other hematopoietic cells [151]. The SDF-1-CXCR4 axis is fundamental for
homing and mobilization: blocking the CXCR4 receptor cause rapid egress of HSC to the

circulation [151].

The receptor for stem cell factor expressed by HSC is c-kit [152, 153]. Blocking
interactions of SCF with c-kit results in HSC clearance from bone marrow [48, 154]. Oppositely,

over-activity of c-kit promotes myeloproliferative disorders [155].

The crucial role of niche in production of SDF-1 and SCF was evidenced by studies
selectively deleting their expression in stromal and endothelial cells [135, 136]. The conditional
ablation of SDF-1 in Prx-1" stromal cells decreased HSC numbers in bone marrow and promoted
their mobilization [136]. The increased mobilization was also observed when SDF-1 was deleted
in leptin receptor-expressing cells [135]. While the SDF-1 deletion in endothelial cells also
affected HSC, the observed alterations were modest, indicating that rather stromal cells and not

the endothelial cells are main source of SDF-1 in HSC niche [136].

However, deletion of SCF in Tie-2" endothelial cells caused massive HSC depletion and

significantly impaired their reconstitution potential [135]. Similarly, the SCF deletion in
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perivascular leptin receptor-expressing cells also decreased HSC numbers in bone marrow, what
demonstrated that HSC require SCF from both endothelial and perivascular cells [135]. Apart
from SCF and SDF, endothelial cells express also angiopoetin 1 [11] and angiopoetin-like 3
[156], that are important for HSC quiescence.

Several studies focused on WNT signaling pathway as potential niche-dependent
mechanism of HSC control. Altering several factors involved in canonical WNT pathway, such
as dickkopf homolog 1 (Dkk1), secreted frizzled-related protein 1 (Sfrpl) and early B-cell factor
2 (Ebf2) affected the HSC self-renewal and caused their premature exhaustion [157-159].
However, the role of the canonical WNT pathway in HSC regulation remains controversial, as
the simultaneous ablation of - and y-catenin did not affect HSC homeostasis [160]. The possible
explanation of this discrepancies may be connected with presence of unknown compensatory -
catenin homolog [161]. The involvement of the non-canonical WNT pathway was also reported
[162, 163]. It was suggested that non-canonical WNT pathway inhibits the canonical pathway
[164]. This is important as the low activity of canonical WNT pathway sustained HSC
quiescence, while high activation or complete ablation of this signaling pushed HSC into
proliferative state [165]. Thus, next studies are required, to clarify role of this complex signaling

network in HSC homeostasis.

Other factors produced by niche act on Notch signaling in HSC — pathway regulating fate
of different adult stem cell populations. The Jagged 1(Jagl) Notch ligand is produced by
perivascular cells and endothelial cells [127, 166]. The conditional deletion of Jagl in
endothelial cells impaired the numbers and reconstitution potential of HSC indicating its role in
regulation of self-renewal of LT-HSC [166]. In contrast, the endothelial Jagged 2 (Jag2)
regulated expansion of ST-HSC [167]. Notwithstanding, the approach using the dominant
negative form of Notch did not confirm role of Notch for maintenance of HSC [168]. Therefore,
the role of Notch in HSC niche is still under debate. The complexity of Notch signaling and

potential compensatory effects have to be addressed to resolve observed inconsistences.

The direct interaction of niche with HSC is mediated by adhesion molecules. Among
them, the role of B1 integrins in crosstalk between HSC and niche was highlighted by several
reports. The o4P1 integrin were essential for HSC for both short-term homing upon
transplantations as well as for maintenance of long-term repopulating potential [169]. The o4p1

binds to vascular cell adhesion molecule 1 (V-CAMI) that is present on the surface of niche
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composing endothelial cells and osteoblasts [170, 171]. Other integrins a1f1 and a5p1 mediated
the adhesion of HSC to osteoblasts by binding to osteopontin [172]. Intrestingly, osteopintin
binds also CD44 that is expressed by HSC [173]. The bone marrow endothelial cells express also
the Robo4 receptor that was shown to guide HSC to translocate from blood vessels into bone

marrow niche [174].

Apart from protein factors, the chemical gradients of Ca®" and oxygen are crucial for
biology of HSC niche. Osteoclasts resorb bone what results in release of Ca>" ions [175]. This
creates Ca”" gradient, with highest concentrations near endosteal region and lower concentration
near center of metaphysis [175]. The HSC express calcium-sensing receptor (CaR), which
activation enhanced signaling of CXCR4 and adhesion of collagen I [176]. This mechanism was

believed to take part in preferential homing of HSC near endosteal regions [176].

It is thought that multiply types of quiescent adult stem cells resides in low oxygen
conditions (reviewed in [26, 177]). Despite being well vascularized, bone marrow is generally
hypoxic tissue due to high cellular density and oxygen consumption [178]. Indirect evidences
such like the constant activity of HIF1a pathway [179], low staining by perfusion dyes [180] and
analysis with pimonidazol hypoxic marker [181], suggested that HSC occupy the low oxygen
niche. However, the direct in vivo measurements of oxygen tension within the bone marrow
made this hypothesis controversial [178]. Oppositely, to the previous concepts, the highest
oxygen tension was found close to the bone near endosteal region, while lower oxygen
concentration was detected deeper in to center of the marrow [178]. The especially high
oxygenated regions were near endosteal arterioles covered by nestin-expressing perivascular
cells [178]. Given that other reports showed that HSC reside near endosteal regions and close to

nestin’ stromal cells, the HSC niche may be higher oxygenated than the rest of the bone marrow.

Role of HO-1 in hematopoiesis

part of this chapter was published in:

Kozakowska M, Szade K, Dulak J, Jozkowicz A

“Role of heme oxygenase-1 in postnatal differentiation of stem cells: a possible cross-talk with
microRNAs”

Antioxid Redox Signal. 2014 Apr 10;20(11):1827-50) [182]
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Enzymatic activity of HO-1
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anti-apoptotic, anti-oxidative and anti-inflammatory mediators [184, 185]. The conversion of
prooxidative heme into anti-inflammatory products makes HO-1 an important cell protective
enzyme. HO-1 is highly inducible by many stress factors, such us oxidative stress or
inflammation as well as by several growth factors like VEGF, SDF-1, TGFp and PDGF
(reviewed in [186]). Oppositely to HO-1, the other isoform heme oxygenase 2 (HO-2) is non-

inducible, constitutively active protein expressed in variety of tissues [187].

Not only is the HO-1 crucial in acute stress connected with massive heme release, eg. in
hemorrhages, but it also sustains homeostasis of several biological processes in steady state
conditions. Till now, HO-1 role in cardiovascular biology is best recognized [185]. Several
studies confirmed proangiogenic properties of HO-1 [188—190]. The HO-1 is a downstream
mediator of crucial angiogenic factors VEGF [189] and SDF-1 [191]. Moreover the HO-1
activity itself can induce expression of VEGF [188].

In vivo and preclinical models confirmed the HO-1 involvement in angiogenic processes.
The HO-1 overexpression by viral vectors was beneficial in model of rat hind limb ischemia
[192], rabbit model of denuded arteries [193] and in attempts using bone-marrow derived cells in

treatment of ischemic pig hearts [194].
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Complex role of HO-1 in maintaining homeostasis includes also modulation of immune
response (reviewed in [195]) and regulation of cancerogenesis and tumor growth (reviewed in

[196]).

Nuclear localization of HO-1

The HO-1 was known to be localized in endoplasmic reticulum, but recently the nuclear
localization of HO-1 was also evidenced [197]. It was proposed that HO-1 translocates to
nucleus when the C-terminus of the protein is cut [197]. While it is thought that HO-1 did not
reveal enzymatic activity in nucleus [198], it could modulate binding of NFkB and SP-1
transcription factors [197]. Furthermore, the non-enzymatically active HO-1 mutant protein was

at least as effective in cytoprotection against oxidative stress as the native protein [199].

Based on these evidence, the role of HO-1 in the cell is not only restricted to its
enzymatic activity and its non-enzymatic role of nuclear form should be also considered [200].

Though, the exact mechanism of HO-1 action in the nucleus has to be further elucidated.

HO-1 and hematopoietic differentiation

As the HSC stand at the top of hematopoietic hierarchy and their function is critical to
maintain hematological homeostasis, it is understandable that during evolution HSC have been
equipped in many mechanisms that protect them from stress conditions. Cao and co-workers
evidenced that HO-1 is one of these crucial protective factors upon induction of acute stress
[201]. Paradoxically, HO-1"" heterozygous mice showed more rapid recovery in the model of 5-
fluorouracil myelotoxic injury or better reconstitution at initial time points after bone marrow
transplantation. However, when the HO-1"" animals were exposed to chronic stress or HO-1""
HSC were serially transplanted, significant decrease of hematopoietic recovery and exhaustion of
HSC reserve was finally observed [201]. These results suggest an important role of HO-1 in
regulating the balance between self-renewal and differentiation of HSPC under environmental
stress. It was proposed that reported HO-1-dependent inhibition of stress-induced HSC
proliferation is reliant on CO. Reduced HO-1 expression and lowered CO concentration led to a
decreased activation of p38-MAPK pathway and, consequently, to low levels of p21 in cycling
cells [201] (Fig. 1.8).
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transplantation from Nrf2”" mice [202]. Although Nrf2 is one of the main transcription factors
driving expression of HO-1, the HO-1 mRNA levels in HSC from Nrf2”" mice were not altered,
suggesting that mechanism of this effect is independent of HO-1 activity [202]. However, the
effect of Nrf2 may be similar, as recent study demonstrated that HSC and progenitor cell



compartment was expanded in Nrf2”" mice at the expense of HSC quiescence and self-renewal
[203].

In next stage of hematopoiesis HSC differentiate to multipotent progenitors (MPP) and
subsequently to common myeloid progenitors (CMP) or common lymphoid progenitors (CLP)
(Fig. 1, described in details in chapter “Hierarchy of postnatal hematopoiesis ). The transition to
CLP might be affected by HO-1 as indicated by studies done in Bachl”HO-1"" mice [204].
Bachl is transcriptional repressor of HO-1, but oxidative stress abolishes its repressive activity
and leads to upregulation of HO-1 [205]. The Bach2, specifically expressed in B-cells, also
might regulate HO-1 expression in similar manner [206]. Bach1”HO-1"" mice exhibited higher
numbers of HSC and MPP fractions in bone marrow, but lower numbers of CMPs and,
consequently, CMP-derived progeny, including dendritic cell-restricted progenitors, common
dendritic cell progenitors, monocytes, macrophages, and dendritic cells. It suggests that
Bach1/HO-1 pathway may be important in committing HSC to CMP [204]. Nevertheless, the
discussed event in Bach1”HO-1"" mice is, at least to some extent, HO-1-independent, as Bachl™
HO-1"" mice show similar decrease in macrophage and dendritic cells as Bachl”HO-1""
phenotype. Therefore, the exact role of HO-1 in HSC/CMP transition has to be clarified in a
model of Bach”"HO-1"" mice. Other pathways dependent on Bach-1/Nrf2 may play a role [203].

Several reports evidenced the involvement of HO-1 in differentiation of lineage
committed progenitors (Fig. 1.8). The first studies regarding its role in maturation of
hematopoietic progenitors concerned erythropoiesis [207, 208]. Erythroblasts differentiate in the
bone marrow and spleen within the defined niches called erythroblastic islands [209] (reviewed
in [210]) These structures were characterized as a central macrophage with many surrounding
and interacting erythroid cells at different stages of maturation. Interestingly, the lack of HO-1
expression in erythroblasts is well-described in both K562 erythroid cell line [211] as well as in
primary human bone marrow-derived erythroid progenitors [211]. Oppositely, HO-1 is
constitutively expressed in macrophages therefore it has been suggested that HO-1 activity in
these cells is crucial to regulate erythropoiesis [212]. Indeed, exogenous CO accelerated the
differentiation of K562 cells in vitro [212]. Moreover, in the in vivo model of HO-1"" bone
marrow transplantation the differentiation of erythroblasts was impaired [213]. This effect was
mostly visible in the spleen as a prevailing site of erythropoiesis under stress conditions and to

lesser extent in the bone marrow. Interestingly, higher percentage of TNFa-expressing
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macrophages was found in the spleen of HO-1"" mice. As TNFa. inhibits erythropoiesis, this
may explain the erythropoietic defect in HO-1"" individuals [213]. Furthermore, HO-1 deficient
proerythroblasts displayed a decreased surface expression of a-subunit of a4f1 integrin (CD49d)
which is crucial for adhesion to central macrophages, what might contribute to alterations of
erythropoiesis [213].

HO-1 may also regulate thrombopoiesis (Fig. 1.8) [214, 215]. Treatment of Meg-01
human megakaryoblastic cell line or primary human cord blood-derived megakaryocytes with
prostaglandin-J, (PGJ,) led to the platelet release and concomitantly upregulated HO-1
expression [214]. However, when HO-1 activity was inhibited by SnPP IX (tin protoporphyrin
IX) before PGJ, stimulation, the release of platelets was further increased. Additionally, PGJ,-
induced platelet production was accompanied by elevation of oxidative stress. Hence, it is likely
that the well-known anti-oxidant properties of HO-1 may inhibit the platelet production [214].
Similar effect may be exerted by Nrf2 which shares DNA binding specificities with NF-E2 p45,
an essential regulator of megakaryopoiesis [215]. Accordingly, it has been demonstrated that p45
through competing with Nrf2 promotes increased oxidative status what enhances platelet gene

expression and megakaryocytic maturation [215].

Contribution of HO-1 to development of murine lymphoid lineages has been suggested in
case of B-cell maturation (Fig. 1.8). Accordingly, HO-1 expression increases with stages of B-
cell differentiation, being the lowest in pre-B, moderate in immature-B, higher in mature-B and
highest in plasma cells [206]. As proposed, HO-1 regulates intracellular heme levels that affect
the humoral immunity in Bachl and Bach2-dependent mechanism. In turn, Bachl and Bach2

modulate expression of HO-1 indicating a presence of negative feedback loop [206].

Despite increasing number of studies, many aspects of how HO-1 influences
hematopoiesis needs to be further elucidated. Growing body of evidence underlines the crucial
role of stromal cells within HSC niche in controlling the HSC self-renewal and quiescence
(described in details in chapter “The bone marrow niche of hematopoietic stem cells”). It
remains unclear if HO-1 modulates HSC potential by regulating the niche components.
Moreover, the nuclear form of HO-1 that lacks an enzymatic activity has been recently described
[197]. That raises a question if the involvement of HO-1 in hematopoiesis described till now is
solely dependent on its enzymatic activity or to some extent also on its not well-characterized

non-enzymatic functions.

47



AIMS OF THE STUDY

The presented study aimed to verify two hypotheses:

1) The non-hematopoietic fraction of Lin"Sca-1'CD45 adult bone marrow gives rise to

blood cells
Rationale:

The role of defined HSC in sustaining blood production through lifetime is well
evidenced. However, some recent reports claimed that non-hematopoietic, Lin'Sca-1"CD45
fraction of bone marrow cells is pluripotent, hierarchically upstream of HSC and possesses
potential to differentiate into hematopoietic lineage in postnatal organism. If this hypothesis is
true, the Lin'Sca-1"CD45 population would be the most crucial for maintaining blood
production during aging. Nevertheless, the heterogeneity and potential of these cells was not
verified in stringent single-cell assays that are required to proof their multipotent hematopoietic

potential.

The presented work aimed to characterize bone marrow Lin'Sca-1"CD45™ population and

address their hematopoietic potential in stringent single-cell assays.

2) HO-1 protects HSC from premature aging
Rationale:

HO-1 is an important cytoprotective and anti-apoptotic protein that protects mature
hematopoietic cells. However its role in steady-state functioning and aging of HSC remains
unaddressed. Given the known properties of HO-1, we proposed research strategy intended to

verify if HO-1 is a factor that governs protection of HSC from age-related changes

Till now majority of studies concentrate on HSC-intrinsic mechanisms of aging. Despite
the data supporting the crucial role of niche as extrinsic regulator of HSC self-renewal and
differentiation, the impact of niche on HSC ageing was overlooked (5). Therefore in the
presented research strategy, we especially focused on potential role of HO-1 in niche-dependent

mechanisms of aging.
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MATERIALS AND METHODS

Animal experiments and ethics statement

All animal procedures and experiments were performed in accordance with national and
European legislations, after approval by the First Local Ethical Committee on Animal Testing at
the Jagiellonian University in Krakow (approval number: 56/2009 and 113/2014). In the study
following mice strains were used: mixed background strain C57Bl/6xFVB (HO-1"" or HO-1""),
as well as C57Bl/6xFVBxC57BL/6-Tg(UBC-GFP)30Scha/J (HO-17" or HO-1"", GFP"), kindly
obtained from Dr Anupam Agarwal. C57BL/6-Tg(UBC-GFP)30Scha/J used in the study were

bought from Jackson Laboratories.

BM isolation and staining

Bone marrow cells were isolated by cutting the ends of tibias and femurs and flushing the
bone marrow cavity with PBS (Lonza) without calcium and magnesium ions and supplemented
with 2% fetal bovine serum (FBS) (Lonza). In case of analysis of VSELs the bone marrow was

flushed with RPMI medium with 10% FBS.

For analysis of bone marrow niche cells (endothelial cells, CAR cells and other
mesenchymal populations) the flushed bones and the previously cut ends of bones were chopped
and digested in 0.2% collagenase type I (Gibco) dissolved in aMEM medium with 10% FBS for
1 hour in 37°C in shaker (230 rpm).

The cell suspensions were filtered with 70 um strainer, depleted of erythrocytes by use of
a hypotonic solution, centrifuged (600g, 10 minutes, 4 °C), resuspended in PBS (Lonza) with
2% FBS, and stained for 20 minutes on ice. When required the fluorescence-minus-one controls

were performed.

Antibodies used to analyze cell surface antigens by flow cytometry are summarized in
Tab. 2.1. The stained cells were analyzed using LSRII flow cytometer (BD Biosciences) or LSR
Fortessa cytometer (BD Biosciences), with FACSDiva (BD Biosciences) and FlowJo (TreeStar)

software.
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Antibody/dye Clone Company
CD34-FITC RAM34 BD Biosciences
CD-34-Alexa700 RAM34 BD Biosciences
Sca-1-PE-Cy7 D7 BD Biosciences
Sca-1-PE-Cy5 D7 Biolegend
c-Kit-APC-eFluor780 2B8 eBioscience
KDR-FITC Avas12alphal BD Biosciences
KDR-APC Avas]12alphal BD Biosciences
CD45-V450 30F-11 BD Biosciences
CD45-FITC 30F-11 BD Biosciences
CDA45-APC 30F-11 BD Biosciences
CD45-APC-Cy7 30F-11 BD Biosciences
CD105-PE-Cy7 MJ7/18 Biolegend
CD3-APC 17A2 BD Biosciences
CD11b-V450 M1/70 BD Bioscience
Gr-1-PE-Cy7 RB6-8C5 BD Bioscience
CDI150-APC TC15-12F12.2 Biolegend
CDA48-PerCP-Cy5.5 HM-48-1 Biolegend
CD49f£APC GoH3 Biolegend
CD90.2-APC 30-H12 Biolegend
CD71-FITC RI7217 Biolegend
CD31-FITC MEC13.3 BD Bioscience
CD31-PE MEC13.3 BD Bioscience
Annexin V-FITC cat.4830-01-K Trevigen
CD45R-PE RA3-6B2 BD Biosciences
Ly6G and Ly6C-PE = |RB6-8C5 BD Biosciences
TCRyo-PE 5 GL3 BD Biosciences
TCRB-PE % H57-597 BD Biosciences
CD11b-PE a [M1/70 BD Biosciences
Ter119-PE TER119 BD Biosciences

Tab. 2.1 Antibodies for cell surface antigens used in flow cytometry analysis.
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Flow cytometric analysis

All the hematopoietic stem and progenitor populations were analyzed in similar manner
as shown in Fig. 2.1. If not stated otherwise, the LT-HSC are defined as Linc-Kit'Sca-1"CD48-
CD150"CD34, ST-HSC as Linc-Kit'Sca-1'CD48-CD150™'CD34" and MPP as Linc-Kit'Sca-
1'CD48'CD150°CD34".

The analysis of the niche populations was done according to gating presented in Fig. 2.1.

Analysis of heterogeneity of Lin'Sca-1'CD45 fraction with the corresponding gating is

presented in the Result section.

Analysis of cell cycle status, yH2aX and HO-1 expression by flow cytometry

The cells were firstly stained for cell surface antigens as described. Then the cells were
fixed and permeabilized with by Transcription Factor Buffer Set or IntraSure Kit (both BD

Biosciences) according to the manufacture’s protocol.

After this step cells were stained with next antibodies. For cell cycle analysis the Ki67-
FITC antibody was used together with DAPI or 7-ADD. Gating analysis of cell cycle status is
shown in Fig. For the yH2aX staining we used antibody recognizing form that is phosphorylated
at serine 139 (Millipore, clone JBW301, dil. 1/500, 45 min. at room temperature) and secondary
goat anti-mouse antibody conjugated with Alexa488 dye (Abcam, ab150113, dil. 1/400, 30 min.
room at room temperature).

To analyze HO-1 expression in the bone marrow SPA-894 rabbit antibody was used
(Enzo Life Sciences, dil. 1/200, 45 min. room at room temperature) followed by staining with
goat anti-rabbit antibody conjugated with Alexa 488 or Alexa 594 dye (Abcam, ab150077 and
ab150080, dil. 1/400, 30 min. room at room temperature). To all two-steps staining, samples

stained with secondary but without primary antibody were used as controls.
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Fig. 2.1 Gating strategy of hematopoietic stem and progenitor cells.

Cell sorting

For functional test requiring separation of given population we used MoFlo XDP cell
sorter. Cells were stained as described above and gating strategy was the same as on flow

cytometry analysis (Fig. 2.1).
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Fig. 2.2 Gating strategy of cells composing stem cell niche with representative percentage

of cells in given gate.

ImageStream analysis of Lin'Sca-1"CD45 BM fraction

The bone marrow cells were isolated and labeled as described above, with combination of
CD45-FITC, Lin-PE, Sca-1-PE-Cy5, and c-Kit-APC-Cy7 antibodies, and analyzed by
ImageStream X system (Amnis) with 40x and 60x objectives, using Inspire and Ideas software
(Amnis). The single cells were gated by analyzing Aspect Ratio Intensity vs. Area parameters,
calculated on the brightfield channel. The cells that were in focus were selected by analyzing the
Gradient RMS parameter calculated on brightfield channel. Further gating strategy was done in a
similar way to flow cytometric analyses (Fig. 2.3). The diameter of the cells (Fig. 2.4) was

calculated using Ideas 4.0 software, by given formula: 2 x (Area/m)".

Single cell hematopoietic colony forming in vitro assay

BM-derived cells were isolated, stained as described above using combination of CD45-
FITC, Lin-PE, Sca-1-PE-CyS5, CD105-PE-Cy7 or c-Kit-APC-Cy7 antibodies, and sorted with
MoFlo XPD (Beckman Coulter) cell sorter. Only DAPI-negative cells with integral membrane
were chosen, using gating strategy presented in Fig. S3. Cells were sorted to non-adherent round-
bottom 96-well plates (Greiner Bio-One), with a single cell per well, into 150 pl of serum-free
expansion medium (StemSpan® SFEM, Stem Cell Technologies), supplemented with 20% of
BIT 9500 Serum Substitute (Stem Cell Technologies), 0.1% of Ex-Cyte supplement (Millipore),
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and cytokine mix: murine stem cell factor (mSCF, Peprotech), human thrombopoietin (hTPO,
Peprotech), murine interleukin-3 (mlIL-3, Peprotech), and human erythropoietin (hEPO, Sigma-
Aldrich), all at the concentration of 20 ng/ml. Cells were cultured for 10 days (37 °C, 5% CO,),
then wells with colonies were counted, the colonies were harvested, diluted with PBS to final
volume of 250 pl, cytospined (1,000 rpm, 10 minutes, room temperature), air-dried, and stained

using Wright's method with Hemacolor Kit (Merck).
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Fig. 2.3 Gating strategy of of Lin" Sca-1"CD45 BM fraction using Image Stream fraction.
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Fig. 2.4 Analysis of cell diameter with corresponding photos of analyzed events with Image

Stream system.

Hematopoietic differentiation with OP9 co-culture

The OP9 cells were kindly provided by Dr Justyna Drukata. 2,500 OP9 cells per well of
96-well plate were seeded in aMEM medium supplemented with 20% FBS (Lonza), sodium
bicarbonate (2.2 g/L, Sigma), B-mercaptoethanol (55 puM), penicillin (100 U/ml, Sigma) and
streptomycin (100 pg/ml streptomycin, Sigma). After 3 days, when they reached confluence,
medium was changed and Lin'CD45 Sca-1"FSC' or SKL CD45" populations were directly
sorted over the OP9 feeder layer.
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First strategy implied sorting Lin"Sca-1"CD45FSC"" or SKL CD45" cells from the BM
of C57BL/6-Tg(UBC-GFP)30Scha/] mice ubiquitously expressing green fluorescent protein
(GFP) reporter transgene (1,000 cells per well with confluent OP9 layer). After 4 days of co-
culture, medium and trypsinized cells were collected, washed with PBS containing 2% FBS, and
the GFP" cells were sorted on non-adherent round-bottom 96-well plates, with a single cell per
well, into 150 pl of serum-free expansion medium, supplemented with 20% of BIT 9500 serum
substitute, mSCF, mIL-3, hEPO and hTPO as described above. After 14 days wells with GFP'

colonies were counted.

In the second strategy, we sorted aliquots of 1, 25, 50, 75 and 100 Lin Sca-1"CD45
FSC or SKL CD45" cells per well with confluent OP9 layer. After 5 days of co-culture,
medium and trypsinized cells from a well were washed, centrifuged, suspended in 150 pl of
serum-free expansion medium, supplemented with 20% of BIT 9500 serum substitute, mSCF,
mlL-3, hEPO and hTPO as described above and seeded in well on non-adherent round-bottom
96-well plates. After 14 days wells with colonies were counted. Frequency of cells with
clonogenic potential within studied population was estimated using the limiting dilution method.
Logio of percentage of negative wells in given sorted cell concentration was plotted against
sorted cell concentration. Next, by using linear regression and Poisson distribution statistics, the
number of cells in a given population consisting of one clonogenic cell was calculated as that

corresponding to value of 37% negative wells.

TUNEL assay on sorted cells

Cells were sorted on poli-L-lysine coated slides according to protocol proposed by Ema
and co-workers [22]. Chromatin fragmentation was examined with TUNEL assay (FragEL™
DNA Fragmentation Detection Kit, Calbiochem) according to the manufacturer's instruction.

The cells were analyzed using Nikon Eclipse Ti (Nikon) fluorescence microscope.

Erythroblast in-vitro enucleation

Process of erythroblast enucleation was studied ex vivo following the method described
by Yoshida and co-workers [216]. Bone marrow cells were isolated and stained using CD45-
FITC and Terl19-PE antibodies. The 225,000 of CD45 Ter119" erythroblasts were sorted per
well of 24-well plate by means of MoFlo XPD cell sorter. Part of sorted population was stained
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immediately after sort (with Lineage, CD45, Sca-1, c-Kit, CD105 antibodies, and Hoechst;
CD45 and Terl119 antigens were labeled with the antibodies used for erythroblasts sorting) and
analyzed by flow cytometry (LSR-II). Remaining sorted cells were incubated in aMEM medium
(Lonza) with 10% FBS (37 °C, 5% CO,). After 1 h, 2.5 h and 6 h cells were collected, stained as
described above and analyzed by flow cytometry. Additionally, cells from the whole bone

marrow were stained directly after isolation and analyzed in the same way.

RNA isolation, RT-PCR and real-time PCR

Total cellular RNA was purified by phenol/chloroform extraction. Reverse transcription
was performed with M-MuLV Reverse Transcriptase (Finnzymes) and oligo(dT) primers
(Promega). When indicated, the DNase I treatment of RNA prior to reverse transcription was
performed using the RNase-Free DNase Set (Qiagen) for 15 minutes in room temperature,

followed by heat-inactivation.

PCR reaction was conducted with Taq polymerase (Promega) using the following
conditions: 95°C for 5 minutes, 40 cycles of 95°C for 30 seconds, annealing temperature for 30
seconds, and 72°C for 45 seconds, with final elongation at 72°C for 5 minutes. Following
primers were used in the study: Oct-4A Forward — 5'-CCC CAA TGC CGT GAA GTT GGA
GAA GGT-3', Oct4B Forward — 5-ATG AAA GCC CTG CAG AAG GAG CTA GAA CA-3,,
Oct4A and Oct4B Reverse — 5'-TCT CTA GCC CAA GCT GAT TGG CGA TGT G-3',
according to Mizuno and Kosaka [217], EF-2 Forward — 5’-GCG GTC AGC ACA CTG GCA
TA-3" Reverse — 5’-GAC ATC ACC AAG GGT GTG CAG-3’ acted as endogenous control.
Additionally, set of primers designed by Kucia et al. [56] was used: Oct-4 Forward — 5'-ACC
TTC AGG AGA TAT GCA AAT CG-3', Oct-4 Reverse — 5'-TTC TCA ATG CTA GTT CGC
TTT CTC T-3'. Agarose gel electrophoresis (3% agarose in TAE buffer) of the PCR products

was performed according to standard laboratory protocols.

Quantitative real-time PCR (qPCR) with melt curve analysis of the amplified products
was carried out using the StepOne Plus cycler (Applied Biosystems) and SYBR® Green
JumpStart™ Taq ReadyMix™ (Sigma-Aldrich).

Single cell gPCR or analysis of HO-1 mRNA expression in bone marrow was performed
with AmpliSpeed system (Beckman Coulter Biomedical, Germany). The single cells per fields,

or 50 cells per field in case of HO-1 analysis in bone marrow, were sorted on AmpliGrid slides
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and dried overnight in 4 °C. Then, a reverse transcription reaction was carried out with NCode™
VILO™ miRNA cDNA Synthesis Kit (Life Technlogies, USA) directly on the slide on
AmpliSpeed cycler. The obtained cDNA was used for qPCR reaction.

Next generation sequencing (NGS) and transcriptome analysis

For transcriptome analysis material from 2 mice was pooled and treated as one
independent sample to increase amount of starting input. For NGS experiments RNA was
isolated with Single Cell RNA Purification Kit (Norgen, Biotek) according to manufacturer’s
protocol, with the difference, that final elution was done 4 additional times with the same elution

buffer (14 pl). Cells were sorted directly to 100 ul of lysing buffer.

After the isolation of RNA, the quality of the isolated material was checked by capillary
electrophoresis using Bioanalyzer system and PicoRNA Kit (Agilent). Although, we observed
contamination with DNA, the RNA was intact with no signs of degradation (Fig. 2.5A). As the
following protocol is not sensitive for DNA contamination and the RNA amounts were very low,

we did not treat the samples with DNAse.

To prepare libraries for NGS we applied protocol based on SMARTer technology and
followed the protocol explained in details in work by Picelli et al. [218]. In general, the strategy
is based on reverse transcription with simultaneous template switching be means of locked
nucleic acid (LNA) primers. The LNA primers are complementary to the 2-5 untemplated
nucleotides introduced by the Moloney murine leukemia (M-MLV) reverse transcriptase at the
end of 3’ ¢cDNA transcript. In the next step the obtained cDNA is amplified by PCR. Number of
PCR cycles depended on the initial amount of RNA in input material and varied between 16 to
20 cycles. The product was cleaned up by Ampure XP beads (Beckman Coulter) with 1:0.6
(DNA/beads) ratio and checked by capillary electrophoresis using High Sensitivity DNA Chip
(Agilent) (Fig. 2.5B). The tagmentation, adapter ligation including indexing and final enrichment
PCR was done using Nextera XT Kit using ~200 pg of amplified DNA for tagmentation. The
final bead clean up was done using 1:0.6 (DNA/beads) ratio. The quality and concentration
analysis of prepared libraries were checked by High Sensitivity DNA Chip (Fig. 2.5C).
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Fig, 2.5 Preparation of libraries from RNA for NGS. (A) Quality check of isolated RNA showing
intact RNA, with some gDNA contamination. (B) cDNA after reverse transcription and PCR

preamplification. (C) Final libraries after tagmentation and enrichment PCR.

The 32 samples were pooled and sequenced on 2 lines of NextSeq500 instrument
(Illumina).with 75 bp single-end reads by EMBL Gene Core (Heidelberg, Germany). The
average number of reads was ~20 milions/sample. The reads were aligned to mm10 reference
mouse genome by BWA mapping software [219] and lead to average ~10 milions of uniquely

mapped reads/sample.

The analysis of differential gene expression was performed using DESeq2 method with
default settings [220] in R programming environment. The expression results were further used
for gene set enrichment analysis (GSEA) and pathway enrichment analysis. The GSEA was done
using Reactome database [221] and ReactomePA package (Yu G. ReactomePA: Reactome
Pathway Analysis. R package version 1.12.3.). For the pathway enrichment analysis we used
Gene Ontology Biological Process [222] database and classical hypergeometric test on first 1000
genes with the lowest p-value using GOStats package [223]. Enrichment analysis based on

KEEG database [224] was done using GAGE package [225].

All the R-scripts used to analyze data are in the Supplementary Data attached on separate
DVD.
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Production of lentiviral vectors and transduction of HSC

LeGO-G2 vectors were used to transduce sorted HSC [226]. Plasmids required for vector
production were kindly provided by Dr Boris Fehse. The lentiviral vectors were produced by
transfection of HEK293T cells with LeGO-G2 vectors together with psPax2 and PMD2G
packaging plasmids using addition of polyethylenimine. After 48 hours supernatant with viral
vectors was collected, filtered through 0.8 pm low binding filter (Cornig) and centrifuged
23000g for 3 hours in 4°C. The supernatant was discarded, pelleted vectors were suspended in
~70 ul of remaining volume, aliquoted and freezed -80°C. The titer of the vectors was estimated
by transduction of known number of HEK293 cells and evaluation of GFP" transduced cells by
flow cytometry.

For HSC transduction, 540 cells were sorted per 96-well plate into 150 pl of serum free
medium (StemSpan SFEM, Stem Cell Technologies), supplemented with 20% of BIT 9500
Serum Substitute (Stem Cell Technologies), 100 ng/ml mSCF and hTPO (Peprotech), 5 pg/ml
polybrene and lentiviral vectors at 100 MOI, according to the protocol proposed by
Mostoslavsky et al. [227]. After 12 hours of transduction all sorted 540 cells were collected,

mixed with bone marrow rescue cells and transplanted to one recipient mice.

HSC and bone marrow transplantation

For transplantation of HO-1"* and HO-1"" LT-HSC to HO-1""" mice we used mice that
were generated by crossing of HO-17" mice on mixed BI6/FVB background with C57BL/6-
Tg(UBC-GFP)30Scha/J strain. The derived littermates were used for transplantation studies.
Each mice received 1000 GFP™ LT-HSC defined as Lin'c-Kit'Sca-1'CD48°CD150" together
2x10° HO-1"" GFP” bone marrow competitor cells. After 16 weeks we transplanted 1x10° donor-
derived (GFP") bone marrow cells to secondary recipients.

For transplantation of HO-1"" LT-HSC to HO-1"* and HO-1"" mice we did not have
strain matched GFP" mice. Instead, we transduced the LT-HSC with LeGO-G2 lentiviral vector
coding GFP as described above and transplanted 540 cells mixed with 2x10° HO-1""" GFP” bone
marrow rescue cells to one recipient mice. After 32 weeks we transplanted 6x10* donor-derived
(GFP") bone marrow cells to secondary recipients (summarized on Fig. 3.23).

To verify influence of CO on LT-HSC function we sorted 950 HO-1"* GFP* LT-HSC
cells (defined as Linc-Kit Sca-1"CD48 CD150") per well into 150 ul of serum free medium
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(StemSpan SFEM, Stem Cell Technologies), supplemented with 20% of BIT 9500 Serum
Substitute (Stem Cell Technologies), 100 ng/ml mSCF and hTPO (Peprotech). We kept LT-HSC
ex-vivo in this medium for 36 hours in 3% O,, 5% CO,, 92% N, atmosphere or at the same
condition but supplemented with 250 ppm CO. After 36 hours cells were collected and 950 LT-
HSC mixed with HO-1"" GFP™ 2x10° rescue bone marrow cells were transplanted into one

recipient mice.

Mice were irradiated in University Children’s Hospital of Cracow with help of Dr Jacek
Kijowski. All recipient mice were myeloablated by whole body irradiation with *’Cs y source at
110 ¢Gy/min. Mice received total dose of 900 cGy divided in two parts given within 4 hours.

The transplanted cells were delivered by tail vein injection 24 hours after last dose.

The peripheral blood chimerism was checked by submandibular bleeding from the mouse
cheek and analyzed in B cells, T cells and granulocytes as shown on Fig. 2.6. The chimerism in

bone marrow was checked after scarifying recipients at last time-point.
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Immunochemistry of the tibias

Both decalcified and non-decalcified femurs were analyzed. In the decalcification
protocol bones were fixed in 4% PFA overnight at room temperature. Bones were washed with
PBS for 15 minutes, decalcified in 8% HCI for 2 hours and suspended in 30% sucrose overnight
in 4°C.

In the non-decalcification protocol bones were fixed in 4% PFA for 4 hours at at room
temperature, washed 10 minutes in PBS, put to 12% sucrose for 10 minutes and then in 25%

sucrose overnight at room temperature.

The bones were frozen in Tissue-Tek OCT medium (Sakura) in liquid nitrogen-cooled
isopentan and 10 um thick sections were cut on cryostat (Leica). The sections were post-fixed
with 2% PFA for 15 min. To analyze HO-1 expression on the sections SPA-894 rabbit antibody
was used (Enzo Life Sciences, dil. 1/200, overnight at room temperature) followed by staining
with goat anti-rabbit antibody conjugated with Alexa 488 dye (Abcam, ab150077, dil. 1/400, 30
min. room at room temperature). Sections stained with secondary, but without primary antibody
were used as controls. Goat serum was used to block unspecific binding of secondary antibody.

Sections were analyzed using Nikon Eclipse Ti (Nikon) fluorescence microscope.

Measurement of CO concentration and heme oxygenase activity in bone marrow

Bone marrow was flushed with 5 ml of PBS within ~5 minutes as described above. The
cell suspension was directly centrifuged (600g, 5 min, 4°C), and supernatant were carefully
removed. The remaining pellets were frozen in -80°C and CO concentration and heme oxygenase
activity was analyzed in a blinded manner by gas chromatography by Dr Luci Muchova (Charles
University in Prague). The activity of heme oxygenase was evaluated as CO produced within 20
minutes after adding the reaction substrate NADPH. The obtained results were normalized to

protein content in samples.

Measuring ATP concentration in sorted cells

To measure ATP in sorted hematopoietic stem and progenitor cells we applied ATP

Bioluminescence Assay Kit HS II (Roche) based on light generation that is proportional to
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amounts of ATP in the sample. 1000 cells were sorted to 20 ul of Dilution Buffer and ATP was
extracted by adding the same volume of the provided Cell Lysis Buffer. The luciferase substrate
was added by automatic injection station of the plate reader (Tecan), and signal was measured 2
seconds after adding the substrate and integrated for 10 seconds. The quantitative analysis of

ATP content in the cells was done based on the ATP standard curve.

Statistical analysis

Data are presented as mean + standard deviation. Unpaired t-test was used to analyze
differences when two groups were compared. One-way ANOVA with Bonferroni post-test was
applied when more than two groups were compared. When experimental scheme included two
variables eg. time and genotype, two-way Anova test was performed. In this case, statistical
significance of a given variable was shown only when no significant interaction between
variables was detected. Otherwise, only the Bonferroni post-test was performed to analyze of the
differences in a given condition are statistical significant. When the data showed non-normal
distribution, eg. in case of some transplants, logarithmic normalizations was performed to
visualize and analyze data. Significance of proportions was assessed using Fisher exact test.
Results were considered as significant when p<0.05. The graphs design and statistical analysis

were done using GraphPad Prism 4 and 6 software (GraphPad Software).
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RESULTS

PART | — Verification if the non-hematopoietic fraction of Lin'Sca-1"CD45 from adult

bone marrow give rise to blood cells

This part of results was already published in [228]:

Szade et al. Murine Bone Marrow Lin—Sca-1+CD45— Very Small Embryonic-Like (VSEL) Cells
Are Heterogeneous Population Lacking Oct-44 Expression. (2013) PLoS ONE 8(5): e63329.

Expression of c-Kit and KDR distinguishes three subpopulations among Lin Sca-1'CD45"

cells in murine BM

The murine VSELs, claimed to be pluripotent, were originally defined by the Lin Sca-
1"CD45" phenotype and small size [56]. Here, we investigated if additional markers can be used

to select more homogenous population with better stemness characteristics.

Flow cytometry analysis revealed that within the Lin"Sca-1"CD45™ population, the c-Kit
and KDR (Flk-1) surface expression can be used to recognize three distinct subsets: c-Kit KDR",
c-Kit'KDR™ and ¢c-Kit KDR™ (Fig. 1A). A few c-Kit'KDR" events were also detectable, but their
number was too low to reliably confirm the presence of a distinct subpopulation. The frequency
of total Lin'Sca-1"CD45  cells in murine BM equaled 0.0316% =+ 0.0179% of all nucleated cells
(Fig. 1A). Within Lin'Sca-1'CD45  subsets, the c-KitKDR" was the rarest subpopulation
(0.0039% + 0.00014%), while c-Kit' KDR™ and c-KitKDR™ were more frequent (0.0132% =+
0.0094% and 0.0156% = 0.0106%, respectively) (Fig. 3.1A).

Backgating of each Lin'Sca-1"CD45 subset showed that c-KitKDR" cells possessed
higher Sca-1 expression comparing to c-Kit'KDR™ and c¢-Kit KDR™ subpopulations (Fig. 3.1B).
Importantly, according to FSC/SSC values, all cells characterized as c-Kit KDR" within Lin"Sca-
1"CD45" population were relatively big (Fig. 1C) and thus, could not be classified as VSELs. In
contrast, entire population of c-Kit KDR' cells showed uniform low FSC/SSC values (Fig. 3.1C),
whereas c-Kit KDR™ cells did not exhibit homogenous FSC/SSC characteristics, being dispersed
from very small to relatively big cells. The results indicated that within Lin"Sca-1"CD45
subpopulation only the c-Kit positive fraction, and part of double negative subset, with its
restricted FSC'*SSC'°" characteristic, fulfills size criterion of VSEL cells.

Next, the absolute size of the Lin'Sca-1"CD45 ¢c-Kit" was measured using the ImageStream

system, as done previously for VSELs [229]. This method allowed gating of cells in similar
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manner to that presented for flow cytometric analysis (Fig. 2.3). The diameter of unfixed Lin Sca-
1"CD45¢c-Kit" was assessed as 6.8+2.4 pm and was significantly smaller (p<0.001) when
compared to the diameter of hematopoietic progenitors (11.4+0.7 pum), defined as Lin Sca-
1'CD45"¢c-Kit" (Fig. 1D). The diameter of red blood cells was 6.2+ 0.6 um and did not differ
significantly from LinSca-1"CD45¢c-Kit" subpopulation (Fig. 3.1D). The size distribution of Lin’
Sca-1"CD45¢c-Kit" clustered around the measured mean (44.2% of cells were included within 5-8
um range), but events with diameter of 2-4 um or bigger than 8 pm could be also detected (Fig.
2.4). We found that the outliers were enriched in debris as visualized with Image Stream.
Moreover, those with diameter between 2-4 um were too small to confirm reliably their cellular
morphology by Image Stream examination (Fig. 2.4).

Additionally, the size of Lin'Sca-1'CD45¢c-Kit subpopulation was assessed. Consistent
with flow cytometry analysis (Fig. 3.1C), bimodal size distribution of this subset could be
visualized by Image Stream (Fig. 2.4). Cells with diameter within 5-8 um range accounted for
41.83%, while cells larger than 8 pm accounted for 52.29% of events, with means of 7.06 um +
0.48 pm and 9.27 um =+ 1.14 pm, respectively. Events with diameter within 2-4 um range were
hardly detectable (3.27%) (Fig. 2.4).

The cell shrinkage resulting in a lower FSC values is the feature typical for cells
undergoing apoptosis [230]. We tested all three Lin'Sca-1"CD45 subsets for the presence of an
apoptotic marker, phosphatidylserine on a cell surface, labeling them with annexin V. The c-Kit’
KDR " and c-Kit'KDR' subsets hardly presented annexin V binding, while more than half of c-Kit’

KDR’ cells were annexin V positive, showing also predominantly lower FSC values (Fig. 3.2).
Adult murine BM and LinSca-1"CD45 FSC"" cells lack expression of Oct-4 mRNA

Expression of Oct-4 was demonstrated as one of molecular hallmarks of pluripotency in
VSELSs [56]. Given that Lin'Sca-1"CD45 population is heterogeneous, we wanted to evaluate

the level of Oct-4 mRNA expression in each subset.

We used 2 sets of primers proposed by Mizuno and Kosaka [217] to examine Oct-4
expression. One set detects only longer isoform (Oct-4A) and second set detects also shorter
(Oct-4B) splicing isoform of murine Oct-4 mRNA. Unexpectedly, qRT-PCR revealed that
there is neither Oct-4A nor Oct-4B expression in sorted LinSca-1"CD45FSC*"
subpopulation, despite a strong positive signal obtained from ESD3, mouse embryonic stem cell
line (Fig. 3.3A). Accordingly, we did not detect Oct-4A and Oct-4B expression in whole murine
BM (Fig. 3.3A).
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Fig. 3.2 Binding of annexin V on Lin'Sca-1"CD45 subpopulations.

To exclude the possibility that among tested populations there were only few cells that
expressed Oct-4A, what could be masked by majority of Oct-4 negative cells, we performed also
a single cell RT-PCR analysis of Oct-4A and Oct-4B expression in the Lin'Sca-1"CD45 FSC""
VSELs sorted on the AmpliSpeed grid slides (Fig. 3.3B,C). No specific signal was detected in
the no-RT and no-template controls (Fig. 3B). Oct-4A and Oct-4B mRNA was found in 38.1%
(16/42) and 52.4% (22/42) of sorted ESD3 cells, respectively, while no positive cells (0/44) were
detected in single-sorted Lin Sca-1"CD45 FSC"" population (Fig. 3.3C).

Because our results were inconsistent with those published by Kucia and colleagues, who
had demonstrated the presence of Oct-4 mRNA in BM-derived or liver-derived VSELs [56, 231,
232], we carried out an additional analysis employing primers described in the previous reports
[56, 231, 232]. In this case, we were able to detect the product of expected length (70 bp) both in
whole BM and in sorted VSEL population (Fig. 3.3D). However the same product was present in
samples where no reverse transcription (RT) reaction was performed (Fig 3.3D), indicating a
false positive result caused by possible detection of pseudogenes. Indeed, blasting the sequences
of primers with mouse genomic DNA (Primer Blast global alignment algorithm [233]) evidenced
that while primers proposed by Mizuno and Kosaka [217] did not show any complementarity to
genomic Oct-4 pseudogenes, those used in reports by Kucia and colleagues [56, 231, 232] bound
to genomic sequence on chromosome 3, which contains Oct-4 pseudogenes [217, 234].
Moreover, they may amplify also the genomic sequence on chromosome 17 corresponding to
functional Oct-4 gene. The detected few mismatches are not located within 3' end of the primers
and are unlikely to completely prevent amplification of described products on genomic DNA
(gDNA). Importantly, the predicted length of product for those primers on Oct-4A cDNA is the

same as for products amplified on genomic sequence.
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To verify if amplification of genomic sequences may explain the false positive results, we
performed the real-time PCR for Oct-4 gene on the gDNA, coupled with melt curve analysis.
Melt curves for any of trace products that appeared when using Mizuno and Kosaka primers
[217] were considerably different than that from positive control of ESD3-derived cDNA (Fig.
3.4). In contrast, primers applied by Kucia and colleagues [56, 231, 232] led to amplification of
products both on gDNA template and in no-RT control, with melt curve highly similar to that
from BM cDNA or from positive control (Fig. 3.4). Treatment of total RNA with DNase I prior
to reverse transcription clearly affected the amplification of Oct-4 (Fig. 3.4), while did not
change the generation of product from control EF-2 gene. This confirms that primers used by
Kucia and co-workers [56, 231, 232] can amplify Oct-4 pseudogenes sequences carried over

with genomic DNA contamination.
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gDNA contamination affects detection of Oct-4 product when using both set of primers.

Lin'Sca-1"CD45  cells do not form single cell-derived hematopoietic colonies in vitro assay

LinSca-1"CD45" cells were reported to give rise to hematopoietic colonies in vitro in OP-9
co-culture assay, although hematopoietic potential of freshly isolated VSELs has not been
observed [235]. Lin'Sca-1"CD45¢c-Kit 'KDR™ subpopulation, being positive for Sca-1 and c-Kit
while negative for lineage markers (LKS phenotype — Linc-Kit'Sca-1"), overlaps with
classically defined hematopoietic stem cells (HSC). Therefore we used a single cell-derived
hematopoietic colony test to check whether Lin'Sca-1"CD45 ¢c-Kit FSC'®™ subset may contain
the clonogenic hematopoietic cells. Sorted cells were cultured in a chemically-defined serum-
free medium to exclude the possibility of blocking the colony growth by unknown serum factors.
The Lin'Sca-1"CD45"¢c-Kit" population was used in parallel as a positive control. Doublets and
DAPI" cells were excluded in sorting strategy.

Colonies were formed in 51.4% (38/74) of wells with single Lin'Sca-1"CD45 ¢c-Kit" cells
(Fig. 3.5A). The Wright's staining revealed the presence of progeny derived from different
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hematopoietic lineages within a single colony (Fig. 3.5B), proving the multipotency of sorted
cell, although the contribution of particular cell lineages varied between the wells. There were
also some colonies formed by morphologically homogenous cells, originating possibly from a
more differentiated progenitor (Fig. 3.5C). In contrast, none of Lin'Sca-1"CD45 ¢c-Kit" FSC"Y
(0/76) gave rise to a colony (Fig. 3.5A).
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Fig. 3.5 Verification of hematopoietic potential of Lin'Sca-1 CD45cKit™ or Lin Sca-
1"CD45"cKit" (positive control) cells by single cell-derived colony in-vitro assay.
(A) Quantitative analysis of colony formation efficacy. (B,C) Examples of a colonies formed by
Lin'Sca-1"CD45" cKit " cells

Conventional gating strategy for LKS CD34" cells [8, 22] revealed the presence of minor
LKS CD45°CD34" subpopulation in murine bone marrow (Fig. 3.6A). Moreover, we were able to
distinguish population defined as KLS CD45°CD105" (Fig. 3.6A), thus expressing the CD105
marker, shown to enrich for LT-HSC [12, 236]. Subsequent analyzes revealed that more than
70% of LKS CD45CD105" are CD34 negative (Fig. 3.6A) showing that SKL CD45CD34 and
LKS CD45CD105" are highly overlapping. Consistently, both of these subpopulations showed
FSC"™ characteristics. The frequencies of cells defined as LKS CD45CD34™ or LKS CD45"
CD105" in murine bone marrow measured by the flow cytometry were 0.0079% = 0.0026% and
0.0057% = 0.0023%, respectively (Fig. 3.6B), what is similar to the frequency of LT-HSC in
mouse bone marrow demonstrated by the bone marrow transplant experiments [237, 238]. LKS
CD45CD105" subsets substantially overlapped with  Lin'Sca-1'CD45 ¢c-Kit FSC"™
subpopulation, with more than 70% of Lin"Sca-1"CD45¢-Kit FSC"*™ being CD105-positive.
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Further phenotyping of LKS CD45CD34 and LKS CD45°CD105" cells demonstrated that
they do not share all characteristics of LT-HSC. Analysis of the signaling lymphocyte activating
molecule (SLAM) markers [7], revealed that the LKS CD45CD34" were CD48CD150", in
contrast to the LKS CD45'CD34  cells, part of which displayed the CD48°CD150" phenotype
(Fig. 3.6C). Moreover, differently than LKS CD45'CD34 population, the LKS CD45CD34
counterpart did not contain the CD49f-positive or CD90™ cells and showed lower percentage of
the CD90"" subset (Fig. 3.6C).

CD105 expression is not only a characteristic feature of LT-HSC cells [12, 236], but is also
typical for erythroid precursors [239, 240], which additionally have downregulated CD45 level
[241]. Therefore, expression of CD71, the erythroid marker [242], was evaluated on LKS CD45
CD105" cells. As shown in Fig. 3.6D majority of LKS CD45CD105" cells did not have CD71,
what suggested this population was distinct from CD71-positive early erythroid precursors.

Next we checked whether the Lin'Sca-1"CD45¢-Kit'CD105" cells display a clonogenic
hematopoietic potential. The LKS CD45°CD105%™ population was used in parallel as positive
control (CD105 is expressed on LKS CD45" at lower level than on LKS CD45CD105", Fig.
3.7A). Again, in a single cell-derived hematopoietic colony in vitro assay the colonies were formed
in 50% of wells (40/80) with single LKS CD45'CD105%™ cells (Fig. 3.7A,B) and all of them
contained progeny derived from different hematopoietic lineages (Fig. 3.7B). In contrast, only 1
out of 120 sorted single SKL CD45CD105 cells (0.83%) gave rise to a colony (Fig. 3.7A). This
efficacy did not overcome sorting purity limits, thus we conclude that SKL CD45CDI105"

subpopulation did not show hematopoietic stem cell activity in the performed assay.
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Fig. 3.7 (A) Quantitative analysis of colony formation efficacy by LKS CD45CDI105" and
LKS CD45"CD105™ (positive control) cells in single cell-derived colony in vitro assay. (B)
Representative colony formed by LKS Sca-1"CD45"CD105"™ cells.
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In the last step of analysis we verified if hematopoietic potential of any subpopulations
within Lin'Sca-1"CD45FSC'™" fraction could be induced by co-culture with OP9 cells as
suggested before [235]. To this aim, 1,000 Lin'Sca-1'CD45FSC'" or LinSca-1'CD45"¢c-Kit"
cells from BM of GFP" mice were sorted onto well of 96-well plate with confluent OP9 culture.
After 4 days of co-culture, the GFP" cells from the co-culture were planned to be sorted for a
single cell-derived hematopoietic colony assay as described above. However, Lin'Sca-1"CD45
FSC"Y cells expressed GFP at lower levels than Lin'Sca-1"CD45 ¢c-Kit" counterparts during the
sort for OP9 co-culture (Fig. 3.8A) and completely lost GFP expression after 4 days of co-culture
with OP9 (Fig. 3.8B), what made testing their hematopoietic potential by single-cell method
impossible. In contrast, the Lin'Sca-1"CD45 ¢c-Kit" population sustained high GFP expression
after co-culture with OP9 (Fig. 3.8A,B), and 35.5% (38 of 107 sorted wells) of single sorted
GFP" cells formed hematopoietic colonies (Fig. 3.8C).

The observed decline of GFP expression in Lin'Sca-1"CD45FSC"" fraction may be
caused by death of the cells during co-culture with OP9 feeders or by deactivation of the

low

promoter driving the GFP expression in Lin"Sca-1"CD45FSC" population. To exclude the
latter possibility, we sorted from 100 to 1 LinSca-1"CD45FSC®" or Lin'Sca-1"CD45 ¢c-Kit"
cells per well of 96-well plate with confluent OP9 culture and after 5 days all cells, including
OP9 cells, were transferred to hematopoietic differentiation media. The limiting dilution analysis
revealed that approximately 1 per 48 sorted Lin'Sca-1"CD45 c-Kit" cells displayed the colony
forming ability (Fig. 3.8D,E) while no colony growth was observed in Lin"Sca-1"CD45FSC""
group (Fig. 3.8E). This indicates that LinSca-1'CD45FSC"" population did not possess

hematopoietic cells with clonogenic potential even after priming with OP9 cells.

Lin'Sca-1"CD45 ¢-Kit"CD105" population consists of early apoptotic cells

Lack of colony-forming capacities of the LKS CD45CD105" cells prompted us to more
detailed investigation of their viability. Backgating has revealed that this population, despite
being Annexin-V negative (Fig. 3.9A), was enriched in DAPI" events, when compared with
LKS CD45" fraction. Nevertheless, most of these cells (>70%) were DAPI-negative, indicating
an intact cell membrane (Fig. 3.9B). Moreover, DAPI" cells were excluded during the single cell
sorting and were not taken for hematopoietic assay. Interestingly, all LKS CD45CD105" cells
stained highly with Hoechst 33343, with the signal over one order of magnitude higher than that
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from LKS CD45" subset (Fig. 3.9C). This excluded a possibility that the difference resulted from a
distinct cell cycle status. Instead, increased permeability for Hoechst may be one of early apoptosis
symptoms [243]. Therefore, we sorted 50 cells on the slide glass and analyzed them using TUNEL
assay [244] (Fig. 3.9D,E). It turned out that 83.3% of LKS CD45CD105" cells showed chromatin
fragmentation, while all control LKS CD45" were TUNEL-negative.

Summing up, LKS CD45°CD105" cells had intact cell membrane, did not bind annexin V,
but showed increased permeability for Hoechst 33342 dye and displayed chromatin fragmentation,

which altogether indicates that the population most possibly consisted of early apoptotic cells.
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Fig. 3.8 Hematopoietic differentiation after OP9 co-culture. (A) Expression of GFP among Lin
Sca-1" CD45FSC™" and Lin'Sca-1"CD45" c-Kit" isolated from the BM of C57BL/6-Tg(UBC-
GFP)30Scha/] mice (B) GFP expression after 4 days co-culture with OP9 cells. (C)
Representative colony formed by single Lin'Sca-1"CD45 c-Kit cell that was sorted from co-
culture with OP9. (D) Representative colony formed by single Lin'Sca-1"CD45 c-Kit™ co-cultred
with OP9 after transferring to hematopoietic differentiation media. (E) Limiting dilution analysis
of colony forming cells co-cultured with OP9 cells.
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Fig. 3.9 Viability of SKL CD45°CD105" and SKL CD45 CD105™ cells. assessed by (A) annexin
V on cell surface,. (B) DAPI and (C) Hoechst 33342 staining. (D,E) TUNEL analysis of sorted
subset revealed chromatin fragmentation in LKS CD45CDI105" cells, but not in LKS CD45"
population.

LKS CD45CD105" events in mouse BM may origin from nuclei expelled from
erythroblasts

Given that Lin'Sca-1"CD45¢c-Kit'CD105" events seemed to be early apoptotic cells, we
aimed to determine the possible ancestor population that they can derive from.

Features such as small size, high staining with nuclear dye and integral membrane
resembles characteristics of nuclei expelled from erythroblasts during erythropoiesis (so called
pyrenocytes) [216, 245]. Yet, there are no data indicating if the expelled nuclei could share
LKS CD45CD105" marker profile. To verify if the origin of BM Lin"Sca-1"CD45¢-Kit'CD105"

cells can be associated with enucleation process, we sorted Ter119'CD45™ erythroblasts from a
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bone marrow and incubated them ex vivo for 6 hours in 37°C to induce the enucleation process
[216]. During time of incubation the kinetic of formation of small LKS CD45CD105" events,
highly stained with Hoechst 33342, was evaluated (Fig. 3.10A).

All gates were set in the same manner as for the LKS CD45CD105" cells in whole bone
marrow samples (Fig. 3.6, Fig. 3.10A). Immediately after erythroblast sorting the LKS CD45"
CD105" events were barely detectable. However, their number significantly increased with the
incubation time (Fig. 3.10A). These data suggest that nuclei expelled from the erythroblasts can
transiently present LKS CD45°CD105" phenotype. Accordingly, we observed similar increase in
a number of events defined as classic VSELs (Lin'Sca-1"CD45FSC"") (Fig. 3.10B). Thus, it is
likely that LKS CD45°CD105" and Lin Sca-1"CD45 FSC"" populations isolated from the bone

marrow can include the nuclei released during erythropoiesis.
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Fig. 3.10 Phenotype of nuclei expelled from ex vivo cultured erythroblasts. (A,B) Gating strategy and analysis
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PART Il — Verification if HO-1 protects HSC from premature aging

HO-1 deficiency disturbs blood cell counts

In the first step we checked how lack of HO-1 affects the complete blood cell count in
young (3-month old) mice. We observed elevated white blood cell counts (WBC) in HO-1""
mice. HO-1-deficiency caused global myeloid shift in blood composition: granulocytes and
monocytes were more frequent while the lymphoid fraction was decreased (Fig. 3.11).

Other affected parameters regarded red blood cells (RBC). While total number of red
blood cells was only slightly and not significantly decreased, the mean RBC hemoglobin (MCH)
as well as mean RBC volume (MCV) were significantly lower in HO-1"" mice (Fig 3.11). The
affected RBC biology in HO-1"" mice was also reflected by higher RBC width distribution
(Fig. 3.11). Other blood cell counts were not affected (Fig 3.11).

Summing up, the HO-1 deficiency affected main blood cell parameters.
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Fig. 3.11 Complete blood cell counts in young (3 month -old) HO-1"" mice. n = 6/group



The pool of hematopoietic stem and progenitor cells is expanded in HO-1"" mice

The myeloid shift (Fig 3.11) that characterized HO-1"" mice is one of the main age-
acquired declines of hematopoietic system originating already from HSC (see section “Aging of
HSC” in “Introduction” chapter). Therefore, we checked if the HO-1 deficiency affects HSC
pool, both in young (3-month old) and old mice (12-month old).

We observed increased frequency of long-term HSC (LT-HSC), short-term HSC (ST-
HSC) and multipotent progenitors (MPP) in HO-1"" mice in young mice (Fig 3.12). The total
cellularity of bone marrow was not changed, thus the total numbers of hematopoietic stem and
progenitor cells were also higher in HO-17" mice (Fig 3. 12).

The hematopoietic stem and progenitor cells were expanded in 12-month old animals (5.7
and 4.3 fold change of total number of HSC vs. young animals in HO-1"" and HO-1"" mice,

respectively), but no changes between the genotypes were observed.

HSC from HO-1"" mice lost quiescence

The LT-HSC cells were shown to be mainly in quiescent GO cell cycle phase and do not
actively proliferate (see section “Different function of HSC and MPP: quiescence versus
proliferation” in “Introduction” chapter). Indeed, we observed that most young HO-1"" LT-
HSC exited cell cycle as only 11,5 £ 12.6 % of cells were in active G1 cell cycle phase and only
3.3 £ 2.9% proliferated (counted as cells in S/G2/M cell cycle phases) (Fig. 3.13). In contrast,
significantly more young HO-17" LT-HSC were in G1 cell cycle (24.2 + 10.7 %) and proliferated
(9.1 £4.0 %) (Fig. 3.13). Oppositely to dormant LT-HSC, there were no changes between
genotypes among MPP population (Fig. 3.13).

We checked also the cell cycle status in older (6-12 month old mice) LT-HSC and MPP.
Still more LT-HSC from older HO-1" mice were in G1 cell cycle phase, but there was no
differences in percentage of proliferating cells (Fig. 3.13). Similar to young mice, there were no
differences in cell cycle status among MPP between genotype (Fig. 3.13).

Concluding, young HO-17" LT-HSC were in more activated and proliferative state, but
during aging stopped the extensive proliferation. The observed alterations of cell cycle were

unique to LT-HSC and were not observed in MPP.

78



Young mice (8-12 weeks old)
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Young mice (8-12 weeks old)
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Fig. 3.13 Cell cycle status of young and old LT-HSC and MPP isolated from HO-1"" and
HO-1"" mice. LT-HSC defined as LKS CDI50°CD34, MPP as LKS CDI50°CD34".

n =8 — 17 group, results from 2-3 independent experiments.
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HO-1 deficiency is linked with DNA damage in LT-HSC and MPP

It is known that LT-HSC acquire DNA damage during aging [82]. Given that we
observed aging features (myeloid bias and expansion of stem cell pool) already in young HO-1"
mice, we evaluated DNA damage in young HO-1"* and HO-1"" hematopoietic stem and
progenitor cells as next marker of LT-HSC aging. To estimate DNA damage we checked
presence of YH2aX phosphorylated at serine 139 (pS139), which is involved in repair of double
DNA breaks [246].

We observed more LT-HSC and MPP with high expression of pS139-yH2aX in HO-1""
mice, indicating that the young HO-1-deficient LT-HSC and MPP possess more DNA damage
(Fig. 3.14).

LT-HSC MPP
- 60 -
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151 HO-17" - 16.9 %
m - 0 40 - ,!Hzaxh[gh
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Fig. 3.14 Evaluation of pS139-yH2aX expression in LT-HSC and MPP by flow cytometry. Shown

total number of 371 — 2790 cells/group, isolated from 8 mice/group. The chi-square test with Yates

correction was used to test significance of yH2aX"®" cells percentage in a given group.

ATP content is lower in HO-1"" hematopoietic stem and progenitor cells

To verify if HO-1 deficiency may potentially alter metabolism of hematopoietic stem and
progenitor cells, we sorted LT-HSC, ST-HSC and MPP from HO-1"* and HO-1"" mice and
check the cellular ATP levels. The lack of HO-1 significantly decreased ATP levels in ST-HSC
and MPP and had similar trend in LT-HSC (p = 0.07) (Fig. 3.15).
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Fig. 3.15 ATP levels in LT-HSC, ST-HSC and MPP from young HO-1""

and HO-1"" mice. n = 6-1 8/group, two independent experiments shown.

LT-HSC from young HO-1"" mice are functionally defective

We checked function of young HO-1"" LT-HSC in a model of stem cell transplantation in
competitive manner. Purified HO-17" LT-HSC reconstituted the myeloablated host worse than
HO-1"* LT-HSC (Fig. 3.16A). There was less HO-17" donor derived cells among all tested
lineages: granulocytes, B-cells and T-cells (Fig. 3.16A). We did not observed myeloid-bias or
preferential differentiation of HO-17" LT-HSC to any of tested lineages (Fig. 3.16B).

16 weeks after the first transplantation we sacrificed primary recipients, checked
chimerism in BM and transplanted 1x10° donor derived GFP' only whole BM cells into
secondary myeloablated hosts. We observed significantly lower donor-derived chimerism among
ST-HSC and MPP and similar trend among LT-HSC (p = 0.07) in mice transplanted by HO-17"
LT-HSC (Fig. 3.17A)

Till the date of writing this thesis, only short-term chimerism (4 weeks) after secondary
transplantation was checked and no differences between groups were observed (Fig. 3.17B). As
in the secondary transplant we did not transplanted purified LT-HSC, but whole BM, the
function of LT-HSC is expected to be reflected by long-term chimerism. Therefore, the

secondary recipients mice are kept in experiment to continue monitoring the chimerism.
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A Chimerism in BM 16 weeks after LT-HSC transplantation
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Fig. 3. 17 (A) Chimerism in BM 16 weeks after transplantation of HO-1"" HO-1"" LT-HSC.
(B) Chimerism in PB after secondarywhole donor-derived BM transplantation. Till the date

only 4 week time point was measured. n = 7-8/group

Transcriptome profiling of young and old LT-HSC from HO-1"" and HO-1"" mice

In aim to find molecular mechanisms underlying the functional defects and premature
aging of HO-17" LT-HSC we analyzed transcriptome of young and old cells from both genotypes
by next generation sequencing (NGS) applied to analyze RNA expression (RNA-seq).

The exploratory principal component analysis (PCA) revealed the transcriptome of young
HO-17"LT-HSC was distinct from transcriptome of young HO-1"" LT-HSC (Fig. 3.18). It is also
visible that the principal component 2 (PC2) separated young HO-1"" LT-HSC (bottom of the
graph) and grouped young HO-17" LT-HSC together with old LT-HSC from both genotypes
(upper region of the graph) (Fig. 3.18). This indicates that transcriptome of young HO-17" LT-
HSC and transcriptome of old LT-HSC were at least partially similar.
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Fig 3.18 Principal component analysis of transcriptome of young and old LT-HSC from HO-1
and HO-17" mice.

The obtained results of genes expression were further processed by applying Gene Set
Enrichment Analysis (GSEA) [247] (all genes and their fold change included in analysis) method
and pathway enrichment analysis [223] (based on statistical testing of overrepresentation of
selected number of genes revealed by NGS among given set of genes linked with biological
process) based on Reactome, Gene Ontology (GO) and KEEG databases to reveal which
biological processes are altered and may explain differences between HO-1"" and HO-17" LT-
HSC. All RNA-seq data including, expression of all detected genes, all altered pathways detected
by GSEA and pathway enrichment using Reactome, GO (including Biological Processes (BP),
Molecular Function (MF), cellular localization (CC) subbases), and KEEG databases are
provided in supplementary results on attached DVD. The selected altered biological processes
are presented at Table 3.1.

The enrichment map of altered pathways detected by GSEA showed that many of them
are interdependent processes connected with disturbed cell cycle (Fig. 3.19). The expression of
genes connected with cell cycle are presented on Fig. 3.20. The pathway enrichment analysis
based on Reactome and GO databases pointed to similar gene sets and additionally revealed
other altered processes, among them: signaling by TGFB-receptor complex, canonical Wnt

signaling, myeloid cell development, integrin and cell-matrix adhesion.
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enrichment p.adjust

ReactomelD Description set size q values
score value

5992043 G1/S-Specific Transcription 13 0.95 0.02 0.01
5992289 Condensation of Prometaphase Chromosomes 11 0.89 0.02 0.01
5991392 Inhibition of replication initiation of damaged DNA by RB1/E2F1 8 0.84 0.02 0.01
5991207 Chk1/Chk2(Cds1) mediated inactivation of Cyclin B:Cdk1l complex 12 0.80 0.02 0.01
5991393 E2F mediated regulation of DNA replication 28 0.80 0.02 0.01
5991563 Cyclin A/B1 associated events during G2/M transition 14 0.76 0.03 0.02
5991851 Mitotic Prometaphase 99 0.75 0.02 0.01
5991453 Mitotic Telophase/Cytokinesis 14 0.71 0.03 0.02
5991504 Extension of Telomeres 25 0.68 0.02 0.01
5991610 Telomere C-strand (Lagging Strand) Synthesis 23 0.68 0.02 0.01
5991020 G2/M DNA damage checkpoint 16 0.65 0.04 0.03
5991017 G2/M Checkpoints 51 0.65 0.02 0.01
5992050 Nucleosome assembly 40 0.64 0.02 0.01
5991016 Activation of ATR in response to replication stress 37 0.63 0.02 0.01
5991506 Chromosome Maintenance 72 0.63 0.02 0.01
5992122 Kinesins 22 0.62 0.04 0.03
5991502 Mitotic Metaphase and Anaphase 160 0.60 0.02 0.01
5991600 Mitotic Anaphase 159 0.60 0.02 0.01
5990990 G1/S Transition 100 0.58 0.02 0.01
5990991 Mitotic G1-G1/S phases 121 0.56 0.02 0.01
5990978 M/G1 Transition 78 0.56 0.02 0.01
5991578 Transcriptional activity of SMAD2/SMAD3:SMAD4 heterotrimer 38 0.56 0.03 0.02
5991454 M Phase 233 0.55 0.02 0.01
5990981 DNA Replication 99 0.55 0.02 0.01
5990988 S Phase 118 0.54 0.02 0.01
5990987 Synthesis of DNA 95 0.54 0.02 0.01
5991087 mRNA Splicing - Major Pathw ay 116 0.52 0.02 0.01
5990980 Cell Cycle 484 0.52 0.02 0.01
5991358 DNA Damage Bypass 43 0.51 0.04 0.03
5992067 Interferon Signaling 139 0.51 0.02 0.01
5990976 Assembly of the pre-replicative complex 64 0.50 0.02 0.01
5991009 Cell Cycle Checkpoints 122 0.50 0.02 0.01
5992066 Interferon gamma signaling 101 0.49 0.02 0.01
5991209 RHO GTPase Effectors 227 0.48 0.02 0.01
5991457 Mitotic G2-G2/M phases 99 0.46 0.03 0.02
5991449 APC/C-mediated degradation of cell cycle proteins 79 0.46 0.03 0.02
5991450 Regulation of mitotic cell cycle 79 0.46 0.03 0.02
5991456 G2/M Transition 97 0.46 0.03 0.02
5991094 RNA Polymerase Il Transcription 104 0.44 0.04 0.03
5991416 Cell surface interactions at the vascular w all 92 0.43 0.03 0.02
5991124 DNA Repair 132 0.41 0.02 0.01
5991303 Cytokine Signaling in Immune system 264 0.40 0.02 0.01
5991095 Transcription 154 0.40 0.04 0.03
5991210 Signaling by Rho GTPases 338 0.39 0.02 0.01
5991411 Hemostasis 442 0.34 0.02 0.01
5991037 Gene Expression 77 0.32 0.02 0.01
5991024 Metabolism 1440 -0.19 0.03 0.02
5991146 Signalling by NGF 267 -0.26 0.02 0.01
5991979 Sphingolipid metabolism 64 -0.43 0.02 0.01
5991859 Nuclear Receptor transcription pathw ay 49 -0.49 0.02 0.01
5991935 Circadian Clock 25 -0.53 0.04 0.03
5992339 Ephrin signaling 16 -0.64 0.02 0.01
1368110 Bmall:Clock,Npas2 activates circadian gene expression 15 -0.67 0.02 0.01
1368092 Rora activates gene expression 9 -0.77 0.02 0.01

Tab. 3.1 The selected significantly altered (p.adj. < 0.05) gene sets detected by GSEA based

on Reactome database.
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Odds

GOID Description Setsize Overlap Ratio P-value
G0:0034340 response to type linterferon 21 7 10.5 0.00
G0:0042976 Aactivation of Janus kinase activity 11 3 7.84 0.01
G0:0060337 type linterferon signaling pathw ay 17 4 6.43 0.01
G0O:0060338 regulation of type linterferon-mediated signaling pathw ay 13 3 6.27 0.02
G0:0006925 inflammatory cell apoptotic process 18 3 4.18 0.05
GO:0016572 histone phosphorylation 25 4 3.99 0.03
G0:0001953 hegative regulation of cell-matrix adhesion 27 4 3.64 0.03
G0:0090342 regulation of cell aging 28 4 3.48 0.04
G0:0033209 tumor necrosis factor-mediated signaling pathw ay 38 5 3.17 0.03
G0:0001952 regulation of cell-matrix adhesion 79 10 3.04 0.00
G0:0042771 intrinsic apoptotic signaling pathw ay in response to DNA damage by p53 class mediator 40 5 2.99 0.03
G0:0008631 intrinsic apoptotic signaling pathw ay in response to oxidative stress 42 5 2.83 0.04
G0:0033209 tumor necrosis factor-mediated signaling pathw ay 38 5 3.17 0.03
G0:0001952 regulation of cell-matrix adhesion 79 10 3.04 0.00
GO:0042771 intrinsic apoptotic signaling pathw ay in response to DNA damage by p53 class mediator 40 5 2.99 0.03
G0:0008631 Intrinsic apoptotic signaling pathw ay in response to oxidative stress 42 5 2.83 0.04
G0:0090263 Positive regulation of canonical Wnt signaling pathw ay 61 7 2.71 0.02
G0O:0061515 Myeloid cell development 44 5 2.69 0.05
G0:0042509 regulation of tyrosine phosphorylation of STAT protein 54 6 2.61 0.04
GO:0046427 Positive regulation of JAK-STAT cascade 65 7 2.53 0.03
G0:0007569 cell aging 76 8 2.46 0.02
G0:0002573 Myeloid leukocyte differentiation 178 18 2.37 0.00
G0:0030177 Positive regulation of Wnt signaling pathw ay 93 9 2.24 0.03
G0:0032635  interleukin-6 production 97 9 2.14 0.03
G0O:0044238 Primary metabolic process 3742 175 1.24 0.01

Tab. 3.2 Selected gene sets that were altered in young HO-1"" LT-HSC revealed by pathway
enrichment analysis based on GO.BP database.
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" and

Concluding, among changes revealed by transcriptome analysis of young HO-1
HO-1"" LT-HSC, we can list processes that might explain the altered function of HO-1-deficient
LT-HSC: dysregulated cell cycle, altered DNA repair mechanisms, augmented type I interferon
signaling, increased myeloid differentiation factors (eg. Gatal), altered TGF[3, Wnt signaling
and differences in integrins expression. Profile of genes expression indicated that general
metabolism was changed (Tab. 3.1 — decreased Reactome set “Metabolism™ includes 1440
genes). In particular, we found changes in genes that promote direction of pyruvate toward

mitochondrial oxidation instead of non-oxidative conversion toward lactate that characterizes

quiescent LT-HSC [27] (Fig. 3.21A).

Additionally, we observed upregulation of Cxcr4 (SDF-la receptor) (Fig. 3.21B) -
crucial receptor regulating HSC biology — what might indicate that SDF-1a. signaling in HO-1"

niche is altered.
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Pdk and Pdpr: Inhibiting oxidative pyruvate metabolism
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Fig. 3.21 (A) Expression of genes regulating the metabolic fate of pyruvate and
(B) expression of Cxcr4 (SDF-1a receptor) revealed by RNA-seq.

The GSEA (Tab. 3.3) and pathway enrichment analysis (Tab 3.4) of transcriptome of old
HO-1"" LT-HSC in comparison to old HO-1""" LT-HSC revealed even more altered set of genes
than among young LT-HSC with different HO-1 genotype (322 hits in old vs. 99 hits in young,
whole list in Supplementary Results). The main changes observed in young HO-17" LT-HSC
were also visible in old HO-17" LT-HSC, including altered cell cycle, DNA repair processes,
type 1 interferon, TGFP and Wnt signaling as well as higher Cxcr4 expression. Although, in
contrast to young HO-17" LT-HSC the Ldhb, Pdkl, Pdk2 and Pdpr were not changed in old HO-
1" LT-HSC, but the whole pyruvate metabolism, citric acid and respiratory electron transport
was altered what was also connected with increased mitochondrial translation and protein import
(Tab. 3.3, 3.4). There were also changes in old HO-1" LT-HSC that were not visible in young
HO-1"" LT-HSC. These included increased signaling mediated by c-Kit and VEGFR2 receptors.
We also found that expression of genes connected with Notch and retinoic acid signaling was
decreased in old HO-17" LT-HSC (Tab. 3.3)
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ReactomelD Description §et enrichment p.adjust gvalues
size score value
5991707 Metabolism of folate and pterines 8 0.72 0.03 0.02
5991572 Regulation of Glucokinase by Glucokinase Regulatory Protein 29 0.66 0.01 0.00
5991297 Signalling to p38 via RIT and RIN 15 0.66 0.03 0.02
5991830 p130Cas linkage to MAPK signaling for integrins 15 0.65 0.01 0.01
5991771 Regulation of KIT signaling 16 0.63 0.01 0.01
5991301 Interleukin-2 signaling 40 0.62 0.01 0.00
5991824 Integrin alphallb beta3 signaling 27 0.61 0.01 0.00
5991293 Prolonged ERK activation events 20 0.60 0.02 0.01
5992151 Mitochondrial protein import 28 0.59 0.01 0.00
5991310 Signaling by Leptin 21 0.58 0.01 0.01
5992365 Mitochondrial translation elongation 81 0.56 0.01 0.00
5992366 Mitochondrial translation termination 81 0.55 0.01 0.00
5992363 Mitochondrial translation 86 0.54 0.01 0.00
5992354 DNA methylation 32 0.54 0.01 0.00
5992362 Mitochondrial translation initiation 80 0.54 0.01 0.00
5991177 VEGFR2 mediated cell proliferation 27 0.53 0.02 0.01
5991602 SCF-beta-TrCP mediated degradation of Emil 54 0.53 0.01 0.00
5991627 SCF(Skp2)-mediated degradation of p27/p21 52 0.51 0.01 0.00
5991797 PRC2 methylates histones and DNA 40 0.51 0.02 0.01
5991038 Glucose transport 39 0.46 0.04 0.03
5991206 Epigenetic regulation of gene expression 68 0.46 0.01 0.00
5991039 Hexose transport 41 0.45 0.03 0.02
5991560 beta-catenin independent WNT signaling 105 0.45 0.01 0.00
5991699 Degradation of beta-catenin by the destruction complex 66 0.44 0.01 0.01
5991507 Respiratory electron transport 65 0.43 0.01 0.01
5991078 Metabolism of nucleotides 77 0.43 0.01 0.01
5992197 P1 Metabolism 49 0.43 0.04 0.03
Respiratory electron transport, ATP synthesis by chemiosmotic
5991508 coupr))ling, an heat productF:on by uncg/upling proi/eins. 86 0.42 0.01 0.00
5991178 VEGFA-VEGFR2 Pathway 92 0.41 0.01 0.01
5991179 Signaling by VEGF 100 0.40 0.01 0.01
5991046 The citric acid (TCA) cycle and respiratory electron transport 123 0.39 0.01 0.01
5991342 L1CAM interactions 77 0.37 0.04 0.03
5991242 Glycerophospholipid biosynthesis 88 0.37 0.03 0.02
5991129 Apoptosis 150 0.37 0.01 0.00
5991023 Metabolism of carbohydrates 244 0.31 0.02 0.01
5991561 Signaling by Wnt 231 0.30 0.02 0.01
5991414 Extracellular matrix organization 252 0.28 0.05 0.03
5991029 Biological oxidations 175 -0.34 0.01 0.00
5991688 Cell death signalling via NRAGE, NRIF and NADE 64 -0.38 0.05 0.03
5991734 Signaling by Retinoic Acid 53 -0.47 0.01 0.00
5991464 Activated NOTCH1 Transmits Signal to the Nucleus 26 -0.55 0.03 0.02
Regulation of Insulin-like Growth Factor (IGF) transport and uptake by
5991878 Insulin-like Growth Factor Binding Proteins (IGFBPs) 30 -0.55 0.01 0.01
5992293 TRIF-mediated programmed cell death 10 -0.65 0.05 0.03
5991471 Signaling by NOTCH4 12 -0.66 0.04 0.02
5991469 NOTCH2 Activation and Transmission of Signal to the Nucleus 18 -0.66 0.02 0.01
5991468 Signaling by NOTCH3 12 -0.69 0.03 0.02
5991261 Synthesis of Prostaglandins (PG) and Thromboxanes (TX) 21 -0.70 0.01 0.00

Tab. 3.3 Selected pathways altered in old HO-1"" LT-HSC that were not altered in young HO-1""
LT-HSC in GSEA analysis based on Reactome database.




GO ID Description Set size Owerlap 2:?'2 P-value
G0:0060390 regulation of SMAD protein import into nucleus 14 3 574 0.02
G0:0006692 Prostanoid metabolic process 28 5 4.58 0.01
G0:0070734 histone H3-K27 methylation 17 3 4.51 0.04
G0:0071353 Ccellular response to interleukin-4 25 4 4.01 0.03
G0:2000379 Positive regulation of reactive oxygen species metabolic process 83 13 3.94 0.01
G0:0035924 cCellular response to vascular endothelial growth factor stimulus 34 5 3.63 0.02
G0:0006801 Superoxide metabolic process 48 7 36 0.01
G0:0071320 cellular response to cCAMP 35 5 3.51 2.01
GO:1903428 Positive regulation of reactive oxygen species biosynthetic process 43 6 3.42 0.01
G0:0032612 interleukin-1 production 51 7 3.36 0.01
G0:0045429 Positive regulation of nitric oxide biosynthetic process 37 5 3.29 0.03
G0:0002763 Positive regulation of myeloid leukocyte differentiation 53 7 321 0.01
GO:0006487 Protein N-linked glycosylation 39 5 3.1 0.03
G0:0006090 PYyruvate metabolic process 79 10 3.07 0.00
G0:0070301 Cellular response to hydrogen peroxide 56 7 3.01 0.01
G0:0032655 regulation of interleukin-12 production 41 5 2.93 0.04
G0:0042993 Positive regulation of transcription factor import into nucleus 42 5 2.85 0.04
G0:1900407 regulation of cellular response to oxidative stress 51 6 2.81 0.03
GO:0014068 Positive regulation of phosphatidylinositol 3-kinase signaling 53 6 2.69 0.03
G0:0070374 Positive regulation of ERK1 and ERK2 cascade 124 13 248 0.00
G0:0010827 regulation of glucose transport 67 7 2.46 0.03
G0:0001678 Cellular glucose homeostasis 95 9 221 0.03
G0:1901568 fatty acid derivative metabolic process 108 10 2.16 0.03
G0:0046330 Positive regulation of INK cascade 103 9 2.02 0.04
G0:0071560 Cellular response to transforming growth factor beta stimulus 154 13 1.95 0.02
G0:0071396 Ceéllular response to lipid 359 27 1.73 0.01
G0:0008285 Negative regulation of cell proliferation 439 31 1.63 0.01
G0:0006631 fatty acid metabolic process 342 23 1.53 0.04

Tab. 3.4 Selected enriched sets of genes from GO BP database in old HO-1"" LT-HSC

The genes involved in apoptosis, epigenetic regulation of gene expression as well as
biosynthesis and response to reactive oxygen species were also upregulated in old HO-17" LT-

HSC, but not in young HO-1"" LT-HSC (Tab. 3.3, 3.4).

HO-1 is highly expressed in a stem cell niche

Given that we used global HO-1 knockout mice model, the observed functional defects
and associated changes in transcriptome may be the result of HO-1 intrinsic and/or extrinsic role
in LT-HSC. In first step to verify these possibilities we compared the HO-1 expression in

hematopoietic stem and progenitor cells with cells that compose the stem cell niche.
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HO-1 immunohistochemistry of mouse tibia evidenced that HO-1 is highly expressed in
cells with non-hematopoietic morphology (Fig. 3.22A). To further verify this observation we
performed real time PCR analysis of HO-1 mRNA expression in sorted cell populations as well
as flow cytometric evaluation of HO-1 protein levels (analyzed populations and gating scheme in

Methods).

Indeed, the hematopoietic stem and progenitor cells expressed low levels of HO-1 mRNA
(Fig. 3.22B). Higher HO-1 expression at RNA level was observed in macrophages and
mesenchymal populations: PaS and CAR, while the highest HO-1 expression characterizes
CD31™¢"Sca-1" endothelial cells (EC) (Fig. 3.22B). The high expression of HO-1 protein in
mesenchymal and CD31"¢"Sca-1" endothelial cells (EC) was confirmed by flow cytometry (Fig.
3.22C). Notably, the protein levels of HO-1 was much higher in minor CD31""Sca-1" fraction
of EC in comparison to CD31'°¥Sca-1" fraction of EC, that prevails in bone marrow (Fig. 3.22C).

We also checked how lack of HO-1 affects the frequency of CAR and CD31"#"Sca-1" EC
in the bone marrow. There were more CD31"#Sca-1" EC in HO-17" animals, while the

frequency of CAR was not changed (Fig. 3.22D).

Lack of extrinsic HO-1 impairs function of LT-HSC

As the highest expression of HO-1 characterizes cells that compose stem cell niche, we
hypothesized that defective function of LT-HSC observed in HO-17" mice was caused by HO-1-
deficiency in stem cell niche and not in LT-HSC itself. To verify this hypothesis we transplanted
labeled HO-1"* LT-HSC to HO-1""* or HO-17" irradiated recipients and let them aging in HO-1
competent or deficient environment for 32 weeks (Fig. 3.23). We observed that LT-HSC
transplanted into HO-1-deficient niche provided worse long-term chimerism than LT-HSC
transplanted to HO-1-competent niche (Fig. 3.24A). We did not observed changes in
differentiation preferences, as all transplanted LT-HSC were highly myeloid biased (Fig. 3.24C).
After 32 weeks chimerism in BM among LT-HSC, ST-HSC and MPP tended to be lower in HO-
17" recipients (Fig. 3.24B) what indicated that LT-HSC in HO-1 deficient environment exhausted

faster and did not self-renew as well as in HO-1-competent environment,
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Fig. 3.22 (A) The pattern of HO-1 expression in mouse tibia revealed by immunohistochemistry (B)
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Fig. 3.23 Outline of the experiment verifying the extrinsic role of HO-1 in maintenance of
LT-HSC.

Although the differences in chimersim among LT-HSC did not reach statistical
significance, these conclusions were further functionally confirmed by transplanting the same
number of donor-derived BM cells from primary HO-1"" or HO-1"7" recipients to secondary
young HO-1"" recipients (Fig. 3.23). This scheme of experiment provided an experimental
setting in which after secondary transplantation HO-1"* LT-HSC resides in HO-1"*
environment. The only thing that differed the two compared groups was the previous period of

32 weeks when LT-HSC were aging in HO-1"" or HO-1"" environment.

In these secondary transplants, only the LT-HSC from HO-1"" primary recipients gave
reconstitution of hematopoietic system (Fig. 3.24D). There were no LT-HSC in BM of HO-17-

primary recipients that were able to produced blood cells in the same conditions (Fig. 3.24D).

Concluding, the extrinsic HO-1 maintained the self-renewal of LT-HSC and protected

them from premature exhaustion.

Transcriptome analysis of CAR and CD31"Sca-1"¢"EC from HO-1"" and HO-1"" mice

To identify mechanism explaining indispensability of HO-1 in stem cell niche for
protecting LT-HSC from premature aging we analyzed transcriptome of CAR and CD31"Sca-1"¢"
EC. These two populations were chosen as they are known to compose stem cell niche and showed

high HO-1 expression.

GSEA and pathway enrichment analysis of obtained data (Tab. 3.5, 3.6) put our attention
on two altered biological processes. Firstly, the production of several growth factors and cytokines

that may regulate LT-HSC differs between HO-1"" and HO-17 CD31"Sca-1"€"EC (Fig. 3.25).
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Especially, we observed that CD31"Sca-1"€" EC expressed Kitl (known also as stem cell
factor, SCF) and CxlcI2 (SDF-1) — the known indispensable factors for LT-HSC function. The HO-
1" CD31"Sca-1"" EC expressed significantly less Kitl and tend (p = 0.06) also to express less
Cxlel2 (Fig. 3.26A). Lack of HO-1 in CD31"Sca-1"#" EC resulted also in lower expression of Tgfb1,
which signaling pathway were affected in young and old LT-HSC from HO-1"" mice (Fig. 3.26A).

ReactomelD Description set size enrichment p.adjust gvalues
score value
5991616 Packaging Of Telomere Ends 20 0.58 0.07 0.06
5992078 Meiotic recombination 46 0.56 0.05 0.04
5991973 SIRT1 negatively regulates rRNA Expression 35 0.55 0.05 0.04
5991710 CD28 co-stimulation 25 0.55 0.09 0.07
5991711 Costimulation by the CD28 family 45 0.53 0.07 0.06
5992274 Condensation of Prophase Chromosomes 27 0.51 0.10 0.09
5992354 DNA methylation 32 0.51 0.05 0.04
5991797 PRC2 methylates histones and DNA 40 0.49 0.05 0.04
5992219 Regulation of cholesterol biosynthesis by SREBP (SREBF) 36 0.48 0.07 0.06
5991172 Antigen activates B Cell Receptor (BCR) leading to generation 32 0.48 0.09 0.07
of second messengers
5992217 Resolution of Sister Chromatid Cohesion 91 0.47 0.05 0.04
5991851 Mitotic Prometaphase 99 0.45 0.05 0.04
5992066 Interferon gamma signaling 98 0.45 0.05 0.04
5991757 RHO GTPases Activate Formins 101 0.43 0.05 0.04
5992197 PI Metabolism 49 0.43 0.10 0.09
5992079 Meiosis 74 0.43 0.07 0.06
5992067 Interferon Signaling 132 0.41 0.05 0.04
5091726 Immunoregulatory interactions between a Lymphoid and a non- 78 0.41 0.05 0.04
Lymphoid cell
5992367 Transcriptional regulation by small RNAs 71 0.38 0.07 0.06
5991416 Cell surface interactions at the vascular wall 89 0.37 0.05 0.04
5991413 Integrin cell surface interactions 79 0.37 0.09 0.07
5991698 Rho GTPase cycle 120 0.37 0.10 0.09
5991124 DNA Repair 132 0.35 0.05 0.04
5991302 Signaling by Interleukins 102 0.35 0.09 0.07
5991210 Signaling by Rho GTPases 337 0.34 0.05 0.04
5992070 Factors' inwlved in megakaryocyte development and platelet 106 034 0.07 0.06
production
5990980 Cell Cycle 483 0.34 0.05 0.04
5990979 Cell Cycle, Mitotic 401 0.33 0.05 0.04
5991303 Cytokine Signaling in Immune system 253 0.32 0.05 0.04
5991209 RHO GTPase Effectors 226 0.32 0.05 0.04
5991454 M Phase 233 0.31 0.07 0.06
5991156 Immune System 874 0.27 0.05 0.04
5991174 Adaptive Immune System 414 0.27 0.05 0.04
5991411 Hemostasis 430 0.25 0.09 0.07
5991048 Metabolism of amino acids and derivatives 180 -0.30 0.09 0.07
5991029 Biological oxidations 173 -0.30 0.10 0.09
5991880 Olfactory Signaling Pathway 214 -0.31 0.07 0.06
5992206 Elastic fibre formation 37 -0.48 0.07 0.06
5992205 Molecules associated with elastic fibres 33 -0.52 0.05 0.04
5092266 (SDyStEh%sis of epoxy (EET) and dihydroxyeicosatrienoic acids 17 0.61 0.10 0.09

Tab. 3.5 Selected processes altered in HO-1"" CD31"Sca-1"¢" EC revealed by GSEA analysis
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GO ID Description Set Size Overlap Oqu P-value
Ratio
GO0:0033630  positive regulation of cell adhesion mediated by integrin 15 5 10.60 0.00
GO:0071850  mitotic cell cycle arrest 12 4 10.60 0.00
G0:0032727  positive regulation of interferon-alpha production 13 4 9.39 0.00
GO0:0046459  short-chain fatty acid metabolic process 11 3 7.91 0.01
GO0:0035458  cellular response to interferon-beta 26 7 7.80 0.00
GO0:1903053  regulation of extracellular matrix organization 20 5 7.05 0.00
GO0:0045078  positive regulation of interferon-gamma biosynthetic process 12 3 7.03 0.02
GO0:0045351  type linterferon biosynthetic process 12 3 7.03 0.02
GO0:0045414  regulation of interleukin-8 biosynthetic process 12 3 7.03 0.02
GO0:0042228 interleukin-8 biosynthetic process 13 3 6.33 0.02
GO0:0090330 regulation of platelet aggregation 13 3 6.33 0.02
GO0:0032728  positive regulation of interferon-beta production 22 5 6.22 0.00
GO0:0032753  positive regulation of interleukin-4 production 19 4 5.63 0.01
GO0:0016577  histone demethylation 24 5 5.56 0.00
GO0:0070076  histone lysine demethylation 21 4 4.97 0.01
GO0:0044819  mitotic G1/S transition checkpoint 22 4 4.69 0.02
GO0:0032479  regulation of type linterferon production 40 7 4.49 0.00
GO0:0006925  inflammatory cell apoptotic process 18 3 4.22 0.05
GO0:2000134  negative regulation of G1/S transition of mitotic cell cycle 49 8 4.13 0.00
G0:0042168  heme metabolic process 29 4 3.38 0.04
GO0:0044773  mitotic DNA damage checkpoint 45 6 3.25 0.02
GO0:0071158  positive regulation of cell cycle arrest 30 4 3.25 0.05
GO0:0030330 DNA damage response, signal transduction by p53 class mediator 53 7 3.22 0.01
GO0:0030199  collagen fibril organization 38 5 3.20 0.03
GO0:0071346  cellular response to interferon-gamma 38 5 3.20 0.03
GO0:0002040  sprouting angiogenesis 57 7 2.96 0.01
GO0:2001238  positive regulation of extrinsic apoptotic signaling pathw ay 58 7 2.90 0.02
GO0:0016525 negative regulation of angiogenesis 70 8 2.73 0.01
GO0:0014068  positive regulation of phosphatidylinositol 3-kinase signaling 53 6 2.70 0.03
GO0:0032200 telomere organization 53 6 2.70 0.03
GO0:0014066  regulation of phosphatidylinositol 3-kinase signaling 71 8 2.69 0.01
GO0:0071621  granulocyte chemotaxis 74 8 2.56 0.02
GO0:0001936  regulation of endothelial cell proliferation 87 9 2.44 0.02
GO0:0045765  regulation of angiogenesis 199 20 2.38 0.00
GO0:0007229 integrin-mediated signaling pathw ay 73 7 2.24 0.05
GO:0007155  cell adhesion 355 32 2.19 0.00
GO0:0042107  cytokine metabolic process 107 10 2.18 0.02
GO0:0010594  regulation of endothelial cell migration 98 9 2.14 0.03
GO0:0001525  angiogenesis 200 18 2.13 0.00
GO0:0001935  endothelial cell proliferation 99 9 212 0.04
GO0:0050727  regulation of inflammatory response 228 20 2.05 0.00
G0:0048762  mesenchymal cell differentiation 152 12 181 0.04
GO0:0010564  regulation of cell cycle process 408 31 1.76 0.00
GO0:0006974  cellular response to DNA damage stimulus 607 45 1.72 0.00
GO0:1903706  regulation of hemopoiesis 313 21 1.53 0.05
G0:0006281 DNA repair 383 25 1.48 0.04
GO0:0048534  hematopoietic or lymphoid organ development 802 51 145 0.01
GO0:0044238  primary metabolic process 8366 440 1.32 0.00

Tab. 3.6 Selected enriched pathways from GO BP database in HO-1 7 CD31"Sca-1"¢" EC
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Fig. 3.25 Diagram showing expression of selected cytokines and their receptors in HO-1"- CD31" Sca-1"*" EC




Second group of affected genes that are important for maintenance of LT-HSC are
adhesion and cell surface molecules (Fig. 3.27). We identified two oppositely regulated integrins
in HO-1"" CD31'Sca-1"® EC: integrino4 (ltga4) and integrinall (Itgall) (Fig. 3.26B).
Moreover, we found that CD31"Sca-1"#" EC highly expressed angiopoetin-like 4 (4ngptl4) and
its expression is lower in HO-1"EC (Fig. 3.26B).

Similarly to HO-17 LT-HSC, HO-17" CD31'Sca-1"¢" EC showed altered expression
profile of genes connected with cell cycle, DNA repair, metabolism and signaling pathway of
interferons (Tab. 3.5, 3.6). However, the CD31"Sca-1"€" EC itself did not expressed considerable

amounts of type I and II interferons (Supplementary Results).
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Fig. 3.26 (A) Expression of selected crucial cytokines regulating LT-HSC function and
quiescence produced by CD31"Sca-1"¢" EC and (B) selected cell surface molecules with
altered expression in HO-1 7 CD31"Sca-1"*"EC.
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The GSEA and enrichment analysis of CAR transcriptome of HO-1"" and HO-1"" mice
also revealed alterations in expression of some hematopoietic cytokines and adhesion molecules
(Tab 3.7, 3.8), however the overall changes were less pronounced than in CD31"Sca-1"¢" EC
cells (Fig. 3.28, 3.29). CAR cells highly expressed Kit/ and Cxc/l12, but lack of HO-1 only
slightly tend to decrease their expression (Fig. 3.30A). The Tgfbl is also expressed by CAR

cells, but oppositely to CD31"Sca-1"¢"

EC cell, HO-1-deficiency upregulate its expression in
CAR cells (Fig. 3.30A). Among adhesion molecules we identified that HO-1-deficiency resulted
in induction of Itga2b and Cd34 expression (Fig. 3.30B). Similarly to CD31 Sca-1"€" EC cells

CAR cells express Angplt4 and lack of HO-1 also decreased its levels (Fig.3.30B).

The GSEA analysis revealed several other biological processes changed in HO-1"" CAR
cells that may be important in functioning of the LT-HSC niche (Tab. 3.7, 3.8). Firstly, the
several genes regulating the angiogenesis and proliferation of endothelial cells were
differentially regulated. Given that CAR and EC cells together compose the perivascular niche of
LT-HSC, altered interaction between CAR and EC cells may affect the organization of niche and
subsequently the LT-HSC. Secondly, expression of several genes involved in production of
extracellular matrix were changed (Tab. 3.7, 3.8), what also may disturb architecture of the

niche.

Finally, the transcriptome of HO-17" CAR cells indicated that they had upregulated
oxidative metabolism and expressed more genes connected with metabolism of ROS.
Consequently, the genes connected with “Oxidative Stress Induced Senescence” were
upregulated (Tab. 3.7).

As in all other groups, the HO-1"" CAR cells had altered interferons type 1 and II
signaling pathways (Tab. 3.7), while did not produced interferons. Some of the cell cycle
connected genes were also upregulated in HO-1"" CAR cells (Tab. 3.7).
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enrichment

ReactomelD Description set size score pvalue p.adjust
5991537 Initial triggering of complement 12 0.80 0.00 0.02
5991746 WNT mediated activation of DVL 8 0.73 0.02 0.11
5991126 Dimerization of procaspase-8 9 0.72 0.01 0.06
5992066 Interferon gamma signaling 101 0.70 0.00 0.02
5992328 CASP8 activity is inhibited 10 0.70 0.01 0.09
5992067 Interferon Signaling 140 0.66 0.00 0.02
5992086 TRAF3-dependent IRF activation pathw ay 14 0.65 0.00 0.06
5992064 The NLRP3 inflammasome 12 0.64 0.01 0.11
5992354 DNA methylation 32 0.62 0.00 0.02
5991797 PRC2 methylates histones and DNA 40 0.62 0.00 0.02
5992077 Interferon alpha/beta signaling 21 0.61 0.00 0.06
5992141 Antigen processing-Cross presentation 99 0.60 0.00 0.02
5992039 Interleukin receptor SHC signaling 26 0.58 0.01 0.07
5991616 Packaging Of Telomere Ends 20 0.55 0.02 0.12
5991303 Cytokine Signaling in Immune system 271 0.53 0.00 0.02
5991301 Interleukin-2 signaling 41 0.52 0.00 0.05
5992037 Interleukin-3, 5 and GM-CSF signaling 42 0.52 0.00 0.02
5991507 Respiratory electron transport 65 0.52 0.00 0.02
5991358 DNA Damage Bypass 43 0.49 0.00 0.03
5991206 Epigenetic regulation of gene expression 68 0.46 0.00 0.03
5991018 Oxidative Stress Induced Senescence 72 0.45 0.01 0.06
5992367 Transcriptional regulation by small RNAs 71 0.44 0.00 0.03
5991625 Senescence-Associated Secretory Phenotype (SASP) 62 0.44 0.01 0.06
5991547 RIG-/MDAS5 mediated induction of IFN-alpha/beta pathw ays 54 0.43 0.00 0.06
5991508 Respl.ratory electron transport, ATP synthess by t.:hemlosmotlc 86 043 0.00 003
coupling, and heat production by uncoupling proteins.
5991506 Chromosome Maintenance 72 0.40 0.01 0.10
5991342 L1CAM interactions 7 0.38 0.01 0.11
5992320 HATSs acetylate histones 117 0.37 0.01 0.06
5991302 Signaling by Interleukins 104 0.37 0.00 0.04
5991011 Cellular Senescence 122 0.36 0.01 0.08
5991182 C-type lectin receptors (CLRs) 119 0.35 0.01 0.06
5990991 Mitotic G1-G1/S phases 122 0.34 0.01 0.09
5991210 Signaling by Rho GTPases 337 0.33 0.00 0.02
5990979 Cell Cycle, Mitotic 401 0.32 0.00 0.02
5991209 RHO GTPase Effectors 226 0.32 0.00 0.04
5990980 Cell Cycle 485 0.32 0.00 0.02
5992313 Chromatin modifying enzymes 209 0.31 0.01 0.08
5992314 Chromatin organization 209 0.31 0.01 0.08
5991100 Metabolism of proteins 556 0.28 0.00 0.02
5991024 Metabolism 1443 -0.27 0.00 0.02
5991148 Signaling by PDGF 167 -0.33 0.01 0.09
5991413 Integrin cell surface interactions 80 -0.39 0.01 0.10
5991956 Cell junction organization 66 -0.39 0.01 0.11
5992176 Degradation of the extracellular matrix 119 -0.40 0.00 0.04
5991633 Trgnsport of.glucose anq other sugars, bile salts and organic 93 043 0.00 0.02
acids, metal ions and amine compounds
5991414 Extracellular matrix organization 253 -0.45 0.00 0.02
5992175 Collagen degradation 59 -0.46 0.00 0.04
5992282 ECM proteoglycans 63 -0.47 0.00 0.04
5992182 Collagen formation 68 -0.51 0.00 0.02
5992206 Hastic fibre formation 39 -0.52 0.00 0.02
5992205 Molecules associated w ith elastic fibres 35 -0.52 0.00 0.04
5992212 Collagen biosynthesis and modifying enzymes 57 -0.52 0.00 0.02
5991636 Iron uptake and transport 42 -0.52 0.00 0.02
5991935 Circadian Clock 26 -0.53 0.01 0.07
5992047 BMAL1:CLOCK,NPAS2 activates circadian gene expression 15 -0.68 0.00 0.05
5992277 NOTCH?Z intracellular domain regulates transcription 10 -0.69 0.01 0.07
5991637 Heme biosynthesis 10 -0.73 0.01 0.07
5991478 Metabolism of porphyrins 17 -0.75 0.00 0.02
5991992 Passive transport by Aquaporins 11 -0.87 0.00 0.02
5992146 02/CO2 exchange in erythrocytes 8 -0.92 0.00 0.02

Tab. 3.7 Selected hits revealed by GSEA enrichment analysis of CAR transcriptome




GO ID Description Set Size Overlap OdQs P-value
Ratio
G0:0001886  endothelial cell morphogenesis 12 5 15.10 0.00
GO0:0035455  response to interferon-alpha 15 6 14.10 0.00
GO0:0034340 response to type linterferon 21 7 10.60 0.00
GO:0033690  positive regulation of osteoblast proliferation 11 3 7.89 0.01
G0:0033687  osteoblast proliferation 16 4 7.04 0.00
GO0:0090025  regulation of monocyte chemotaxis 16 4 7.02 0.01
600043518 negative regulatio_n of DNA damage response, signal transduction 12 3 701 0.02
by p53 class mediator
GO1902165 regulation of intrinsic apoptotic _signaling pathw ay in response to 12 3 701 0.02
DNA damage by p53 class mediator
GO:0070098  chemokine-mediated signaling pathw ay 44 10 6.23 0.00
G0:0050873  brow n fat cell differentiation 36 8 6.04 0.00
G0:0071425  hematopoietic stem cell proliferation 18 4 6.01 0.01
G0:0033622 integrin activation 16 3 4.85 0.03
GO0:0001953  negative regulation of cell-matrix adhesion 27 5 4.79 0.01
GO:2000377  regulation of reactive oxygen species metabolic process 44 8 4.74 0.00
GO:0038066  p38MAPK cascade 17 3 451 0.04
GO:0042744  hydrogen peroxide catabolic process 17 3 451 0.04
G0:0036230  granulocyte activation 23 4 4.43 0.02
GO:0071634  regulation of transforming grow th factor beta production 23 4 4.43 0.02
GO:0034341  response to interferon-gamma 18 3 4.24 0.05
GO:0001937  negative regulation of endothelial cell proliferation 30 5 4.21 0.01
GO:0043567  regulation of insulin-like grow th factor receptor signaling pathw ay 24 4 421 0.02
GO:0051882  mitochondrial depolarization 18 3 421 0.05
GO:0071604  transforming grow th factor beta production 24 4 4.21 0.02
GO0:1901031  regulation of response to reactive oxygen species 30 5 421 0.01
GO0:0032611 interleukin-1 beta production 43 7 4.10 0.00
GO0:0016525  negative regulation of angiogenesis 70 11 3.95 0.00
GO:0060350  endochondral bone morphogenesis 52 8 3.84 0.00
GO:0048010 vascular endothelial grow th factor receptor signaling pathw ay 42 6 351 0.01
G0:0002274  myeloid leukocyte activation 145 20 341 0.00
G0:0010712  regulation of collagen metabolic process 36 5 3.40 0.02
G0:0048146  positive regulation of fibroblast proliferation 51 7 3.35 0.01
GO0:0032606 type linterferon production 45 6 3.24 0.02
G0:0032964  collagen biosynthetic process 38 5 3.19 0.03
G0:0045446  endothelial cell differentiation 77 10 3.15 0.00
G0:0046323  glucose import 63 7 2.63 0.02
GO:0045765  regulation of angiogenesis 129 14 2.60 0.00
GO:0046889  positive regulation of lipid biosynthetic process 67 7 2.46 0.03
GO0:0034440 lipid oxidation 77 8 244 0.02
GO0:0010906  regulation of glucose metabolic process 97 10 2.43 0.01
G0:0001935  endothelial cell proliferation 99 10 2.37 0.01
GO:0030099 myeloid cell differentiation 152 15 2.34 0.00
G0:0007229 integrin-mediated signaling pathw ay 73 7 2.23 0.05
GO0:0030198  extracellular matrix organization 169 16 2.23 0.00
GO0:0060348  bone development 168 16 2.23 0.00
G0:0001936  regulation of endothelial cell proliferation 87 8 2.13 0.04
G0:0043542  endothelial cell migration 132 12 211 0.02
GO0:0070371  ERK1 and ERK2 cascade 200 18 2.10 0.00
G0:0045785  positive regulation of cell adhesion 303 27 2.08 0.00
GO0:0001503  ossification 360 30 1.94 0.00
G0:0002244  hematopoietic progenitor cell differentiation 187 15 1.84 0.02
GO0:0001666 response to hypoxia 165 13 1.81 0.04
GO0:0097193 intrinsic apoptotic signaling pathw ay 259 20 1.77 0.02
GO:0080090  regulation of primary metabolic process 4640 243 121 0.01

Tab 3.8. Selected hits revealed by GO BP database pathway enrichment analysis of CAR

transcriptome
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Fig. 3.30 (A) Expression of selected crucial cytokines regulating LT-HSC function and
quiescence produced by CAR and (B) selected cell surface molecules with altered expression in
HO-I"" CAR.

The expression of HO-1 decreases with age

Our experiments on HO-1"" mice model indicated that lack of HO-1 drives the premature
aged-like phenotype of LT-HSC. However, if the expression of HO-1 is not decreased during
aging, its physiological role in regulation of aging will not be justifiable. Therefore we checked
how the age affects HO-1 expression in hematopoietic stem and progenitors as well as in CAR and
CD31"Sca-1"¢"EC.

Despite the general low expression of HO-1 in all hematopoietic stem and progenitor pool
in comparison to non-hematopoietic niche cells (Fig. 3.22B), we observed that in young animals
expression of HO-1 is increased during differentiation of LT-HCS toward ST-HSC and MPP (Fig.
3.31A). Oppositely, in old animals the HO-1 expression did not increase, but even decreased
during the LT-HSC differentiation (Fig 3.31A).

In case of the HO-1 highly expressing CD31 Sca-1"®" EC and CAR cells we observed

significantly decreased expression of HO-1 protein in old mice, with the biggest change in
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CD31"Sca-1"" EC (3.31B). In addition, the number of CD31"Sca-1"¢" EC was also lower in old

mice, what further decreased the total HO-1 expression in stem cell niche in elderly individuals

(Fig. 3.31C). Concluding, in all tested populations, the HO-1 expression was lower in aged animals

and thus it is likely that decreasing HO-1 expression in the stem cell niche may be one of the

factors that drives age-related changes in LT-HSC.

A 0.004 -
[ Young T
c Il Oid
-g 0.003
g T
a
& 00024
.:0:- kkkk
E 0.001- e
) B
0.000
LT-HSC ST-HSC MPP
B Endothelial cells C CAR cells

CD45Ter119CD31*Sca-1*

HO-1 expression

151 ey
; 1

o
2
—
c 104
@
E
Q 051
E:

004

Young Old
Frequency
w
2 0151
5 *k
o 1
£
o
& 0.10-
o
2
o
°
2 0,05+
»
®
o
‘s
 000-
Young (0][¢]

CD45Ter119°CD31CD140a*Sca-1"ee/dm

1.51

rel. HO-1 mean fluo.

% of flushed bone marrow cells

e
=~

o
w

o
[

o
-

o
o
I

HO-1 expression

*

1

Young (o][¢]
Frequency
Young old

Fig. 3.31 The changes of HO-1 expression with age in (A) hematopoietic stem and progenitor
cells and (B) in CD31"Sca-1"" EC and CAR cells. (C) The frequency of CD31" Sca-1"¢" EC and

CAR cells in young and old animals.

108



Carbon monoxide is potential HO-1 dependent factor regulating LT-HSC

Not only the protein factors may explain the HO-1-dependent activity in the niche. We
wanted to check if carbon monoxide (CO) - the gaseous product of HO-1 enzymatic reaction —
mediates the HO-1 function in stem cell niche. Firstly, we observed moderately lower CO
concertation in flushed BM in 3-month old or older mice. The CO concentration in BM did not
decrease with age. Activity of heme oxygenases in flushed BM, measured as ability to produce

CO in a given time after addition of substrate (NADPH), exhibited the same pattern.

However, the CO concentration in whole BM may not reflect the actual CO concentration
in LT-HSC niche. To check if the CO is required for maintaining the LT-HSC function, we
isolated LT-HSC and kept them ex-vivo for 36 hours in serum free medium with SCF and TPO
in 3%0; atmosphere supplemented additionally with 250 ppm CO and then transplanted to
irradiated recipients. Till the date of preparing the thesis, we analyzed only short-term chimerism
(6 weeks after the transplant) and did not observed any differences between LT-HSC that were
kept with or without CO supplementation. The transplanted mice are kept in the experiment to

monitor long-term chimerism that will reflect function of the LT-HSC.
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DISCUSSION

PART | — Verification if the non-hematopoietic fraction of Lin'Sca-1"CD45 from adult

bone marrow give rise to blood cells

This part of discussion was already published in [228] and [248]:

Szade et al. Murine Bone Marrow Lin—Sca-1+CD45— Very Small Embryonic-Like (VSEL) Cells
Are Heterogeneous Population Lacking Oct-4A Expression. (2013) PL0oS ONE 8(5): e63329.

Szade et al. Comment on: The proper criteria for identification and sorting of very small
embryonic-like stem cells, and some nomenclature issues. (2014) Stem Cells Dev. Apr
1;23(7):714-6.

In the present study we investigated the mouse bone-marrow derived cells with Lin"Sca-
1"CD45" phenotype and small size. Such cells, named VSELs (very small embryonic-like cells),
were described in 2006 by Kucia and colleagues as a homogenous population of pluripotent cells
[56] or population enriched in pluripotent cells [231], expressing Oct-4 marker, and acting
among others as precursors of long-term repopulating hematopoietic stem cells (LT-HSC) [235].
low

Our results indicate, however, that the mouse BM population defined as Lin'Sca-1"'CD45 FSC

is heterogeneous and does not express Oct-4.

Using two more markers, c-Kit and KDR, we could distinguish three subsets within the
Lin'Sca-1"CD45 cells: ¢c-KitKDR", ¢-Kit KDR", and c-Kit' KDR". Events positive for both, c-
Kit and KDR, detected in some samples, were too rare to allow reliable measurement by flow
cytometry. Because c-Kit KDR" fraction consisted of cells with relatively big diameter, it did not
fulfill VSEL size criterion and was excluded from further analysis. On the other hand, the entire
c-Kit ' KDR™ population and part of c-Kit KDR™ subset contained far smaller cells, in compliance
with definition of VSELs (Fig 3.1C,D, Fig. 2.4). Among them, c-Kit KDR" cells with lower FSC
values were apoptotic, as they bound annexin V. We are aware that RBC-derived microvesicles
(RMYV) released during erythrocyte lysis may transfer phosphatidylserine (PS) to the surface of
other cells, resulting in false-positivity for annexin V and erythrocyte marker glycophorin A
[249]. However, it is not likely to be a case, as cells with erythrocyte marker Terl119"
(glycophorin A-associated protein) [250] were excluded from analysis together with lineage
committed populations. Additionally, other subpopulations present in the same samples were

annexin V negative and there are no data suggesting selective binding of RMV to Lin Sca-
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1'CD45°¢c-Kit KDR™ cells. Thus is seems that Lin'Sca-17CD45¢c-KitKDRFSC"" cells were
indeed apoptotic. Distinguishing a tentative stem cells fraction within this population, based on
small size only, is not possible in reproducible way, unless discovery of next marker, better
defining viable cells. Therefore, our further work was focused on Lin"Sca-1"CD45 ¢-Kit ' KDR”

subset.

The LinSca-1'CD45¢c-Kit'KDR™ cells were annexin V negative, and showed
homogeneity of the size distribution, with diameter of 6.8 + 2.4 um, which was similar to that of
erythrocytes (6.2 = 0.6 pum) and significantly smaller than in control Lin'Sca-1"CD45 ¢c-Kit"
hematopoietic progenitors (11.4 £ 0.7 um). Inconsistencies in description of the exact size of
VSELs in previous reports make them difficult for a direct comparison with our data. Zuba-
Surma and co-workers calculated the murine BM-derived VSEL size as 3.63 £ 0.27 um and Lin"
Sca-1"CD45" HSCs as 6.58 + 1.09 um [251]. Both these values are smaller than measured by us,
although the HSC:VSEL size ratio is similar (1.8 versus 1.7 in previous and current report,
respectively). In fact, in our hands the analysis of very small events (with diameter of 2-4 um)
using the ImageStream system (applied by Zuba-Surma and co-workers) did not allow for
reliable detection of viable cells (Fig. 2.4B). Importantly, in another report by the same
researchers, size of Lin'Sca-1"CD45  cells isolated from different organs varied profoundly
ranging from 3.63 = 0.27 um for VSELs obtained from bone marrow to 6.81 = 0.09 pm, 6.90 +
0.29 pm, and 8.40 £ 0.17 um for VSELs obtained from murine spleen, heart and liver,
respectively [231].

As a principle for VSEL analysis, a population of events with diameter of 2-10 pm is
used, based on the size calibration beads [231, 235, 252]. It also should be taken into
consideration that fixation, and following preparation of cells for transmission electron
microscopy or for intracellular staining, does affect cell size [253], what may explain a
difference between our measurement (done on non-fixed cells) and earlier analyses performed on
fixed cells [56, 231]. In addition, assessing the real diameter of cells using the synthetic beads as
a size reference is of limited accuracy, as the light scattered along the laser axis (FSC) is not
solely dependent on cell size, but also on the refractive index which can be different for cells and
beads, and which can be affected by physiological state of a cell [254]. For example, dead cells
typically have a lower refractive index due to leaky outer membranes, give lower FSC signals,

and thus appear smaller than healthy cells. Concluding, it is highly probable that c-Kit' KDR"

111



subset of Lin'Sca-1"CD45 cells with their relative small size, was included within VSELs

population in previous studies.

Noteworthy, the heterogeneity of murine Lin'Sca-1"CD45 cells was recently shown with
respect to the expression of platelet-derived growth factor-a receptor (PDGFR-a), which is
predominantly absent on LKS cells [255]. The PDGFR-a positive fraction was suggested as
overlapping with CD105 positive multipotent mesenchymal precursors identified in murine bone
marrow [256]. These cells, however, are different from our subpopulation, as they do not express
c-Kit [256].

VSELs are described by their discoverers as the cells expressing Oct-4, what can be a
feature characteristic for pluripotent cells [56, 231, 232, 235, 257-259]. Oct-4 transcription
factor forms two splicing forms: whilst Oct-4A has been confirmed as the isoform responsible
for maintaining the embryonic stem cell identity, Oct-4B localizes mainly in the cytoplasm of
pluripotent cells, various non-pluripotent cells, and somatic cells, fails to confer ES cell self-
renewal and pluripotency, and is thought to be involved in cell stress responses [260-262].
Recent study demonstrated that mouse Oct-4B can be translated into three distinct isoforms
(Oct4B-247aa, Oct4B-190aa, and Oct4B-164aa) and, in contrast to Oct-4A, it is not a functional
factor in process of reprogramming somatic cells to induced pluripotent stem cells (iPSC) [262].
Therefore, in research regarding pluripotency, it is necessary to distinguish Oct4A and Oct4B

variants.

Importantly, using the primers recognizing specifically a functional Oct-4A [217] we
were not able to detect the Oct-4A expression at mRNA level either in whole murine bone
marrow or in sorted Lin'Sca-1"CD45FSC™" cells. We applied both gRT-PCR in RNA isolated
from sorted Lin"Sca-1"CD45FSC" subpopulation as well as gRT-PCR in the sorted single Lin”
Sca-1"CD45FSC" cells, with the same outcome: no specific product for Oct-4A or Oct-4B was
detected, despite strong specific signals from ESD3 murine embryonic cells used as a positive
control. Our observation is consistent with studies showing the lack of Oct-4 expression in bone
marrow of Oct-4-GFP transgenic mice [60], and with observation that genetic ablation of Oct-4
in several tissues did not affect homeostasis or regeneration capacity in adult mice [59].

We suppose that disparity between current and earlier analyzes of Oct-4 expression in
VSELs can result from application of different primer sequences. False-positive findings caused
by detection of Oct-4 pseudogenes with non-specific primers have already been evidenced [263—
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265]. Here we demonstrated that primers used in the first paper by Kucia and co-workers [56]
and then in the other reports [231, 232] may easily produce false positive results. Using them, we
obtained an Oct-4 signal of expected length both in whole bone marrow and in sorted Lin Sca-
1'CD45FSC"™ VSELs, however, the product was transcribed from a pseudogene template. This
false-positive reaction was not effectively prevented by DNase I treatment, what is in agreement

with data described by Wang and Dai [266].

In several studies published by the same group, the Oct-4 expression in VSELs was
demonstrated with additional methods — RT-PCR using re-designed primers [231, 235, 258],
flow cytometry and immunohistochemistry for Oct-4 protein detection [231, 258] or analysis of
Oct-4 promoter methylation [258]. Nevertheless, re-designed primers used in these studies [231,
235, 258] can still recognize both Oct-4A and Oct-4B isoforms [NMO013633.3 and
NMO001252452.1] giving the products of the same length (51 bp). These primers allowed us to
detect strong expression of Oct4 in iPSC but did not give a specific signal in our samples of total
bone marrow or sorted Lin'Sca-1"CD45FSC" cells (data not shown). Similarly, Affymetrix
microarrays used for global transcriptome profiling [259] is supposed to detect both Oct-4A and
Oct-4B [264]. On the other hand, it is very difficult or even impossible to distinguish Oct-4A and
Oct-4B proteins with antibodies currently available [264-267]. Although Oct-4A is present
mostly in nucleus and Oct-4B preferentially localizes to cytoplasm, the localization itself cannot
be treated as isoform marker, because Oct-4B can also display nuclear translocation [264, 266].
Interestingly, Oct-4 was found by another group in a low number of cells throughout the adult
human pancreas [268]. The cells were very small (1.5 — 3 um) and could be described as VSELs,
but Oct-4 staining was visible only in cytoplasm [268]. Finally, analysis of methylation of Oct-4
promoter may indicate an active transcription of the gene but is not clear whether it can reveal
the specific expression of Oct-4A. Altogether, it seems that the previous reports, which show
Oct-4 in murine VSELSs, cannot confirm the presence of Oct-4A isoform. Thus, the expression of
functional Oct-4 in VSELs is still a matter of debate, while our results showed the absence of
either Oct4A or Oct4B mRNA in murine bone marrow-derived Lin'Sca-1"CD45FSC"" cells.
Noteworthy, similar conclusion was driven recently from the study on human VSELs performed
by Alt and co-workers [61]. The level of Oct4 signal, detected with Affymetix microarray probes
(which bind both to functional gene and pseudogenes), was similar in VSELs and in B-cells used

as negative control, and was significantly lower than in iPS or embryonic stem cells [61].
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Lin'Sca-1"CD45¢c-Kit FSC"" subset of VSELs fulfills the LKS (Lin c¢-Kit'Sca-1")
characteristics, so we tested whether it may contain cells with a hematopoietic stem cell
potential. Single-cell assay performed in serum-free, chemically-defined medium showed that
this subset, in contrast to Lin'Sca-1"CD45 ¢c-Kit" counterpart, did not give rise to hematopoietic
colonies. This result confirms earlier observations, that freshly isolated Lin Sca-1"CD45 FSC""
VSELs do not show hematopoietic potential, but require co-culture with OP9 cells to acquire the
HSC-like features [235]. However, it should be stressed that the colony growth observed after
co-culture of VSELs with OP9 cells was not demonstrated for single cells, but for 10,000 cells
seeded to each well [235]. As recently pointed out [61], the growth of hematopoietic colonies
might result from inherited sorting impurities and potential presence of Lin'Sca-1"CD45" cells in

the populations studied, especially when cells of different size (2-10 pm) [235] were harvested.

Therefore, we examined if Lin'Sca-1'CD45FSC"" fraction contains any cells with
hematopoietic potential after priming with OP9 co-culture by applying experimental scheme that
reduces risk of contamination caused by sorting impurities. However, Lin'Sca-1"CD45 FCS""
cells isolated from GFP-expressing mice lost GFP expression after 4 days of co-culture with OP9
making single cell analysis impossible, in contrast to classical hematopoietic stem and progenitor
cells population (Lin"Sca-1"CD45 ¢c-Kit"). Next experiment that included higher number of cells
and limiting dilution analysis also revealed no cell with clonogenic potential among aliquots of

100 Lin'Sca-1"CD45 FCS™ cells.

These results suggest that murine Lin'Sca-1'CD45 FSC"™ VSEL population does not
contain cells with hematopoietic potential. The same conclusion was drawn from the study,
where human VSELs did not generate hematopoietic colonies either in stroma-supported or
stroma-free cultures, and were described as dysfunctional cells with karyotypic abnormalities
[61]. Although lack of proof is not a proof of absence, our results appear to support the recent

papers questioning VSELs as pluripotent cells with hematopoietic potential [61, 255, 269].

In next step we examined if Lin'Sca-1"CD45¢-Kit FSC"™ cells can be included during
regular gating scheme into the LT-HSC fraction [8, 22]. Noticeably, we found that among
LKS CD34" subpopulation, the CD45-negative cells can be detected (LKS CD34°'CDA45"), but
they did not accomplish all SLAM code criteria, established for LT-HSC [7]. Yet another marker
defining the long-term repopulating stem cells, CD105 (endoglin) [12, 236], was highly
expressed within SKL CD45°CD34" fraction. Interestingly, although earlier reports on VSELs
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indicated that these cells are CD105 negative [257] our analysis demonstrate that LKS CD45
CD105" subpopulation, apart from showing some common antigens with LT-HSC, overlapped
significantly with the Lin"Sca-1"CD45¢-Kit FSC'®¥ cells. Therefore we repeated the single-cells
assay to check the hematopoietic potential of this fraction. Again, in contrast to the
LKS CD45'CD105%™ counterpart, the LKS CD45CD105" cells did not exhibit hematopoietic
activity. Thorough analyzes of their viability revealed that LKS CD45CD105" cells display
early apoptotic features, with still integral membrane (DAPI negative), without
phosphatidylserine exposure (annexin V negative), but already with chromatin fragmentation
process started (TUNEL positive), what explains negative results in the performed hematopoietic

assays.

We noticed that several phenotypic features of SKL CD45CD105" events, namely the
small size, high staining with nuclear dye, and integral membrane, can also characterize the
nuclei expelled from erythroblasts [216]. What is more, due to differential protein sorting during
erythroblast enucleation the Ter119 antigen is partitioned predominantly to the reticulocyte, and
is barely detectable in extruded nuclei [270-273]. Similarly decreased expression was
demonstrated for CD71 [273]. Our ex vivo analysis of the enucleation process of purified
erythroblasts evidenced for the first time that some expelled nuclei possess, at least transiently,
the LKS CD45°CD105" or Lin'Sca-1"CD45 FSC" phenotypes. Obviously, nuclei expelled from
erythroblasts are heterogenous and can be also annexin V positive, as was shown by Yoshida and
co-workers in splenic erythroblasts [216]. For example, in the study on primitive erythropoiesis,
the expelled nuclei presented mixed phenotype according to annexin V binding (49% 7AAD"
AnnexinV’, 35% 7AAD AnnexinV") [245]. Keeping in mind that enucleation involves dynamic
changes, resulting in heterogeneous phenotype of expelled nuclei [245], it is justifiable to
suppose that expelled nuclei may only transiently show the SKL CD45°CD105" or Lin Sca-
1"CD45" characteristics. Nevertheless, our results suggest that those populations isolated from

the bone marrow may be contaminated with remnants of erythropoiesis.

VSELs were claimed to localize within side-population [56], what can support their
viability and functional potential. However, in routine experiments they are identified by
immunophenotyping only, as Lin'Sca-1'CD45 FSC"" cells. In such analysis contamination of
desired population with different events, is very possible. Moreover, equivalent phenotyping of

human VSELs (Lin CXCR4'CD45™ FSC'™) gave a population containing the cells highly stained
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with Hoechst 33342. This was interpreted as possible binuclearity, tetraploidy, or an unusual
chromatin conformation in VSELs [61]. Our experiments suggest that similar effect might also

result from contamination with pyrenocytes.

All our results showing lack of Oct-4 expression and hematopoietic potential of murine
VSELs were independently confirmed, 3 months after publishing our study, by paper from Dr.
Irving Weissman group [274]. They included additional, more stringent functional hematopoietic
tests, including transplantation experiments and controls based on hematopoietic differentiation

of embryonic stem cells [274].

Nevertheless, both studies were criticized by the Dr Ratajczak group [275]. The main
argument was the supposed mistakes in gating caused VSELSs to be excluded from the functional

assays . Here, we discuss point-by-point these technical issues.

i) Setting up an enlarged input gate on the FSC vs. SSC plot'(276]. It is well known that bone-
marrow (BM) cells are extremely variable in size. In flow cytometry, FSC and SSC are rough
parameters and the widely held notion that "forward scatter measures particle size" is
oversimplified. Therefore, it is not possible to determine where the residual population of small
cells clusters, based only on their FSC signal. Hence, first we gated all BM cells on the FSC/SSC
plot, including events with low FSC and SSC signals, excluding only cellular debris. It is
obvious that inclusion of larger objects does not exclude the smaller ones from analysis. In the
next step, we selected cells fulfilling the immunophenotype criteria proposed for VSELs (Lin
Sca-1'CD45). Not mentioned in the comment by Suszynska et al., is the fact that in our analysis
we backgated all potential subpopulations of VSELs on FSC versus SSC plot as a final step
[228]. Only backgating allows determination of whether any cell subset separates into distinct
cluster displaying low values of FSC and SSC. In summary, setting a larger FSC/SSC gate that
includes all types of BM cells, especially when acquiring sufficient number of events to attain

expected sensitivity, cannot exclude VSEL candidates from analysis.

ii) ddditional loss of very small objects by their exclusion of VSELs by gating for singlets'[276].
As shown in Fig. 1B, we included analysis of pulse width for FSC and SSC parameters in our
gating. Events with outstanding width signals represent doublets and cell debris with irregular

shape. This strategy does not selectively exclude any small objects.
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iii) émploying some selection markers that are unproven as VSEL markers (e.g., c-kit)"[276].
We showed that c-kit and KDR expression defined three distinct subpopulations among Lin Sca-
1"CD45" phenotype that were proposed to identify VSELs [228]. However, we did not use c-kit
and KDR to select VSELs in functional evaluations: Oct-4A expression and hematopoietic
differentiation on OP9 cells [228]. For these assays we sorted events with general Lin Sca-
1'CD45FSC" phenotype [228] as proposed by the group that initially claimed to isolate VSELs
[56]. Therefore, this argument cannot be used to explain the negative results obtained in the
functional tests. Of note, the same group stated recently that "some murine VSELSs express [...]

c-kit on their surface" [277].

iv) focusing on some populations and discarding other fractions (potentially containing VSELs)
based on results such as Annexin V binding'1276]. As explained above, in our experiments no
potential VSEL fractions were discarded: functional tests were performed also on the whole,
classically defined LinSca-1"CD45FSC" population, without Annexin V staining [228]. We
are aware that microvesicles released during erythrocyte lysis were suggested to transfer
phosphatidylserine to the surface of other cells, resulting in a false-positivity for Annexin V and
glycophorin A. However, cells with erythrocyte marker Ter119 (glycophorin A-associated
protein) were excluded from our analysis together with lineage committed subsets. In fact, we
showed a significant enrichment in the Annexin V' cells among VSEL population when
analyzing the heterogeneity of Lin'Sca-1"CD45 phenotype [228]. Importantly, the Annexin V
binding occurred selectively on Lin'Sca-1"CD45 cKitKDR™ fraction, while almost no positive
staining was detected on hematopoietic stem and progenitor cells that served as internal control
[228]. There are no data suggesting a selective binding of erythrocyte-derived microvesicles to

the surface of Lin-Sca-1+CD45-cKit-KDR- fraction.

v) possibility of contamination by small CD45-negative erythroblasts"[276]. As far as we
understand, Suszynska et al. suggest that we analyzed CD71" erythroblast instead of VSELs due
to our gating strategy. In fact, in our work we did show, that analyzed cells are mostly CD71
negative (Fig. 3.6D). Importantly, the CD71" positive cells from the erythroid lineage, that
exhibit lower Terl119 expression, are proerythroblasts — relatively large cells, displaying a high
FSC signal, as described before [278]. Actually we demonstrated that nuclei expelled from
erythroblasts during erythropoiesis exhibit a low FSC signal and may possess VSEL

117



immunophenotype [228]. Thus, we suggested that events attributed to a VSEL phenotype can be

contaminated with these expelled nuclei.

In sum, we do not agree with objections raised by Suszynska et al. [276], and we
maintain the conclusion that the hypothesis implying pluripotent features of VSELs in adult bone
marrow has not been independently confirmed.

Altogether, our study does not support the hypothesis that cells of Lin'Sca-1"CD45"
FSC"™ phenotype represent a pluripotent population. In our hands these cells do not express
pluripotent marker Oct-4A and do not show a hematopoietic potential in the single cell colony
formation assay or after co-culture with OP9 cells. We found that LinSca-1'CD45FSCY
population is heterogenous, enriched in early apoptotic cells, and can be potentially contaminated
with the nuclei expelled from the erythroblasts. Thus, although this bone marrow-derived
fraction potentially can include some multipotent cells, any definitive conclusions on their
properties and potency require establishment of precise immonophenotyping, purification and

propagation protocols.

PART Il — Verification if HO-1 protects HSC from premature aging

HO-1 is widely recognized as cytoprotective enzyme [185]. In 1992 the first study done
in animal model demonstrated the protective properties of HO-1 in model of acute stress caused
by heme-protein overload [279]. Many following studies confirmed the beneficial role of HO-1
in different stress conditions in variety of tissues. Most of these studies concern the HO-1
function in cardiovascular bed [185], while the action of HO-1 in hematopoietic system was less

intensively studied.

Nevertheless, some hematological disturbances in HO-1"" mice were already described.
The first report on HO-17" mice evidenced microcytic anemia caused by dysregulated iron
homeostasis and elevated WBC levels [280]. Indeed, our analysis confirmed lower mean red
blood cell volume (MCV) and mean red blood cell hemoglobin (MCH) — the symptoms of
microcytic anemia (Fig. 3.11). Consequently we also detected the higher WBC levels (Fig. 3.11),
suggesting the proinflammatory status of HO-17" mice. Previous studies linked this

proinflammatory status with Th-1 shifted cytokine production [281]. Here, we showed that
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despite the Th-1 proinflammatory profile, HO-1"" mice are also characterized by expansion of

myeloid fraction over the lymphoid fraction — the so called “myeloid bias”.

Although, the HO-1 role was evidenced at several step of hematopoietic differentiation,
such us erythropoiesis, thrombopoiesis and B-cells generation [182], till now only one study
concerned HO-1 function in hematopoietic stem cell fraction . This study investigated HSC
under actue heme stress in heterozygous HO-1"" mice model and evidenced agumented HSC
differentiation at cost of altered self-renewal, what resulted in faster HSC exhaustion [201].
Given that HO-1 is highly inducible and degrades highly proinflammatory free heme its role
under acute heme overload is understandable. But despite earlier suggestion [282], there are no
studies on potential importance of HO-1 in steady state conditions and aging of HSC. To our best
knowledge this is the first study on HO-1 role in aging of LT-HSC in homeostatic conditions

using the HO-1"" mice model.

The primary finding of this study is the premature aging of young LT-HSC from HO-17
mice in steady state conditions. Young HO-17" LT-HSC showed several features of aged
LT-HSC: expanded numbers, increased marker of DNA damage and general transcriptional
profile resembling the old LT-HSC. Finally, similarly to aged LT-HSC, functional potential of
young HO-1"" LT-HSC was also decreased as shown by transplantation experiments

(Fig. 3.16A).

LT-HSC reside in quiescent state and it is known that pushing them into proliferation, eg.
by serial transplantation, causes their fast exhaustion [77]. Therefore, we checked the
proliferation status of HO-17" LT-HSC and observed enhanced entrance into G1 cell cycle phase
and increased proliferation rate (Fig. 3.13). These functional observations were further confirmed
by transcriptome analysis evidencing dysregulation of genes controlling the cell cycle
(Fig. 3.20). Thus, it is likely that permanent activation and proliferation in steady state conditions

may be direct cause of premature aging of HO-17" LT-HSC (Fig. 4.1).

Apart from increased proliferation, the increased DNA repair markers (shown by yH2aX
(Fig. 3.14) and transcriptome analysis (Tab. 3.1)) indicated DNA damage what also might be
consider as potential factor inducing the premature aging. However, recent studies suggested that

DNA damage is not likely to be driving force of LT-HSC aging, but rather the consequence of
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intensive proliferation and loss of quiescence [82]. While the HO-1"" LT-HSC extensively

proliferate it is possible that DNA damage is the result of underwent cell divisions.

Increased demand for blood cells
connected with chronic inflammation and anemia
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Fig. 4.1 Proposed explanation of premature aging of LT-HSC in HO-I"" mice. Solid lines
represent mechanisms confirmed by obtained data. Dashed lines represent other hypothetical

mechanisms indicated by obtained data and literatue.

It 1s well evidenced that HO-1-deficiency was shown to be linked with increased ROS
production [184]. Given that ROS can induce LT-HSC exhaustion as demonstrated previously
[283], the increased oxidative stress could be other possible factor that causes the fast aging of
HO-17" LT-HSC. Conversely, we did not observed increased expression of genes indicating
increased oxidative stress in HO-17" LT-HSC, what makes hypothesis of ROS as causative factor
of premature aging of young LT-HSC unlikely. But the role of HO-1 in ROS regulation may be
more complex, as old HO-17" LT-HSC had increased expression of genes participating in
response to oxidative stress (Tab. 3.3). Thus, even if ROS may not contribute to enhanced aging

-

of young HO-1"" LT-HSC, during aging they can facilitate acquiring elderly-associated changes.
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Concluding the first part of the experiments, we think that the loss of quiescence and
increased proliferation is possible direct reason of premature aging of HO-1"" LT-HSC. In next
steps of the study we aimed to identify what factors induce HO-1"" LT-HSC proliferative status

and elucidate the mechanism responsible for their premature aging.

In this study we used mice model in which HO-1 is non-selectively knockout from all
tissues. Thus, the first question consider if the role of HO-1 is intrinsic or extrinsic to LT-HSC.
The analysis of HO-1 expression in the bone marrow demonstrated that although HO-1 is
expressed in LT-HSC as wells as in ST-HSC and MPP, the expression level in these cells was
much lower than in macrophages and non-hematopoietic fraction (Fig. 3.22B). This suggested

the extrinsic role of HO-1 in regulation of LT-HSC .

In this work we proposed experimental strategy which allowed verification of HO-1
extrinsic role in HSC aging. We transplanted HO-1"* LT-HSC into HO-1"" or HO-17" recipients
and let them aging in HO-1-competent or HO-1-deficient environment. Not only we observed
lower chimerism when LT-HSC were transplanted to HO-17" animals, but after the 32 weeks of
aging in HO-1"" environment, LT-HSC completely lost the ability to repopulate secondary
HO-1""" recipients (Fig. 3.24). This result strongly supports the notion about HO-1 extrinsic role
in regulation of LT-HSC.

Although, this experiment demonstarted the LT-HSC-extrinsic role of HO-1, still there
are several mechanisms that can potentially explain the observed phenomenon. Firstly, the HO-1
activity in the stem cell niche may guard the quiescence character and restricts the extensive
proliferation of LT-HSC. We identified cells composing the stem cell niche that expressed HO-1.
The relatively high HO-1 expression was detected in CAR cells and the highest expression was
in minor CD31"Scal™&"

that activity of HO-1 in CAR and CD31'Sca-1"¢" EC may be crucial for regulating HSC and

fraction of endothelial cells (Fig. 3.22B). Therefore we hypothesized

concentrated our research on these populations.

The main strategy to identify the possible molecular factors that mediates the role of HO-
1 role in the niche was to analyze transcriptome of HO-1"" CAR and CD3 1"Sca-1"" EC cells. In
the first step we checked the expression of several factors that were known to regulate LT-HSC.
We focused on SCF and SDF-1 as these factors are produced by endothelial and stromal cells

locally in the stem cell niche. The importance of restricted expression of SCF and SDF-1a in the
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niche was well evidenced by elegant studies using conditional mice models [135, 136].
Additionally, we consider TGFf as another potential mediator of HSC proliferation of LT-HSC
in HO-1"" mice as indicated by previous study [284].

We identified that CD31Scal™" EC cells expressed Kitl (encodes SCF). Recently, the
production of SCF by CD31"Scal™" EC fraction was confirmed by Ralf Adams group (personal
communication). Notably, the HO-1-deficiency significantly decreased Kit/ expression

(Fig. 3.26A).

Lower Kitl expression in HO-17~ CD31"Sca-1"¢" EC may explain altered function of LT-
HSC in HO-1"" mice. This interpretation is supported by the previous study demonstrating that
deletion of Kitl in Tie-2" endothelial cells disturbed the function of LT-HSC [135]. However, the
difference between this study and our results is that the complete deletion of Kit/ from Tie-2" EC
cells [135] or even temporary blockage of c-Kit signaling [285] caused loss of HSC, while we
observed expansion of stem cell pool in young HO-1"" mice [Fig. 3.12]. The possible explanation
of these dissimilarities may be connected with the level of Kit/ downregulation. It cannot be
excluded that total deletion/blockage of SCF signaling depletes LT-HSC, while partial decrease
of its level observed in HO-17 CD31"Sca-1"¢" EC cells has other effects, eg. loss of quiescence
and expansion. Other possible reason is the existence of different splicing isoforms of Kit/
transcript. The shorter isoform encodes the soluble SCF and the longer isoform encodes the
membrane-bound form. The potential difference between function of these isoforms might

clarify the discussed inconsistencies.

CD317Sca-1"" EC expressed also considerable amounts of CxclI2, and its expression
also tend to be lower, with borderline statistics (p = 0.06). Similarly to Kit/, deletion of Cxc/12 in
Tie-2" endothelial cells also depletes HSC, however to lesser extent than deletion of Kit/ [136].

TGF-B is another factor that regulates quiescence and proliferation of LT-HSC [284]. We
observed tendency (p = 0.05) to decreased counts number of Tgfbl transcripts in HO-1""
CD31"Sca-1"#" EC.

All these three factors were also produced by CAR cells. HO-1 deficiency resulted in
similar tendencies to downregulate expression of Kif/ and Cxc/12 in CAR cells, however the
differences were less pronounced and did not reach statistical significance (p=0.16 and

p = 0.08). Production of these factors by CAR cells is also important for maintenance of LT-
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HSC, as shown by Kit/ and Cxcll2 conditional knockout mice models [135, 136]. Knocking out
the Kitl gene from leptin receptor-expressing (Lepr') cells depleted HSC [135]. The results of
Cxcli2 deletion depended on the genetic promotor used for the gene knockout. Depletion of
Cxcli12 in stromal cells using paired related homeobox 1 (Prx) promotor also depleted HSC and
in the same time increased their cycling [136]. But the depletion of Cxc/12 using Osterix (Osx)
promotor did not altered LT-HSC [136]. In our study the CAR cells, sorted as CD45 Ter119
CD31°Sca-1'PDGFRa.", expressed both Prx and Osx, thus making interpretation of our data in
the light of the discussed papers difficult.

The role of TGFf as potential mediator of altered function of the niche in HO-1"" mice is
not clear. The HO-17" CAR cells expressed higher levels of Tgfb what is in contrast to HO-1""
CD31"Sca-1"&" EC which showed downregulation of Tgfb in comparison to HO-1""" group.
Thus, the local concentration of TGFf in the niche is not likely to mediate HO-1 deficiency
effects on LT-HSC.

Not only the transcriptome analysis allows investigating the genes that were already
known to be crucial for HSC, but also gives opportunity to identify novel factors produced by the
of CD31"Sca-1"€" EC and CAR that may regulates LT-HSC. We observed that expression of
several adhesion and extracellular matrix molecules differed between HO-1"* and HO-17" CAR
and EC cells (Fig. 3.27, 3.29). We identified dysregulated integrins: /¢tga4, ltgall and Itgb7 (Fig.
3.26B, 3.30B). Itga4 was already investigated in the context of HSC [148], but there are no
reports on Jltgall and Itgh7 role in stem cell niche. Other interesting surface protein highlighted
by the transcriptome analysis is angiopoietin-like protein 4 (Angplt4). 1t is highly expressed by
CAR and CD317Sca-1"" EC cells, but is downregulated in both populations in HO-17" mice
(Fig. 3.26B, 3.30B). While angiopoietin like proteins are known as extrinsic factors that support
HSC, previous studies concentrated on Angplt2, Angplt3 and Angplt5 [286]. Our work suggested
that Angplt4 may also be important member of angiopoietin like proteins expressed by niche

cells and potentially might contribute to the altered LT-HSC phenotype in HO-1"" mice.

These potentially novel niche factors described above are few examples from larger
group of genes that may explain the decline of LT-HSC in HO-1"" mice. It is worth mentioning,
that due to character and costs of next generation sequencing we were limited to only 4 samples

per group (additionally 1 sample from CAR and 1 sample from CD31"Sca-1"eh

EC did not pass
the quality check after sequencing). This number is too small to obtain definitive statistical
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conclusions. Moreover, isolation of CAR and CD31'Sca-1"" EC includes bone crushing and
enzymatic digestion. These methods introduce additional noise to analyzed data and changes
among many of the observed genes reached only border line statistical significance. Therefore,
this data could be treated as screening for the factors, which significance of selected ones can be
verified on larger group of animals and in functional experiments elucidating their role in niche-

dependent regulation of HSC.

Nevertheless, the global transcriptome analysis showed that HO-1 deficiency altered
several processes in CAR and CD317Sca-1"" EC cells. GSEA and pathway enrichment analysis
pointed to several basic biological processes like altered expression of genes linked with cell
cycle, DNA repair, inflammatory cell apoptosis or angiogenesis in case of CD31"Sca-1"8" EC
(Tab. 3.5, 3.6) and epigenetic regulation of gene expression, increased oxidative
phosphorylation, cellular senescence, collagen formation/degradation and response to ROS in
case of CAR cells (Tab. 3.7, 3.8). We think that such global biological alterations in these niche
populations are likely to have an impact on their function to support LT-HSC (Fig. 4.1).

But there are also possible mechanisms, other than alteration of stem cell niche, that can
mediate the HO-1 extrinsic role in regulating LT-HSC. Given the chronic inflammatory state and
anemia in HO-1"7" mice the basal production of blood cells has to be increased. Therefore, it is
possible that some systemic factor pass the information concerning demand for increased blood
cell production to HSC and induce their proliferation (Fig. 4.1). It known that M-CSF [287],
interferon o [288] and interferon y [289] are systemic factors that activates HSC during the
infection or injury.

Indeed, performed transcriptome analysis indicated activation of interferon o and
interferon vy signaling pathways in both young and old LT-HSC in HO-1"" (Tab. 3.1, 3.3). The
same was observed in CD31"Sca-1"¢" EC and CAR cells. While CAR and CD31"Sca-1"" EC
cells did not express Ifnal and Ifng (supplementary results with expression data), it raises
possibility that both types of interferon are systemically upregulated. However, as studied by our
group, the interferon y in not elevated in serum or bone marrow of HO-1"" mice (shown in PhD
thesis of Agata Szade). At the moment we do not have data concerning concentration of
interferon o in plasma and bone marrow of HO-1"" mice and its possible role will be addressed

1n next research.
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It also should be considered that activation of interferons signaling in LT-HSC and niche
cells may not be necessarily caused by increased global concentration of interferons in peripheral
blood. Oppositely, other cells present in the stem cell niche, which were not analyzed in this
study, eg. macrophages, may produce interferons and thus increase its concertation locally in

stem cell niche.

Regarding the possible role of M-CSF, our group reported its significantly higher
concentration in serum of HO-1"" mice (2.7+0.8 pg/ml in HO-1"" vs. 9.248.5 pg/ml in HO-17",
p <0.01, shown in PhD thesis of Agata Szade). However, other results questioned M-CSF as
systematic factor that activates LT-HSC in HO-17" mice. Firstly, it was shown that M-CSF
activates LT-HSC by upregulating expression of PU.1 transcription factor (Spi/), what was not
observed in HO-17" LT-HSC (analysis of transcriptome of young LT-HSC, Supplementary

+H+
and

Results). Secondly, in our analysis the expression of M-CSF receptor (Csf1r) in HO-1
HO-1" is very low (analysis of transcriptome, Supplementary Results). Finally, the
concentration of M-CSF in whole bone marrow is not changed in HO-17" animals. Altogether, is
seems that upregulation of M-CSF at levels observed in HO-1"" mice did not cause the observed

activation and exhaustion of LT-HSC.

As discussed before, we interpreted the higher frequency of myeloid over lymphoid
peripheral blood cells in HO-17" mice — the so called myeloid-bias — as one of the possible signs
of premature aging of LT-HSC. However, when we transplanted HO-17" LT-HSC to HO-1""
recipients we did not observe any myeloid-biased differentiation of transplanted LT-HSC. This
may suggest that HO-17" LT-HSC transplanted to the HO-1"" environment had restored
balanced differentiation potential and their myeloid-bias was erased. If so, it should be the HO-1

extrinsic role that skews the LT-HSC fate toward myeloid lineage.

To verify this hypothesis we monitored the differentiation fate of HO-1"" LT-HSC
transplanted into HO-17" mice. However, the applied experimental scheme made this analysis
difficult. This experiment involved ex-vivo transduction of LT-HSC with lentiviral vectors to
stably overexpress GFP (the HO-17" are on mixed genetic background and at time of the
experiment we did not have access to GFP" mice on this mixed background). It was shown that
maintaining LT-HSC in ex-vivo conditions can alter its differentiation potential [30]. Indeed, the
ex vivo transduction of LT-HSC itself strongly shifted differentiation toward myeloid cells, as

majority (87.8+£5.1%) of HO-1""* LT-HSC transplanted to HO-1"" mice give rise mainly to
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Glucose

Gr-1" cells. Thus, it was not likely that in this
experimental model we would observed any

stronger myeloid shift when HO-1"* LT-HSC

Glycolysis .
were transplanted to HO-1""mice. To investigate

sl the potential extrinsic role of HO-1 in skewing

pyruvate

Ldh the LT-HSC differentiation, we need to repeat
this experiment with transplantation scheme that

will not involve their ex-vivo manipulation.

The transcriptome analysis put also our
attention on many differentially regulated genes
linked with metabolic pathways in tested HO-1""
populations (Tab. 3.1, 3.3, 3.5, 3.7). Firstly, we
observed that young HO-17" LT-HSC presented

Fig. 4.2 Role of Pdk in regulation of

metabolic fate of pyruvate.

changed expression of genes connected with pyruvate conversion (Fig. 3.21A). Importantly, the
fate of pyruvate conversion was demonstrated to be crucial for general non-oxidative metabolic
profile of LT-HSC and its linked with their quiescence [27]. The pyruvate can be metabolized by
mitochondrial enzyme pyruvate dehydrogenase (Pdh) into acetyl coenzyme A (acetyl-CoA),
which then can be introduced in tricarboxylic acid cycle (TCA) and subsequent oxidative
phosphorylation (Fig. 4.2). The Pdh could be inhibited by phosphorylation mediated by pyruvate
dehydrogenase kinases (Pdk). The transition of non-active phosphorylated Pdh back to active
non-phosphorylated state is catalyzed by pyruvate dehydrogenase phosphatase regulatory subunit
(Pdpr). It was shown that high expression of Pdk isofroms in LT-HSC, driven by HIF-1a, reduce
the oxidative metabolism of pyruvate and facilitate its non-oxidative conversion to lactate
catalyzed by lactate dehydrogenase (Ldh) [27]. Genetic deletion of two isoforms of Pdks (Pdk2,
Pdk4) in LT-HSC resulted in loss of quiescence and reconstitution potential [27]. Importantly,

the deletion of Pdks resulted in decreased concentration of ATP in these cells.

In the young HO-17 LT-HSC two Pdk isoforms (PdkI, Pdk2) and Pdpr were downregulated
what indicates possible higher activity of Pdh and mitochondrial oxidative metabolism of
pyruvate (Fig. 3.21A). Consistently, the Ldhb isoform is also downregulated suggesting reduced

non-oxidative conversion of pyruvate (Fig. 3.21A). Finally, we demonstrated that HO-1""
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hematopoietic stem and progenitor cells possessed reduced ATP levels (Fig. 3.15) and lost

quiescence (Fig. 3.13) — the effects reported previously to be a result of Pdks deletion [27].
Concluding, lower ATP content and expression levels pf Pdkl, Pdk2, Pdpr, Ldhb

indicates that the crucial regulation point of LT-HSC metabolism — the choice between oxidative
and non-oxidative pyruvate utilization is shifted toward oxidative pathway in HO-17" mice.
However, it is hard to state if this phenomenon is a trigger of increased activation and
proliferation of HO-17" LT-HSC or rather their consequence (Fig. 4.1). It is also possible that
lower ATP levels are result of other processes than oxidative metabolic shift, eg. increased

apoptosis or ATP consumption.

Among the old HO-1"" LT-HSC we observed similar pattern of metabolic profile. The
GSEA and pathway enrichment analysis indicted that expression of whole set of genes involved
in pyruvate metabolism was changed (Tab. 3.3). This was linked with increased expression of
genes responsible for respiratory chain electron transport, ATP synthesis and TCA cycle
(Tab. 3.3). In relation to increased mitochondrial oxidation, we observed upregulated expression

of genes linked with mitochondrial translation (Tab. 3.3 ).

Similarly to old HO-17" LT-HSC, CAR cells from HO-1"" mice also showed enriched set
of genes controlling the respiratory electron transport (Tab. 3.7). All these observations led us to
search for a common factor that can trigger the increase oxidative metabolism in different
populations in HO-17" mice. Recent studies indicated that carbon monoxide (CO) — the
enzymatic product of heme degradation — possess ability to modulate cell metabolism [290].
Firstly, CO regulates the pentose phosphate metabolism [291]. Furthermore, it was proposed that
CO decrease ROS production by mild uncoupling of mitochondrial respiration. Consistently with
this hypothesis, we observed that the Reactome gene set “Respiratory electron transfer, ATP
synthesis and heat production by uncoupling proteins” was one of the most significantly enriched

hits revealed by GSEA in HO-17" old LT-HSC (Tab. 3.3) and in HO-1"" CAR cells (Tab. 3.7).

Therefore we tried to verify if the decreased concentration of CO mediates at least some
of the alterations observed in HO-17" mice. Nonetheless, investigating the role of carbon
monoxide in the bone marrow remains technically difficult. It is possible to measure the carbon
monoxide by gas chromatography, but only in whole flushed BM. We (in cooperation with Dr
Lucie Muchova, Charles Unversity, Prague) analyzed how the CO is changing with age in the

. e . .
bone marrow and observed moderate decrease in HO-1"" mice. The lower CO concentration was
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visible only in mice older than 1.5-month old, reached statistically significant difference already
in 3-month old mice, but then did not significantly decrease with age (Fig. 3.32A). The question
appears what is the source of relatively high CO concentration in bone marrow of HO-17" The
possible answer is the CO is produced by heme oxygenase 2 (HO-2) — the non-inducible,
ubiquitously expressed isoform. However, in this study we did not checked the expression of
HO-2 in bone marrow or use the HO-2 knockout mouse model, therefore we cannot state to what
extend HO-2 compensate CO concentration in bone marrow of HO-17" mice. It remains
important task to be addressed by next studies, to consider potential role of CO as a mediator of

HO-1 activity in bone marrow.

Other limitation is that till now there is no methodology allowing evaluation of CO
concentration locally in the stem cell niche. We cannot exclude that concentration of CO across
bone marrow is not equal and that it is different locally in stem cell niche. Therefore, if the CO
concentration in stem cell niche is different, than values measured in whole bone marrow by gas

chromatography are misleading for investigating the biology of LT-HSC.

Nevertheless, to address a direct role of LT-HSC function we designed an experiment in
which the HO-1"" LT-HSC were kept ex-vivo in serum free medium with minimal cytokine
supplement and low O, concentration to resemble the conditions of stem cell niche. We checked
if the addition of 250 ppm CO in such conditions will have any functional benefit for HSC upon
transplantation. While at the moment of writing the thesis we are waiting for the results of long-
term chimerism (short-term chimerism reflecting the function of progenitors did not show any
differences (Fig. 3.32B) we are aware that the proposed experimental scheme possesses
drawbacks. First, we do not know if the used concertation of CO reflects the physiological
concentration of CO in stem cell niche. Secondly we had to keep HSC in artificial ex-vivo
conditions, what is known to alter their function. Nevertheless, we are not able to propose any

better research strategy to investigate CO influence on LT-HSC at the moment.

Although, the presented experiments point to the possible mechanisms explaining
premature aging of LT-HSC in young HO-17" mice (Fig. 4.1), this study possesses limitations
that disable us to fully distinguish reasons of this phenomena. Even though we demonstrated that
dysfunction of the stem cell niche likely contributed to the premature aging of LT-HSC, this was
not shown with conditional HO-1 knockout mice models with Cre-LoxP system and tissue

specific gene promotors. Deleting the HO-1 gene only in selected populations composing stem
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cell niche would allow investigating the role of HO-1 in the niche independently of other

extrinsic mechanism, such us discussed influence of systemic factors.

Moreover, we were focused on two selected populations composing stem cell niche.
There are several other kinds of cells building the niche, like macrophages, nestin” stromal cells
or PaS, in which HO-1 may play a role. Furthermore, we proposed several factors that can
mediate impact of niche dysfunction on LT-HSC, but till now we did not prove their role in
functional manner (Fig. 4.1). The elegant way to confirm a role of a given factor would be the
ability to reverse effect of HO-1 deficiency upon its complementation. On the other hand, it is
possible that the phenomena of the observed premature aging is a complex output of several
factors and reversal of selected one or few of them would not reverse the effects of HO-1
deficiency on LT-HSC aging. .

Finally, although HO-1 is expressed at low levels in LT-HSC, its intrinsic role in LT-
HSC cannot be excluded. There are studies suggesting the potential role of nuclear HO-1 in
DNA repair. Indeed, our RNA-seq analysis as well yH2aX staining demonstrated alteration in
DNA repair machinery in HO-17" mice. This could be the result of accelerated proliferation of
HO-1"" cells, but potentially might be also linked with postulated role of nuclear HO-1 in DNA

repair.

129



SUMMARY

In the presented study we tried to verify two hypotheses. The main conclusions of

performed experiments are as follows:

Hypothesis 1: The non-hematopoietic fraction of Lin'Sca-1"CD45 give rise to blood cells

Lin'Sca-1"CD45FSC'" population is heterogenous, enriched in early apoptotic cells
Lin'Sca-1"CD45FSC™ do not express pluripotent marker Oct-4A
LinSca-1"CD45FSC" did not showed hematopoietic potential in the single cell
colony formation assay or after co-culture with OP9 cells

LinSca-1"CD45FSC"" can be potentially contaminated with the nuclei expelled from
the erythroblasts.

Summing up, we did not confirm the hematopoietic potential of Lin'Sca-1"CD45 fraction from

adult murine bone marrow.

Hypothesis 2: HO-1 protects HSC from premature aging

HO-1"" mice possess LT-HSC that show signs of premature aging.

LT-HSC from HO-1"" mice lost quiescence and intensively proliferate
HO-1-deficiency resulted in gene expression profile connected with increased
oxidative metabolism

HO-1 is highly expressed in a stem cell niche and is decreasing during aging
HO-1-defiency in CD31Sca-1"" EC cells decreased expression of Kit/

Lack of extrinsic HO-1 impairs function of LT-HSC

Concluding, we confirmed hypothesis concerning protective role of HO-1 in aging of LT-HSC.

Our experiments demonstrated the extrinsic role of HO-1 in maintaining LT-HSC. We showed

that lack HO-1 affected the selected populations composing stem cell niche: CAR and

CD31"Sca-1"&" EC cells. Finally, we proposed several potential factors that may be involved in

HO-1-depedent protection of LT-HSC from premature aging.
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SUPPLEMENTARY METHODS AND RESULTS

The additional materials are attached on DVD. These materials included description of
supplementary methods (R-scripts written to analyze the RNA-seq data) and supplementary
results (data obtained from RNA-seq). The supplementary results are divided in four folders:
comparison of young HSC, old HSC, CAR and EC between HO-1"" and HO-1"" genotypes.
Within each comparison there are: a Excel file with differential expression analysis of all genes,
a Excel files with all significantly changed gen sets revealed by GSEA and pathway enrichment
analysis, graphic files representing the affected pathways revealed by KEEG database and
enrichment maps based on GSEA analysis. Additionally, in subfolder called “reports” there are
.html files directing to web browser-based interface for easier searching, sorting and visualization
on graphs the differential expression of most significantly affected genes as well as processes
indicated by analysis based on Gene Ontology (GO) databases: molecular function (MF),
biological processes (BP) and cellular compartment (CC).
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