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ABSTRACT

This dissertation identifies the small Rho GTPase CDC42 as a key regulator of
cytostatic stress responses, particularly in hematopoiesis and the skeletal system.
Overactivation of CDC42 (CDC42-GTP) plays a central role in causing functional
defects in both hematopoietic stem cells (HSCs) and mesenchymal stem and

progenitor cells (MSPCs), significantly impairing hematopoiesis and skeletal integrity.

Regardless of the method of activation — whether by cell stress in a stress-susceptible
mouse model (O5A%2) using the chemotherapeutic agent 5-FU or by lethal irradiation
of wildtype mice followed by hematopoietic stem cell transplantation (HSCT) —
overactivation of CDC42 consistently resulted in defective F-actin fiber formation in
MSPCs. This disruption of the cytoskeleton led to irregular or completely disorganized
F-actin fibers, which, in turn, impaired critical cellular maintenance processes, such as

autophagy, impacting HSC behavior.

This research shows that pharmacological in vivo inhibition of CDC42 with CASIN in
mice attenuates elevated CDC42 activation, prevents defective actin-anchored
autophagy in MSPCs and protects against lethal cytopenia under stress, as well as
skeletal degeneration after HSCT. This makes CDC42 a promising therapeutic target,
especially in scenarios where stress, aging, or treatments such as HSCT impair
cytoskeletal and HSC function.



ZUSAMMENFASSUNG

In dieser Dissertation wird die kleine Rho GTPase CDC42 als Schlusselregulator fir
zytostatische Stressreaktionen identifiziert, insbesondere in der Himatopoese und im
Skelettsystem. Eine Uberaktivierung von CDC42 (CDC42-GTP) spielt eine zentrale
Rolle bei der Entstehung funktioneller Defekte sowohl in hamatopoetischen
Stammzellen (HSCs) als auch in mesenchymalen Stamm- und Vorlauferzellen
(MSPCs) und beeintrachtigt die Hamatopoese und die Integritat des Skelettsystems
erheblich.

Unabhangig von der Art der Aktivierung - ob durch Zellstress in einem stressanfalligen
Mausmodell (O5A%2) unter Verwendung des Chemotherapeutikums 5-FU oder durch
letale Bestrahlung von Wildtyp-Mausen mit anschlieRender hamatopoetischer
Stammzelltransplantation (HSCT) - fiihrte eine Uberaktivierung von CDC42 durchweg
zu einer defekten F-Aktin-Faserbildung in MSPC. Diese Stdrung des Zytoskeletts
fuhrte zu unregelmafigen oder vollig desorganisierten F-Aktin-Fasern, die wiederum
wichtige zellulare Erhaltungsprozesse wie die Autophagie beeintrachtigten, was sich

auf das Verhalten der HSZ auswirkte.

Diese Forschungsarbeit zeigt, dass die pharmakologische in-vivo-Hemmung von
CDC42 mit CASIN in Mausen die erhohte CDC42-Aktivierung abschwacht, eine
defekte Aktin-verankerte Autophagie in MSPCs verhindert und vor todlicher Zytopenie
unter Stress sowie vor Skelettdegeneration nach HSCT schiitzt. Dies macht CDC42
zu einem vielversprechenden therapeutischen Ziel, insbesondere in Szenarien, in
denen Stress, Alterung oder Behandlungen wie die HSCT die Funktion des
Zytoskeletts und der HSC beeintrachtigen.



INTRODUCTION

Hematopoietic stem cells and their BM niche

Hematopoietic stem cell hierarchy

Blood cell formation (hematopoiesis) is a complex biological process that primarily
occurs in the bone marrow (BM) in vertebrates. In mammalian species, blood cells are
mainly produced by a heterogeneous small number of quiescent cells, called
hematopoietic stem cells (HSCs) 1. HSCs are characterized by their ability to self-
renew and produce daughter stem cells, as well as to differentiate into various
multipotent and restricted progenitors that form all blood cell types 2. Quiescence
serves as a protective mechanism to preserve the stem cell pool over time, as DNA
damage misrepair can be passed to progeny 3. Upon exposure to stress, these cells
are reactivated and enter the cell cycle. A delicate balance must be maintained to
prevent exhaustion and transformation of the stem cell pool while ensuring their ability
to maintain homeostasis and respond to injury when necessary 4. In mice, the most
potent self-renewing HSC subset are experimentally defined as long-term-HSCs (LT-
HSCs; CD34  CD150* CD48" Lineage  SCA-1* KIT* cells) °. LT-HSCs have been
shown to divide and mature into different progenitor cell subsets, initially becoming
positive for the surface markers CD34, Flk2, and CD48, and after several further
differentiation steps, they form the two basic mature blood cell types: myeloid and

lymphoid cells (Figure 1A ©) 578,

The traditional hematopoietic hierarchy describes hematopoiesis as a classical
stepwise process in which multipotent, oligopotent, and unipotent progenitors
progressively differentiate into mature blood cells. Previously, this process was
understood to be driven mainly by distinct populations of transiently amplifying
committed progenitor cells, such as multipotent progenitors (MPPs) developing into
common myeloid progenitors (CMPs) and common lymphoid progenitors (CLPs) 2. In
contrast to conventional population-based analyses, single cell genomics, particularly
scRNA-seq, provides deeper insights into hematopoiesis, revealing the previously
unrecognized heterogeneity of HSCs. The heterogeneity of HSCs is reflected in the
different molecular signatures, cellular fates and functional outcomes observed in

individual HSCs 6. Recent studies further suggest that hematopoiesis is a continuous
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differentiation process. The surprising discovery that multipotent lymphoid progenitors,
which typically develop into cells of the lymphatic system, can differentiate into
granulocyte-monocyte progenitors suggests that the classical model of hematopoiesis
may not be as rigid as once believed and progenitor cells might deviate from their
intended differentiation pathways under specific circumstances ©°. Furthermore, for
instance in the differentiation of megakaryocytes (cells responsible for the formation of
blood platelets), some intermediate stages can be bypassed, which indicates a greater

flexibility of this process (Figure 1B 6) 1911,

Continuous differentiation

Figure 1: A) Revised roadmaps of hematopoietic hierarchy. B) Continuous differentiation landscapes. Adapted
from Zhang et al., 2018.

The differentiation of hematopoietic stem cells ultimately leads to the formation of red
blood cells (erythrocytes), platelets, and various types of white blood cells (leukocytes).
Leukocytes are essential for immune defense, playing roles in both the innate
(nonspecific) and adaptive (specific) immune responses 213, The innate immune
system includes monocytes, which become macrophages, and granulocytes
(eosinophils, basophils, neutrophils), forming the first line of defense against
pathogens and abnormal cells from birth 24 These cells relay information to the
adaptive immune response, the lymphocytes (B and T cells), to coordinate a more
targeted response 12. B cells differentiate in the bone marrow, while T cells mature in

the thymus and are trained in the spleen and lymph nodes 1516, eukocytes have the
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unique ability to migrate into the bloodstream and surrounding tissues where they
defend against pathogens and foreign substances. They migrate to areas of injury or
infection through a process called “diapedesis” guided by molecules from pathogen-
associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) 17, Innate immune cells like mast cells recognize PAMPs and DAMPS,
releasing cytokines to direct leukocytes out of the bloodstream. Compounds such as
histamine and heparin from mast cells, along with endothelial cell markers, facilitate

leukocyte movement into tissues 1.

The development of the hematopoietic stem cell niche

Functional HSCs are rare cells (<0.01% of total BM cells). As such, HSCs are
surrounded by a complex molecular and cellular environment. This environment
controls all aspects of HSC behavior, particularly self-renewal and differentiation, both
important to maintain and regulate hematopoiesis by expression of surface molecules
and secretion of soluble factors 51820, Collectively, the stem cell regulatory factors and

cells surrounding the stem cells are called the microenvironment or niche.

A fundamental understanding of the role of the hematopoietic niche requires an
understanding of how this microenvironment evolves from the embryonic stage to
adulthood and how the niche adapts its regulatory mechanisms depending on the
changing needs of the organism 2122, The differentiation pathways of HSCs during
embryonic development are far more complex than previously assumed. The
application of scRNA-seq has significantly deepened our understanding of
hematopoietic stem cell development. These analyses have confirmed that HSCs
originate in different embryonic niches and that their development is highly dependent
on the specific microenvironment and prevailing signaling mechanisms 23. During
embryogenesis, HSCs are first identified in the aorta-gonad-mesonephros (AGM)
region, where they originate through endothelial-to-hematopoietic transition (EHT) 24
27, These HSCs migrate to the fetal liver, the primary embryonic niche, where they
rapidly proliferate, supported by stromal cells like Nestin+ NG2+ pericytes 28-30,
Through co-culture studies with HSCs, these mesenchymal stromal cells (MSCs) have
been identified as the cornerstone for hematopoietic support, as they are expressing
vital growth factors such as SCF (stem cell factor), Angptl3 (angiopoietin-like 3), IGF2
(insulin-like growth factor 2), and TPO (thrombopoietin), which drive HSC proliferation
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and survival in the fetal liver 2!, Nestin+ NG2+ pericytes further promote HSC
expansion by associating with portal vessels in this niche 21. The fetal liver acts as a
temporary but essential hematopoietic niche that promotes the rapid proliferation of
HSCs and their differentiation into various blood cells before they finally translocate
and settle in the BM. In adulthood, the BM becomes the primary and permanent
hematopoietic niche in which HSCs reside, self-renew and differentiate into mature
blood cells. However, if there is hematopoietic stress, the niche may shift to

extramedullary areas such as spleen or liver 2431,

The adult hematopoietic stem cell niche architecture and cell
types

This dynamic evolution demonstrates the adaptability of the niche and the complex
interplay of signaling pathways and cellular interactions. This doctoral thesis focuses
in particular on the adult hematopoietic stem cell niche and its interaction with HSCs
(Figure 2 21).

Recently, single-cell analyses have played a crucial role in revealing the composition
of the niche as an ecosystem of various interdependent cell types. These analyses,
which focused on deciphering the composition of the murine BM niche, have identified
more than twenty different subpopulations of cells 32. Among these, the adult
hematopoietic niche primarily comprises non-hematopoietic endothelial cells (ECs),
mesenchymal stem and progenitor cells (MSPCs), and osteoblasts (OBCs), all of
which play critical roles in maintaining and regulating HSCs 3233, Nakamura et al. 34
analyzed bone lining cells that were negative for the cell surface markers CDA45,
PECAM-1 (platelet endothelial cell adhesion molecule), CD31, and TER-119
(glycoprotein A). They divided this fraction into subgroups based on their expression
of ALCAM (activated leukocyte cell adhesion molecule) and SCA-1 (stem cell antigen
1) to determine their impact on HSC maintenance. ALCAM7°% SCA-1* cells were
identified as immature MSPCs, while ALCAM* SCA-1" subpopulations were
considered as OBCs. Additionally, ECs were considered as CD31* SCA-1* cells 34.

In addition to these core components, the hematopoietic niche also includes
chondrocytes, fibroblasts, pericytes, smooth muscle cells, and Schwann cells 3233, In

addition to non-hematopoietic cells, hematopoietic cells like monocytes and
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macrophages also support the maintenance of HSCs and are considered an essential

part of the niche 3536,

HSCs are generally located near the endosteum, the interface between bone and BM,
and close to sinusoidal blood vessels *’. It is believed that there are two distinct
locations for HSCs within the niche: the endosteal niche, which likely houses dormant
HSCs and supports their maintenance, and the perivascular niche, which supports
HSC proliferation and differentiation 8. The perivascular niche typically contains cells
that produce high levels of the chemokine CXCL12 (CAR cells), stromal cells with leptin
receptors (LEPR+ cells), and nestin+ MSPCs %41, Nestin+ MSPCs are also found in

the endosteal niche, but to a lesser extent 41.

CD169* —
macrophage
Non-myelinating /
Schwann cell NG2* CXxcL12 4
Nes-GFP* &%
Latent TGFB 1 Vg
Y HSC ™
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VR
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Figure 2: HSC niche players in the adult BM. Model from Gao et al., 2018.
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The role of MSPCs in osteogenic differentiation and bone
formation

MSPCs have been noted for their capacity to differentiate into fibroblast-like colonies
and into various cell types, including adipocytes (fat cells), chondrocytes (cartilage
cells), and osteogenic lineages in vitro 4243, The osteogenic lineages include
osteoblasts (bone-forming cells), which are responsible for building bone structure, and
osteocytes (mature bone cells), which arise from osteoblasts when they are integrated
into the bone matrix. The balance between the differentiation of MSPCs into adipocytes
and osteoblasts plays a critical role in determining whether fat or bone tissue is formed,
with various signaling pathways such as Wnt and TGFB/BMP being key regulators in
this process 444°. Disruption in this balance can lead to pathological conditions where
increased adipogenesis at the expense of osteogenesis contributes to bone loss and

increased marrow fat, as seen in osteoporosis 44.

Osteoblasts produce the bone matrix by secreting collagen and ground substance to
form the initial, non-mineralized bone (osteoid). This osteoid undergoes primary
mineralization through the secretion of matrix vesicles by osteoblasts, and
subsequently, calcium phosphate crystals are deposited during secondary
mineralization, gradually increasing bone mineral density and forming the rigid
structure of the bone 4647, This process is vital not only for initial bone formation but
also for ongoing bone remodeling and repair. During bone remodeling and repair,
MSPCs are recruited to injury sites where they proliferate and differentiate into
osteoblasts, contributing to bone regeneration %47, This process is crucial for
maintaining bone density and healing fractures. The differentiation of MSPCs into
distinct lineages, including osteogenic pathways, involves a two-phase process: initial
lineage commitment followed by maturation into specialized cell types 4647, Several
key signaling pathways, including the transforming growth factor-beta (TGF3)/bone
morphogenetic protein (BMP) pathway, the Wnt signaling pathway, Hedgehog (Hh)
signaling, Notch signaling, and fibroblast growth factor (FGF) pathways, are crucial in
guiding MSPCs toward osteogenic differentiation, ensuring proper bone formation and
maintenance “8. Each pathway plays a vital role in guiding MSPCs towards osteogenic
differentiation, ensuring proper bone formation and maintenance (Figure
3 48):
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Figure 3: Fate decision of mesenchymal stem cells regulated by signaling pathways and key transcription factors.
Model from Chen et al., 2016.

The TGFBR/BMP pathway helps MSPCs decide whether to become bone cells. For
example, BMP2 and BMP4 within this pathway promote the differentiation of MSPCs

into osteoblasts, thereby facilitating bone formation 45490,

the Wnt signaling pathwayplays a crucial role in MSPC differentiation, promoting
osteogenic differentiation and inhibiting adipogenic differentiation . For instance,
Wnt3a and Wntb5a are specific proteins in this pathway that help in the creation and

strengthening of bone 5253,

The Notch signaling pathway, involving Notch receptors and ligands, regulates MSPC
differentiation through cell-cell communication, playing both an inhibitory and an
essential role in adipogenic differentiation “8. Notch suppresses osteogenesis by
inhibiting Whnt/B-catenin signaling but can also promote osteogenesis through
interactions with BMP2 50.54,

The Hedgehog pathway is active in the early stages of bone formation and helps
MSPCs become osteoblasts, often working together with the BMP pathway 5556,
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Moreover, FGFs regulate both adipogenesis and osteogenesis, highlighting the
intricate network of signaling pathways that govern MSPC differentiation *’. This clearly
demonstrates that the signaling pathways involved in MSPC differentiation do not

function in isolation but interact within a network influenced by the microenvironment.

Regulation of the hematopoietic stem cell niche

The regulation of the HSC niche and the HSCs themselves is mediated by a complex
network of signaling pathways involving a wealth of secreted factors from stromal cells,
endothelial cells, and MSPCs (Figure 2 2') %8, These signaling pathways not only
collaborate to fine-tune the niche environment but also directly influence HSCs 338,
Additionally, nutrient sensors within niche cells, such as those involved in mTOR
(mammalian target of rapamycin) signaling, respond to fluctuations in nutrient
availability by altering their metabolic state. This metabolic shift can lead to changes in
the secretion of growth factors and cytokines, which in turn modify the composition and
structure of the bone marrow microenvironment, thereby directly influencing HSCs’

behavior and function 5961,

The extracellular matrix (ECM) and adhesion molecules, such as integrins and
selectins, are essential in structuring and regulating the HSC niche 62%4. The ECM
provides a physical scaffold that maintains the spatial organization of cells, crucial for
a functional niche, while also acting as a reservoir and active presenter of growth
factors and cytokines 4. This dual role allows the ECM to modulate signaling pathways

by delivering specific signals to HSCs 4.

During the transition from extracellular components to the intracellular environment,
the cytoskeletal components F-actin and tubulin stabilise the cellular dynamics of the
niche. The cytoskeleton not only supports cell architecture and movement, but also
facilitates responses to extracellular signals 6566, Both F-actin, along with its associated
assembly factors, and tubulin, which forms microtubules, have been shown to be
essential for the effective functioning of HSCs and in the BM 567, However, although
cytoskeletal components are known to be critical for maintaining cellular architecture
and differentiation of niche cells, the role of the cytoskeleton in niche support of HSCs
has been underinvestigated.
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Dynamic interplay between HSCs and their niche

The dynamic interactions between niche cells and ECM allows HSCs to respond and
adapt to changes in their microenvironment, which is essential for the maintenance of
homeostasis and regeneration of the hematopoietic system under normal and
pathological conditions %2468 However, the dynamic interplay between HSCs and the
niche is not unidirectional. HSCs and their progeny also influence and remodel their

microenvironment.

HSCs secrete factors such as angiopoietin-1 (Angptl), which acts primarily on MSPCs
by binding to the Tie2 receptor on niche cells, promoting HSC quiescence and
preventing exhaustion due to excessive division, thus ensuring long-term stem cell
maintenance ©°. While Angpt1 is not expressed by osteoblasts, it is found in other niche
components, such as c-kit+ progenitor cells and LepR+ stromal cells %°. Although
deletion of Angptl has no effect on steady-state hematopoiesis or maintenance of
HSCs, it accelerates vascular and hematopoietic recovery after irradiation by
increasing vascular leakage °. This emphasises the role of Angptl in regulating the
regeneration and stability of niches. Consequently, HSCs contribute directly to their
own maintenance and to the overall health of the bone marrow niche by influencing

MSPC and other niche components.

Furthermore, bone marrow megakaryocytes, primarily located along sinusoidal
vessels, regulate HSC quiescence through the secretion of CXCL4, thrombopoietin
(TPO), and TGF. In doing so, they influence not only the HSC niche but also the
overall maintenance of HSCs, highlighting the complexity of this interplay 2%79-72,

Dysfunctional hematopoiesis

In the previous chapters, | described in detail the characteristics and dynamics of a
healthy niche and the interplay between HSCs and their niche as well as the cellular
and molecular mechanisms that ensure the stability and functionality of the HSC niche
in a steady state. This chapter focuses on the pathologies that occur when the
hematopoietic niche is disrupted. It discusses how factors such as inflammation and

aging can impair niche function and lead to the development of disease.
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The HSC niche is influenced by various external and internal factors, resulting in
continuous homeostatic remodeling and re-balancing 3. A critical de-stabilizing
influence of homeostasis is the impact of acute and chronic inflammation on the HSC
niche. Understanding the impact of inflammation is critical, as it occurs regularly during
the organisms life-time, and it has been shown to be a common hallmark of many
pathological conditions (Figure 4 73). Even minor disturbances within the niche,
triggered by sterile or infection-related inflammatory stimuli have been found to induce
dormant HSCs to proliferate, impair their self-renewal capacity and potentially increase
the chance of malignant transformation 74’8, In addition to inflammation, environmental
factors, lifestyle, and exposure to toxic or therapeutic substances or radiation further
influence homeostasis ’°. Together, these factors may trigger systemic diseases,
leading to conditions such as anemia or leukemia, which are characterized by defective
responses to infections, impaired oxygen distribution, or bleeding disorders 72,

Accelerated aging as a result of continuous stress challenges

The inability to maintain homeostatic remodeling and re-balancing during chronic
inflammatory processes has severe disruptive effects on both the niche and HSCs,
leading to premature aging 337°. Aging, a natural process characterized by the slow
but progressive deterioration of cells and tissues, is the primary risk factor for the
decline in the functionality of HSCs, immune system defects, and increased
hematological abnormalities 337°8.82 The interdependent cellular and molecular
interactions between aging and inflammation confound the search for possible
therapeutic interventions, as the aged niche shows different responses to inflammatory
stimuli than the naive, young and healthy niche. In the young niche, the niche rapidly
releases proinflammatory cytokines such as Interferon alpha (IFN-a), which, in turn,
equally rapidly recruit dormant HSCs into the cell cycle and stimulates BM ECs to
remodel the vascular niche 7683, Interestingly, imaging of aged BM reveals remodeling
of both arteriolar and sinusoidal vessels, in which sinusoidal areas protect the most
potent repopulating HSCs 4. These sinusoidal niches are preserved with age in terms
of shape, morphology and number. This clearly demonstrates that aging is not

restricted to HSCs, but also affects their microenvironment 84,

Given the lifelong homeostatic remodeling and re-balancing in response to
inflammatory stimuli, aging could be understood as a 'chronic stress model'. To

investigate the effects of naturally occurring stressors on stem cells and their niche and
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to stimulate the regeneration of the hematopoietic system after injury,
polyinosinic:polycytidylic acid (pl:pC) treatment is often used, as it triggers a defined
short inflammatory impulse, similar to that observed in a viral infection 7. In line with
the idea that multiple minor inflammatory events would stimulate aging-like
degeneration, multiple low-dose pl:pC stimulation leads to a cumulative inhibitory
effect on the ability of HSCs to engraft 4. Similarly, chronic exposure to low-dose
lipopolysaccharide (LPS), a component of the outer membrane of gram-negative
bacteria, triggers inflammatory stress. Acute LPS challenge induces proliferation of
quiescent HSCs in vivo and impairs HSC self-renewal and competitive repopulation

activity 8587,
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Figure 4: The Hematopoietic BM Niche Ecosystem: Impact of repeated stress on BM niche cells; Model from
Frobel, Landspersky, et al., 2021.

Another well-established stress model is the treatment with the anti-proliferative
chemotherapeutic agent 5-fluorouracil (5-FU). It targets cells in S-phase, the phase of

the cell cycle where DNA is replicated, and rapidly recruits dormant HSCs into the cell
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cycle 8, Although dormant HSCs are resistant to 5-FU, HSCs pre-treated with IFN-a
and thus induced to proliferate are efficiently eliminated by 5-FU treatment in vivo 6.
In addition, although a single treatment of mice with 150 mg/kg 5-FU is not lethal,
multiple weekly exposures severely reduce HSC engraftment ability and can even be
lethal after 2 to 3 treatments 8%,

In sum, repeated stress can progressively alter the fithess of HSCs and its BM niche
cells. Under steady-state conditions, the niche protects HSCs from overstimulation and
aging, but as the niche degenerates, this protective effect is progressively diminished
(Figure 4 73). Over time, accumulating minor changes affect the transcriptional,
proteomic, and ecological landscapes of the cellular composition of the BM niche.
Ultimately, aging-like changes in the BM niche lead to the loss of functional HSCs,
systemic inflammation, and the development of chronic changes with the loss of niche
support for healthy hematopoiesis in the BM. Instead, the altered niche supports the

development of chronic diseases 4.

Aging phenotypes in HSCs and MSPCs

Age-related changes in HSCs and their niche can be identified through specific
phenotypes, commonly referred to as “hallmarks of aging” (Figure 5 °1) 729192 Aging
phenotypes in HSCs and MSPCs include a reduced ability to renew and differentiate,
a myeloid-biased differentiation potential, and increased ROS (Reactive Oxygen
Species) production leading to oxidative stress and DNA damage, often recognisable
by increased markers such as gamma-H2AX, an indicator of DNA double-strand
breaks °'.

Aged HSCs also exhibit decreased cellular polarity, impairing their division and
function. In young and healthy HSCs, polarity is a characteristic feature in which the
cellular components are asymmetrically distributed, contributing to efficient division
and function of these cells. However, in aged HSCs, this polarity decreases, resulting
in a more apolar organisation where the asymmetric distribution of cellular components
is lost ?3. This loss of polarity impairs the ability of cells to orientate and divide properly,
contributing to reduced regenerative capacity °. Therefore, with increasing age, the
ratio of quiescent HSCs decreases, leading to more HSCs entering an active state,
which results in increased cell division. This can lead to a depletion of the stem cell

reserve and exhaustion or even cellular senescence. Cellular senescence,
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Figure 5: Model from Akunuru and Geiger, 2016.

characterized by stable cell cycle arrest and often caused by oxidative stress-induced
DNA damage or telomere shortening, further contributes to a decline in HSC

functionality 794,

Senescence is also a hallmark of aging in MSPCs, involving genetic material damage,
loss of proteostasis, and mitochondrial dysfunction °®. Various signaling pathways such
as AMPK, sirtuins, Nrf2, and Hedgehog have anti-senescent effects, while others like
mTOR, ROS, IGF1, and NF-kB promote senescence (Figure 6 %) °5%_ Aging leads to
chronic remodeling of the BM niche, characterized by an increase in adipogenic cells,
a decline in osteogenic cells, stromal senescence, loss of endomucin-positive vessels,
and altered innervation 719, These changes contribute to niche remodeling, which is
often associated with chronic malignancies and the progression to aggressive myeloid
leukemias. Malignant cells further disrupt normal hematopoiesis by creating an
environment that does not support efficient hematopoiesis. The potential effects of
HSC aging on the BM include various abnormalities, such as altered vasculature,
increased adipogenesis, reduced osteogenesis, altered secretion of extrinsic factors
from niche cells (increased secretion of CCL5 and decreased osteopontin (OPN)
levels), and reduced adhesion between HSCs and supportive niche cells (Figure 7 2%)

21 Moreover, the aged niche directly impacts young HSCs. According to the work of
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Florian et al. (2013), aged niche cells can induce a switch from canonical to non-
canonical Wnt signaling in young HSCs, leading to their premature aging °3. This
reciprocal influence highlights the dynamic interplay between HSCs and their niche
during aging. Therefore, there is a need to consider both cell-intrinsic and extrinsic

factors in understanding HSC and niche aging.
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In summary, the hallmarks of aging, as described by Lépez-Otin et al. (2013; 2022),
identify several main characteristics of aging, including genomic instability, telomere
shortening, epigenetic changes, and loss of proteostasis 7?92, These primary hallmarks
cause damage, while antagonistic hallmarks like deregulated nutrient sensing,
mitochondrial dysfunction, and cellular senescence respond to damage. Integrative
hallmarks, such as chronic inflammation, stem cell exhaustion and altered intercellular
communication, result from these processes (Figure 8 °2) 7292, The authors additionally
propose “hallmarks of health”, which include features such as spatial
compartmentalization, maintenance of homeostasis over time, and effective responses
to disturbances %2191, Aging is associated with the gradual deterioration of these health
hallmarks, leading to the loss of barrier integrity, disrupted homeostasis, and reduced
ability to respond to stress through repair and regeneration. This decline affects all
levels of biological organization, from molecules to organ systems. The 'hallmarks of
aging' are interconnected with these “health hallmarks”, creating a complex network

that may explain aspects of the aging process 7992101,
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Wnt5a as an early indicator of aging

After discussing the hallmarks of aging and health, | will now focus on the specific
molecular mechanisms driving these cellular changes. A deeper understanding of the
molecules involved in aging, such as signaling proteins, transcription factors and
structural components, is crucial to unravel the complex biological processes behind
the decline of cellular and tissue function. In particular, the changes in signaling
pathways and the involvement of specific molecules offer insights into the underlying
causes of age-related dysfunction and open up possible approaches for therapeutic
interventions. Therefore, many researchers have contributed to defining specific
markers associated with aging, often linked to shifts in key signaling pathways.

One such significant shift involves the transition from (3-catenin-associated (canonical)
Whnt signaling to non-canonical Wnt signaling with aging 3. Thus, there appears to be
a change in the association of Frizzled receptors with downstream G proteins and
Disheveled that leads to interactions with both the canonical B-, y- or d-catenin-
dependent pathways and with non-canonical Wnt signaling pathways that are
dependent on calcium or small GTPases. For proper HSC function, catenin-dependent
Whnt signaling must be finely tuned since the precise level of (3-catenin activation
determines different cell fates: low levels of catenin activation favor self-renewal, while

higher levels lead to differentiation 102,
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Non-canonical Wnt signaling encompasses various pathways of cellular activation,
including Ca2+-dependent signaling, phospholipids, inflammation, and non-Frizzled
Wnt receptors. Particularly, the non-canonical Wnt factor WNT5A (Wingless-type
MMTYV integration site family member Wnt5a), has been found to play an important
role in aging (Figure 9 103) 93103 \Wwnt5a expression is essential for embryonic
development, since a complete Wnt5a knockout in mice is lethal, leading to death
before birth 194, Interestingly, Wnt5a expression is minimal in HSCs from young mice,
but it increases considerably with aging 1°2. Other Wnt family proteins, such as WNT1,
WNT3A, WNT5B, and WNT10B, do not show this differential expression in aged HSCs
93, The increase in Wnt5a expression with aging is most interesting because it is a
driver of the switch from canonical to the non-canonical Wnt signaling in aged HSCs
%, The non-canonical Wnt pathway actively downregulates canonical B-catenin
signaling and activates more diverse signaling pathways from calcium-, NFAT, planar
polarity, ROR, to PTK7 receptors 10519 Upon WNT5A binding to its FZD and non-FZD
receptors, various intracellular signaling pathways are activated, depending on which
WNT5A receptors are being expressed by the target cells. These targets include the
activation of small GTPases like Ras homologue (Rho), Rac, and Cell Division Control
protein 42 (CDC42). These small GTPases regulate various cellular processes, many
of which depend on the actin and tubulin cytoskeleton, and calcium-dependent
signaling through CAMKII and p21-activated kinases (PAK) 105.107.108

Given its significant role in driving the switch from canonical to non-canonical Wnt
signaling in aged HSCs, Wnt5a serves as an early biomarker for detecting age-related

cellular changes and potential dysfunctions.
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Figure 9: Wnt5a's Role in Aging: Wnt5a has a dual role in aging. It helps prevent cells from entering senescence,
with the FZD5 receptor playing a key role. However, in cells that have already aged, Wnt5a levels are high. In these
aged cells, Wnt5a activates the JAK/STAT and Calcium/CaMKII/NFATcl pathways. Additionally, CDC42, which
responds to Wnt5a, influences how cells divide, particularly in ensuring symmetric divisions in aging cells. Model
from Sarabia-Sanchez and Robles-Flores, 2024.

CDC42 as key node for balancing homeostasis

A large part of this thesis focuses on the influence of the small Rho GTPase CDC42
and the associated intracellular changes it triggers (Figure 10 1), Like all GTPases
(short for guanosine triphosphatase), CDC42 functions as a molecular switch,
alternating between an inactive GDP-bound state and an active GTP-bound state.
CDC42 is regulated by GEFs (Guanine Nucleotide Exchange Factors), which catalyze
the exchange of GDP for GTP, and by RhoGDI (Rho GDP Dissociation Inhibitor), which
stabilizes the inactive GDP-bound form and can sequester CDC42 in the cytoplasm
109-111 The binding of GTP to CDC42 induces a conformational change, marking the
active state of CDC42 (CDC42-GTP). In this state, CDC42 can interact with and
activate its downstream effector proteins. The inactivation of CDC42-GTP occurs
through the hydrolytic cleavage of GTP to GDP, a process that is accelerated by
GTPase-activating proteins (GAPs). After GTP hydrolysis, CDC42 returns to its
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inactive GDP-bound state. This dynamic of GTP/GDP binding and hydrolysis allows
CDCA42 to function as a regulatable switch controlling intracellular signaling pathways.
These pathways are mainly regulated through effectors with a CDC42/Rac1-interactive
binding (CRIB) or transducer of Cdc42-dependent actin assembly (TOCA) domain 112,
Through these effectors, CDC42 regulates the assembly of actin filaments, which is
crucial not only for cell shaping and dynamic processes such as cell movement, cell-
cell interactions, and cell division 13 but also for DNA repair 4. In processes such as
wound healing and embryonic development, CDC42 controls cell migration by
restructuring the cytoskeleton and directing the cell in specific directions 1°,
Additionally, CDC42 is involved in the regulation of endocytosis, a process in which
cells absorb material from their extracellular space or from interacting cells, and plays

a role in the transport of vesicles within the cell 1%°.

Through the age-related upregulation of non-canonical Wnt signaling, CDC42-directed
signaling cascades have a significant impact on HSC quality and quantity °3.
Furthermore, treatment of young HSCs with WNT5A induced a CDC42-GTP-induced
aging-like redistribution of the cytoskeleton (cell polarity), associated with reduced
regenerative ability and an aging-like myeloid/lymphoid differentiation defect in HSCs

93,116 However, aging-like changes are not restricted to hematopoiesis and they also

Integrin

SRECOORDD DRV SCERI POV OCPESTTCED RSP PSCIL2dTRLEDSHIERISERESD

OO POOVPOOODOO® SOPOOOOVOO® DPDRVOHDDRODEPDODPRD

' L'L
‘e —_— A
_________ teee oo 3 (CRROGEF —» e &
0 GTP ‘
: - WASP/
Golﬁgl 0 RhoGDI g [ ACK ] N-WASP] PAK MRCK [ PARé]
~ NS ) A~ —
= 1 @ v L, [ o] ] +
/ Ar2/3 1/2 l Apicobasal
! P " polarity
v l |Moesin|
Receptor Actin Cell
endocytosis  polymerization migration l

and

degradation Actin-myosin

regulation
Nucleus

Figure 10: Cdc42 Regulation: Receptors activate Cdc42 via GEF proteins, converting it to its active form
(Cdc42-GTP). GAP proteins inactivate it, while RhoGDI proteins stabilize or transport Cdc42. Cdc42 controls actin
dynamics, vesicle trafficking, and cell motility. Model from Murphy et al., 2021.



28

occur in most other tissues. Therefore, it is relevant to examine the influence of aging-
like changes in the microenvironment on HSC function. Indeed, when HSCs from
young mice are transplanted into old mice (with an “old niche”), the donor HSCs
showed significantly reduced repopulation function with increased WNT5A and
CDC42-GTP levels . This suggests that the old niche has a negative impact on the
performance and regenerative capacity of HSCs. Conversely, when HSCs from old
mice were transplanted into young recipients (with a “young niche”), it was found that
the old donor HSCs show a highly improved repopulating function with decrease in
WNT5A and CDC42-GTP levels %3. These data suggest that WNT5A expression in the
microenvironment strongly impacts HSC quality by modulating the exchange of GDP
for GTP on CDC42.

Niche WNT5A regulates the actin cytoskeleton in HSCs

As the aging environment influences the HSC quality and quantity, it was interesting to
investigate whether extrinsic WNT5A expression from the niche could be responsible
for this preaged phenotype. In the manuscript 'Niche WNT5A regulates the actin
cytoskeleton during regeneration of hematopoietic stem cells,' where | am a co-author,
we analyzed the impact of heterozygous Wnt5a deletion in mice (Wnt5a+/-) 5. Indeed,
when wildtype HSCs are transplanted into a Wnt5a-haploinsufficient
microenvironment, they lose their qualitative and quantitative functionality and are no
longer capable of secondary engraftment. Interestingly, the Wnt5a-haploinsufficient
niche triggered an increase in WNT5A as well as an increase of CDC42-GTP
expression and its apolar distribution in HSCs, suggesting the promotion of an aging-
like HSC phenotype. In agreement with this view was the observation that cytoskeletal
F-actin, was distributed in an apolar manner, similar to that found in dysfunctional aged
HSCs 5. In summary, the maintenance of HSC function depends on Wnt5a expression
in their environment, which also regulates the engraftment of donor HSCs 65,

Role of WNT5A in cytoskeletal integrity and autophagy regulation
in MSPCs
In my first lead authorship, we further investigated the influence of Wnt5a selectively

deleted in Osx+ osteoblast precursors (O5A%2), which means a Wnt5a deletion in

MSPCs and OBCs . The remaining cells and tissues express Wnt5a at wildtype
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levels. And indeed, the niche lacking Wnt5a exhibits defective F-actin stress fiber
orientation due to elevated CDC42 activity. The integrity of the cytoskeleton is closely
linked to crucial cellular processes, including autophagy, which maintains cellular

homeostasis by degrading and recycling cellular components 17,

The F-actin fibers play a central role in the formation of autophagosomes and their
fusion with lysosomes to form autophagolysosomes. Specifically, autophagosomes,
marked by LC3, encapsulate proteins or organelles and prepare them for degradation
118,119 | ysosomes, which contain proteases and other enzymes necessary for breaking
down cellular material, are marked by LAMP1 %29, The fusion of autophagosomes with
lysosomes, facilitated by the cytoskeleton, initiates the degradation and recycling
process 1?0, However, when the cytoskeleton is defective, this fusion process is
impaired, leading to a significant increase in the size of mitochondria and lysosomes,
both of which indicate defective autophagy 8.

Mitophagy is a specialized form of autophagy that specifically degrades mitochondria
(Figure 11 A). It has been described, that mitophagy specifically targets damaged or
dysfunctional mitochondria. Hence, mitophagy is a major player in mitochondria quality
control. Mitochondrial damage results in the accumulation of PINK1 at the
mitochondria and the subsequent recruitment of the E3 ubiquitin ligase Parkin 1.
PINK1 phosphorylates and activates Parkin, which then ubiquitinates proteins located
on the outer mitochondrial membrane, such as the Ras Homolog Family Member T1
(Rhot-1/ Mirol). Interestingly, the Parkin activated upon mitochondrial damage is
derived from a small pool of Parkin which is already bound to Miro1, prior to activation
of PINK1 and independent of Miro ubiquitination 122, The Miro1/Parkin complex serves
as a sensor of mitochondrial damage. The ubiquitinated proteins, including the Rho
GTPase Mirol, are targeted for proteasomal degradation, effectively disconnecting the
mitochondria from the cytoskeleton to stop their transport 23, These isolated
mitochondria are then primed for uptake by autophagosomes 21124, Rhot1/Mirol is
also forming a complex with the motor proteins dynein, kinesin, and myosin and
thereby allowing mitochondrial movement along the cytoskeleton 124, The motor protein
myosin 6 (MYOG) plays a central role in detecting and isolating defective mitochondria
125 MYO6 forms a complex with Parkin and Tax1 Binding Protein 1 (TAX1BP1), which
is a crucial selective autophagy cargo receptor. Parkin-mediated ubiquitination links
TAX1BP1 to LC3, as well as recruits MYOB, linking the damaged mitochondria to the
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ubiquitination system. On the mitochondrial surface, MYOG6 recruits and initiates the
formation of F-actin cages (Figure 11 B 2%). These cages serve as a quality control
mechanism to isolate defective mitochondria and prevent their fusion with
neighbouring healthy mitochondria. MYOG6 also plays a role in the later stages of the
mitophagy pathway by binding endosomes to actin filaments, facilitating the maturation
of mitophagosomes and the fusion of autophagosomes with lysosomes %6, These
processes are particularly important in the context of HSCs and MSPCs, where

maintaining mitochondrial integrity is crucial for cell function 127,

In summary, the crucial role of the actin cytoskeleton in auto- and mitophagy implies
that defects in F-actin formation lead to defects in autophagic processes. Considering
the strong regulatory activity of CDC42 activation on F-actin assembly, highlights the
importance of WNT5A and CDC42 from the niche in connecting cytoskeletal
remodeling, including cytoskeletal polarization, with auto-/ mitophagy in HSCs and
MSPCs 128,
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Figure 11: A) Intracellular CDC42-related vesicle transport, Simplified Model from Robert A.J. Oostendorp. B)
Actin cages surround damaged mitochondria marked with Myo6; Model from Kruppa et al., 2018
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Autophagy in bone homeostasis and in the development of
osteoporosis

In mammals, bone serves multiple vital functions including protecting organs, providing
muscle attachment points, acting as a site for blood cell synthesis, storing minerals,
and secreting hormones '?°. The skeletal system is constantly remodeled through a
balance between bone formation and degradation: Bone formation involves MSPC-
derived osteoblasts, which synthesize and secrete the bone matrix 4’. As these
osteoblasts become embedded in the matrix, they differentiate into osteocytes, which

form a mechanosensing network within the bone as previously mentioned 42,

Proper autophagy in MSPCs is essential for their differentiation into osteoblasts 0.
Reduced autophagy is accompanied by a decreased expression of selective
autophagy receptors, such as Optineurin (OPTN), TAX1BP1, or Sequestosome 1
(SQSTM1/p62) 131132, These changes lead to reduced osteogenesis through reduced
degradation of adipogenic factors, such as FABP3, which increases adipogenesis
100.133 1 turn, increased myelopoiesis of aged HSCs leads to enhanced formation of
bone degrading osteoclasts, and thus to diseases characterized by a reduction in bone
density and structure, making the bones weaker and more susceptible to fractures at
later ages 190133, QOsteoclasts degrade and resorb the surrounding bone matrix,

ensuring the continuous renewal and remodeling of bone tissue.

A dynamic balance between osteoblast and osteoclast activity maintains healthy bone
mass and structure. Disruptions in this balance can lead to pathological conditions
such as osteopetrosis and osteopenia, or even worse, osteoporosis 3. Osteopetrosis
is characterized by excessive bone formation, leading to overmineralization and
increased bone mass whereas in osteoporosis, bone formation is reduced compared
to bone degradation, which leads to decreased bone mass, weakened bone structure,
and increased fracture vulnerability 130, Osteoporosis is often preceded by osteopenia,
a condition marked by slightly reduced bone density, though not as severe as in
osteoporosis 34135 Importantly, individuals with osteopenia have an increased risk of
developing osteoporosis later. Osteoporosis leads to an increased risk of fractures,

particularly in the hip, spine, and distal forearm 13,

Osteopenia and osteoporosis are often the result of a combination of genetic factors,

aging, hormonal changes, insufficient calcium and vitamin D intake, and lack of
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physical activity 135137, Women are particularly at risk after the menopause, as a lack
of estrogen leads to accelerated bone loss. Additionally, osteoporosis can also be
induced by clinically necessary procedures. In the human system, osteoporosis is a
frequently documented long-term complication after allogeneic hematopoietic stem cell
transplantation (alloHSCT) 128139 Ten years after successful alloHSCT, osteoporosis
is diagnosed in about 50% of HSCT recipients, regardless of the previous conditioning
regime or the age of the patients 14%141, However, myeloablative treatment of patients
with chemotherapy and/or irradiation is still necessary for the engraftment of donor
stem cells, the regeneration of hematopoiesis, and ultimately for the healing of the

patient.

My first publication in this cumulative doctoral thesis examines the role of Wnt5a in
Osterix+ MSPCs in maintaining the homeostasis of the hematopoietic niche and
supporting hematopoiesis under stress conditions, particularly following treatment with
5-FU 8. |t specifically examines how WNT5A expression in osteoprogenitors
influences MSPC stress responses, its downstream effects on CDC42-GTP levels, and
the subsequent cytoskeletal defects that arise from this dysregulation. Understanding
the molecular interactions between CDC42 activation and cytoskeletal regulation in
stress responses provides valuable insights into the underlying mechanisms of stress-
and age-related cellular dysfunction and how this dysregulation leads to defective
autophagy processes. As proper autophagy in MSPCs is controlled by functional
cytoskeleton which decreases in induced stress conditions and during aging.

My second publication 12 explores the role of CDC42 and cytoskeletal deregulation
in skeletal degeneration during normal aging after hematopoietic stem cell
transplantation, focusing on mitophagy in MSPCs isolated at late time points post-

transplantation.
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Possible strategies to restore cytoskeletal functions
by reducing overactivation of CDC42

All skeletal defects identified during my dissertation were associated with an
overactivation of CDC42 in MSPCs. As previously mentioned, CDC42 is responsible
not only for cytoskeleton remodeling but also for initiating a variety of cellular responses
such as cell polarity, proliferation, migration, cellular transformation, filopodia and
invadopodia formation, invasion, enzyme activity, adhesion, membrane trafficking, and
transportation 199142 | primarily investigated whether modulating CDC42 signaling
pathways could treat cytoskeletal defects in MSPCs to prevent autophagy failures.
CDCA42 affects various downstream CRIB-domain-containing effectors like PAK, ACK
(product of the Tnk genes), MRCK (products of the Cdc42bp gene family), MLKs
(products of the Map3k9, -10, or -11 genes), and WASP (products of the Was, Wasl,
Wasf, or Wash Wiskott-Aldrich syndrome genes) family proteins 19143 (Figure 10 109).

Thus, modulating CDC42 affects all of these processes. Inhibitors have been
developed to regulate CDC42, either by affecting its CDC42-GDP/RhoGDI membrane
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Figure 12: Non-canonical Wnt5a pathway with specific inhibitors;
simplified for a better overview, Model from Theresa Landspersky
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translocation (CASIN), GDP-GTP exchange (ZCL278), competitive inhibition of GTP
binding (ML141), or inhibition of downstream kinase effectors such as PAK4 (PF-
3758309) (Figure 12).

CASIN (CDC42 Activity-Specific Inhibitor) directly inhibits the activation of
Cdc42/RhoGDI 110144 1t inhibits the activity of CDC42 in a concentration-dependent
manner by inhibiting the GEFs that normally catalyze the exchange of GDP to GTP on
CDC42 (Figure 12). It selectively binds to the CDC42-GDP/RhoGDI complex without
affecting other similar proteins such as Racl or RhoA 44145 Additionally, CASIN
inhibits actin reorganization by directly binding to the Arp2/3 complex, and it also
affects platelet secretion, aggregation, and thrombus formation in vivo 144145 HSCs
from aged mice or humans show overactivity of CDC42 146-148 \When treated ex vivo
with CASIN, these HSCs rejuvenate to a phenotype with a polar distribution of CDC42
and F-actin and repopulating activity after transplantation into young recipients similar
to HSCs from young mice °. Florian et al. (2013) and Guidi et al. (2021) describe
CDC42 as a potential therapeutic target to rejuvenate old stem cells, thereby improving

both their quality and quantity 93149,

ML141 is a selective and reversible inhibitor of the small GTPase CDC42 (Figure 12)
150.151 "However, while both inhibitors target CDC42, their mechanisms of action are
different. ML141 belongs to the second generation of CDC42 inhibitors and is highly
selective for CDC42-GTP. ML141 acts as a competitive inhibitor of GTP binding to
CDC42, directly preventing the transfer and binding of GTP to CDC42 and thus
maintaining CDC42 in its inactive GDP-bound state %2, Unlike CASIN, ML141 does
not prevent the membrane translocation of CDC42 but instead blocks its activation by
inhibiting GTP binding. Due to its selective inhibition, ML141 provides an excellent tool
to reduce the overactivation of CDC42, offering insights into the specific roles of GTP-
bound CDC42 in cellular functions. Although ML141 alone had a modest effect on
HSPC mobilization %1, when combined with Granulocyte-Colony Stimulating Factor
(G-CSF), a growth factor that stimulates the production and release of white blood cells
from the BM, it significantly increased HSPC counts and colony-forming units in
peripheral blood compared to G-CSF alone 1. G-CSF increased GTP-bound CDC42
levels without changing its overall expression 151, These results indicate that CDC42-
GTP is a negative regulator of G-CSF-mediated HSPC mobilization, and reducing
CDC42-GTP with ML141 treatment enhances mobilization efficiency 1. The authors
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suggest, that therapy with the G-CSF/ ML-141 combination could improve HSPC
mobilization, especially in patients unresponsive to G-CSF alone 1. Another study
showed, that inhibiting CDC42 with ML141 significantly enhances hepatocyte
differentiation from human adipose-derived mesenchymal stem cells (hADSCs)
derived from aged donors (women, 57.6 + 0.9 years old) 1°3. ML141 reversed age-
related declines in cell functions, improved hepatic gene expression, cytochrome
activity, urea and albumin production, LDL uptake, and glycogen storage °3. These
findings indicate that CDC42 inhibition by ML141 can effectively improve hepatocyte
stem cell function and promote their differentiation in aged cells°3,

While ML141 offers a promising approach to modulate CDC42 activity and improve
various stem cell functions, another strategy to address CDC42 overactivation involves
targeting downstream effectors, such as p21-activated kinase 4 (PAK4). As previously
mentioned, the PAK family comprises several effectors regulated by CDC42, with
PAK1, PAK2, and PAK3 classified as group | PAKs, which have the CDC42/RAC
interactive binding (CRIB) domain, while PAK4, PAK5, and PAKSG, classified as group
Il PAKs, lack this domain 152154 The CRIB domain is a specific protein sequence that
allows certain kinases to interact with the small GTPases CDC42 and RAC1. This
domain enables the binding and activation of these GTPases, thereby facilitating
downstream signaling pathways. Next to the PAKSs, there are several proteins that have
a CRIB domain and interact with CDC42 and RACL1 like as mentioned above MRCK
that binds to CDC42 and influences the cytoskeleton and cell movement (Figure 10
109) 143 Additionally, LIMK (LIM kinase) affects the cytoskeleton by controlling a protein
called cofilin, which alters the structure of cell filaments, as well as MLKs and ACK,
which are involved in regulating cell growth 143, PAK4 is a member of the PAK family
that plays a role in signal transduction within cells. Although PAK4 having no CRIB
domain, the activity of Pak4 kinase and its interaction with activated CDC42 are
essential for the induction of cytoskeletal reorganisation 4. PAK4 inhibitors work by
inhibiting the kinase activity of PAK4, thus preventing PAK4-mediated phosphorylation
152 This phosphorylation is a critical step in many cellular processes, including cell
growth, cell movement, and cell survival. CDC42 can act as an upstream regulator of
PAK4, allowing the inhibition of PAK4 to indirectly dampen CDC42 activity 1%°. When
CDC42 is activated, it can directly interact with PAK4 and stimulate its kinase activity.
This activation of PAK4 leads to the phosphorylation of various substrates involved in
the regulation of cell growth, cell shape, and other important cellular functions 5. This
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plays a significant role in cell morphogenesis and movement. In cancer, the
dysregulated activity of CDC42 and PAK4 can lead to uncontrolled cell growth and
metastasis 1°°. Understanding this interaction and developing inhibitors targeting these
proteins is a significant area in cancer research. Recently, numerous PAK4 inhibitors
have been reported, including PF-3758309, the first PAK4 inhibitor to enter clinical
trials (Figure 12) 156, Although developed for PAK4, it showed high efficacy for other
PAK1 isoforms %7, and the allosteric inhibitor KPT-9274, which is tested in Phase |
clinical trials for solid tumors, non-Hodgkin's lymphomas, and acute myeloid leukemia
156 |t inhibits cancer cell proliferation and shows promising results in preclinical studies

by suppressing tumor growth and inhibiting the formation of cancer stem cells %6,

In summary, within my PhD work, | tested CASIN and ML141, two inhibitors that
specifically target CDC42 but through different mechanisms. CASIN prevents the
membrane tethering of the CDC42/RhoGDI complex, thus inhibiting the conversion of
GDP to GTP and keeping CDC42 inactive. In contrast, ML141 acts as a competitive
inhibitor, directly preventing GTP binding to CDC42, thereby also maintaining it in its
inactive state. My goal was to determine which of these mechanisms most effectively
restores cellular function by reducing CDC42-GTP levels after stress (e.g., 5-FU,
irradiation, HSCT) and/or aging, to normal (= young) levels, and preventing the

disorientation and elongation of F-actin fibers
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Research question no. 1 and methodical approach

The Wnt5a knockout niche under stress conditions

In my first lead authorship, my co-authors and | aimed to investigate how the deletion
of Wnt5a in MSPCs influences HSC function, particularly in the context of extrinsic
WNTS5A expression. For this purpose, we used a mouse model with the floxed Wnt5a
gene selectively deleted in Osterix* (Osx; product of the Sp7 gene) osteoblast
precursors (O5A%2), resulting in Wnt5a deletion in MSPCs and OBCs 80158159,
However, Wnt5a was still expressed by CD31+ ECs and other cell types. Unlike the
homozygous knockout, which is embryonically lethal, the O5A%2 mice only showed
mild dwarfism at birth, but were otherwise healthy. To assess the impact of Wnt5a
deletion in osteoprogenitors on stress responses, we treated O5A%2 and wildtype mice

with 5-FU and analyzed them eight days post-injection.

This model allowed us to investigate how intact stress response mechanisms, such as
autophagy and DNA repair response, function in MSPCs in O5A%2 compared to
wildtype mice, and to further examine their impact on HSCs. We conducted a detailed
analysis of stress-induced niche remodeling using whole mount staining and
Fluorescence-Activated Cell Sorting (FACS). Key parameters such as F-actin fiber
orientation, CDC42 levels, mitochondrial function and morphology, and autophagic
vesicle delivery in MSPCs were evaluated using immunofluorescence microscopy (IF),
FACS (Cyto-ID levels), and Seahorse assay. In addition, secondary effects on

repopulating ability of LT-HSCs were studied using a transplantation assay.

Impaired niche health in aging and malignancies is associated with ineffective
hematopoiesis and dysfunctional HSCs, leading to cytopenias and progressive bone
marrow hypocellularity 8. To translate our findings to human conditions with
hypocellular marrow failure, we further examined the WNTS5A-CDC42 induced
cytoskeleton and autophagic defect in human bone-derived MSPCs from Shwachman

Diamond Syndrome (SDS) patients using IF.

In the introduction, we presented multiple stress challenges as an aging model to
characterize the gradual changes in tissue and cell function associated with aging
(Figure 5) 73. To address effects of multiple stress challenges in O5AY2 mice, we

treated the mice twice with 5-FU eight days apart. The effect of attenuation of CDC42
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activity was then studied by injection of CASIN for four consecutive days (days 5 to 8)
after the first 5-FU treatment. This approach was used to investigate whether CASIN
could dampen the negative effects of 5-FU-induced stress on MSPCs, and more
outspoken in O5AY2 MSPCs, and restore their function under these conditions. By
combining 5-FU with CASIN treatment, we aimed to evaluate the potential protective
effects of CDC42 inhibition on tissue (niche), cellular (HSC), and molecular

(mitophagy, F-actin orientation) levels during the 5-FU-induced stress response.

Research question no. 2 and methodical approach

Replicative and regenerative stress after hematopoietic stem cell
transplantation

My first study demonstrated that CDC42 activation plays a crucial role in resolving
stress responses by regulating F-actin and autophagy. In my second lead authorship
on the role of CDC42 during stress scenarios (HSCT, regenerative stress, bone
biology), | focused more on the niche and specifically on the bone remodeling function
of MSPCs 29, In this study, the HSCT stress model combined three factors: cytostatic
conditioning (irradiation), HSC transplantation, and post-transplantation aging *%°. We
compared HSCT mice to normally aged mice with the idea to filter out HSCT-specific
changes in MSPC behaviour 1?0, As one main function of MSPCs is the maintenance
of bone formation. Thus, | was particularly interested to find out whether CDC42
inhibition would reduce the commonly observed complications of HSCT: osteopenia
and osteoporosis.

To answer this question, | transplanted whole BM from wildtype mice into young lethally
irradiated wildtype recipients and treated them afterwards in vivo with either CASIN or
a vehicle for four consecutive days (days 5 to 8 after HSCT), similar to the approach
used in my first study. To compare their phenotype to “normal aging”, two additional
groups were included without myeloablative treatment (irradiation) and HSCT but with
either CASIN or vehicle treatment as age-matched controls as well as a group of young
control mice. This experimental setup allowed us to differentiate between replicative
stress (aging) and regenerative stress following HSCT, as well as to evaluate the
protective effects of early CASIN treatment after HSCT. The mice were analysed ten

months post HSCT with in total 13 months. First, an RNA-seq analysis was performed
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on 13-month-old sorted MSPCs (CD45- TER119- CD31- SCA-1+ Alcam”°Y) to identify
age-related changes in gene expression. Additionally, the niche was analysed via
FACS and the MSPCs afterwards cultured out of the bones and their function analysed
with CFU-F assay, for DNA damage response and senescence markers. Further we
investigated the F-actin cytoskeleton and CDC42-GTP levels in MSPCs with IF as well
as their mitochondrial potential by Seahorse assay, IF and FACS (ROS and TMRM
staining). Macroscopic effects of HSCT and/or CASIN treatments on skeletal function

were assessed using uCT.

To extend the relevance of our findings from the mouse model to human (allo)HSCT,
we analyzed CT data (T- and Z-Scores) from patients post-HSCT (Acute
Lymphoblastic Leukemia (ALL) and Acute Myeloid Leukemia (AML)) over time, along
with microscopic single-cell data from their bone-derived MSPCs, focusing on F-actin
fibers and CDC42-GTP levels using IF.
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Summary Paper #1

“Autophagy in mesenchymal progenitors protects mice against
BM failure after severe intermittent stress”

In my first lead authorship study, we identified WNT5A in Osterix+ MSPCs as a key
regulator of niche-dependent hematopoiesis under stress conditions. Our research
demonstrated that mice lacking Wnt5a in MSPCs suffer from stress-related bone
marrow failure and increased mortality, which we attributed to defective F-actin fiber
orientation. This defect, driven by elevated activity of the small GTPase CDC42 in
niche cells lacking WNT5A, led to improper positioning of autophagosomes and
lysosomes, reduced autophagy, and increased oxidative stress. We also observed
similar defects in MSPCs from patients with bone marrow failure syndromes such as
Shwachman Diamond Syndrome (SDS), including misaligned F-actin fibers, impaired
autophagosome-lysosome colocalization, and heightened CDC42 activation.
Importantly, we demonstrated that short-term pharmacological inhibition of CDC42 in
mice can prevent these autophagic defects in MSPCs, thereby rescuing hematopoiesis

and protecting against lethal cytopenia under stress.

My responsibilities in this project included conducting a range of in vivo mouse
experiments, such as handling, bleeding, irradiation, hematopoietic stem cell
transplantation (HSCT), and administering 5-FU/CASIN treatments. | also performed
extensive in vitro analyses, examining various cell types and tissues such as bone
marrow, blood, bones, and spleen using advanced techniques like FACS. | cultured
MSPCs from mouse and human tissues, assessed their stem cell potential through
assays like CFU-F, differentiation, and senescence assays, and analyzed protein
expression using IF microscopy. | also assessed mitochondrial quality in MSPCs using
the Seahorse assay and collaborated with the Hartmut Geiger group in Ulm to prepare
mouse bones for whole-mount imaging analysis. As the lead author, | played a
significant role in experimental design and was deeply involved in writing and editing
the manuscript to ensure that our findings were clearly and accurately communicated

to the scientific community.

Appendix 1: “Autophagy in mesenchymal progenitors protects mice against BM failure after
severe intermittent stress”, Landspersky et al., 2021, Blood.
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Summary Paper #2

“Targeting CDC42 reduces skeletal degeneration after
hematopoietic stem cell transplantation”

In my second lead authorship study, we addressed osteoporosis and osteopenia as
significant long-term complications following allogeneic hematopoietic stem cell
transplantation (alloHSCT). Although myeloablative treatments like chemotherapy or
irradiation are essential for donor stem cell engraftment, they frequently result in
substantial bone density loss that persists for years post-transplantation. In a
comparable mouse model, we identified key cellular and molecular changes in MSPCs,
including oxidative stress, reduced autophagy, and elevated CDC42 activity, which

were linked to significant bone density decline observed one-year post-HSCT.

Importantly, treating damaged MSPCs with CASIN in vitro restored mitochondrial
guality control and the F-actin cytoskeleton. In vivo, CASIN treatment post-HSCT
improved bone volume and trabecular thickness, suggesting that CDC42 inhibition can
prevent or reverse HSCT-induced osteoporotic changes. We confirmed these findings
in human MSPCs from leukemia patients post-HSCT, observing similar disruptions in

CDC42 activity and F-actin organization.

In summary, our study supports targeting CDC42 activity with CASIN to restore MSPC
function and bone integrity, providing a potential therapeutic strategy to manage and
prevent bone loss in HSCT patients. My responsibilities included conducting in vivo
mouse experiments, such as handling, bleeding, irradiation, HSCT, and CASIN/vehicle
injections. | also analyzed various cell types and tissues, including bone marrow, blood,
and bones, using advanced techniques like FACS. Additionally, | cultured mouse and
human MSPCs, assessing their stem cell potential through in vitro assays such as
CFU-F, senescence staining, and DNA repair mechanisms. | further analyzed protein
expression in MSPCs using IF and confocal microscopy. | evaluated mitochondrial
quality in MSPCs with Seahorse assays and FACS-based ROS and TMRM staining.
In collaboration with research teams in Ulm, | prepared mouse bones for micro-CT
imaging. As the lead author, | was deeply involved in planning experiments and played
a key role in writing and editing the manuscript to ensure our findings were clearly and

accurately communicated.
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Appendix 2: “Targeting CDC42 reduces skeletal degeneration after hematopoietic stem cell
transplantation”, Landspersky et al., Blood advances 2024
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DISCUSSION

In this doctoral thesis, | identify CDC42 as a key regulator in cytostatic stress
responses in hematopoiesis and the skeletal system. The key finding of both studies
is that overactivation of CDC42 (CDC42-GTP) plays a central role in the functional
defects observed in both HSCs and MSPCs, significantly impacting hematopoiesis and
skeletal integrity. Firstly, | induced the activation of CDC42 by cell stress in a stress-
susceptible mouse model (O5AY2) using 5-FU 8, and secondly by lethal irradiation of
wildtype mice followed by HSCT 29, These methods enabled me to observe the
consequences of CDC42 overactivation in various contexts of stress and damage.
Furthermore, | found evidence for the involvement of CDC42 activation in physiological

aging processes of MSPCs.

To study aging-like effects in stress models, we created a scenario in which Wnt5a
was specifically deleted in osterix positive MSPCs (O5A%%), while other cells, including
HSCs and ECs, retained normal (= wildtype) Wnt5a expression 8. Wnt5a is not

expressed in young mice under steady state conditions 65160,

In line with this, we found that in this mouse model, CDC42-GTP was not increased in
O5AMA LT-HSCs nor was CDC42 apolar distributed under steady-state conditions.
Previous studies have shown that in ex vivo culture systems in the absence of niche
cells, extrinsic WNT5A is crucial to maintain HSC repopulating activity 161162, Since the
lack of microenvironmental feedback in culture systems can be regarded as a stressor,
we expected functional changes in different cell types of our O5AY* mice after stress
induction. Indeed, after mice were recovered from 5-FU cytostatic stress, CDC42-GTP
levels were increased in LT-HSCs, and CDC42 was found in an apolar distribution,
both indicative of molecular aging-like changes in LT-HSCs. Importantly, LT-HSCs
from 5-FU-treated O5AY* mice showed reduced repopulation activity. These findings
demonstrate that while other cell types are still capable of secreting WNT5A, it is only
osteoprogenitor-derived WNT5A that is crucial for recovery from stress-induced, aging-
like alterations in CDC42 activation and for preventing the stress-induced functional
decline of LT-HSCs.

One possible explanation for our findings is that, along with the functional decline of
LT-HSCs, we observed prolonged stress-induced CDC42 activation and defective F-

actin fiber organization in the MSPCs of the O5A%2 mice. The cytoskeleton of the
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MSPCs lost the regular structure typical of wildtype cells, with F-actin fibers becoming
irregularly arranged or, in some cases, entirely disrupted. This disruption in
cytoskeletal structure is significant because the cytoskeleton plays a crucial role in
cellular maintenance processes such as autophagy, where it enables the transport of
lysosomes and autophagosomes important for their fusion into autophagolysosomes
for the removal and recycling of cell debris, surplus protein (aggregates) and
organelles. It is likely that the defective cytoskeletal infrastructure in the MSPCs is
involved in the secondary functional decline of the HSCs, ultimately contributing to BM
failure. Our results suggest that osteoprogenitor-derived WNT5A regulates cellular
maintenance processes in an autocrine manner. The defective cell maintenance likely
explains why the O5A%2 niche could no longer support stem cells, whereas wildtype
MSPCs, with intact CDC42 responsiveness, F-actin structure, and autophagy
processes, were still able to maintain stem cell support.

The results presented in this paper do not provide direct evidence that impaired cellular
maintenance in MSPCs directly causes defective functional maintenance of LT-HSCs.
Although it is well-established that autophagy plays a direct role in maintaining the
repopulation activity of adult LT-HSCs 63, it remains uncertain whether autophagy in
the MSPCs of the niche is essential for their regulation of LT-HSCs. Future studies in
mice with MSPC-specific defects in F-actin assembly (downstream of CDC42 and/or
CRIB effectors), or direct MSPC-specific disruption of autophagy, should answer
whether such defects in MSPCs cause aging-like secondary functional decline of LT-
HSCs.

Whereas, my first study focused mainly on the secondary functional decline of LT-HSC
in O5AY2 mice, the second study focused on the MSPCs in a model of lethal
radiotherapy-induced damage and HSCT. The mouse model used in this study
simulated the premise that human recipients usually undergo severe myeloablative
treatment prior to clinical HSCT, which may include not only chemotherapy but also
total body irradiation or local radiotherapy. The aim of these clinical regimens is to
prevent rejection of the graft by suppressing the body's immune system, the elimination
of any remaining malignant HSCs, and to ensure optimal engraftment of donor HSCs
in the recipients %4, A common late complication found in HSCT recipients is
osteoporosis 138140 suggesting that in HSCT recipients, the MSPCs might not

contribute sufficiently to bone remodelling. To study this, we isolated MSPCs from mice
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that were lethally irradiated and subsequently underwent HSCT. We found similar
defective MSPC function as observed in our O5AY2 mice from the previous study: Even
ten months after transplantation and prior irradiation, an increase in CDC42-GTP in
the MSPCs, a disrupted F-actin cytoskeleton, and reduced autophagic clearance of
damaged mitochondria were observable in HSCT-MSPCs. This persistent defect
suggests that the effects of CDC42 overactivation are long-lasting and continue to

impact stem cell function well beyond the initial stress event.

Regardless of how the overactivation of this small Rho GTPase occurred, the
outcomes were strikingly similar and the consistent overactivation of CDC42 observed
in both studies highlights its potential role as a therapeutic target to prevent or mitigate
defects in LT-HSCs and MSPCs, including BM failure. Indeed, a short pharmacological
intervention with CASIN, a CDC42-specific activation inhibitor, administered on the fifth
day after the first 5-FU injection into O5AY2 mice, reduced the elevated CDC42
activation in vivo, prevented defective actin-anchored autophagy in MSPCs, rescued
hematopoiesis, and protected the mice from lethal cytopenia. This intervention
demonstrates that targeting CDC42 activity could be a viable therapeutic strategy for

preserving hematopoietic function under severe stress conditions.

The significance of the second study is further highlighted by the fact that CASIN
treatment reversed skeletal changes in old, transplanted mice, restoring bone volume
to levels comparable to younger mice. This finding is particularly important because it
suggests that CASIN could address well-known long-term complications of HSCT,

such as osteoporotic bone changes.

Since osteoporosis is primarily related to aging or stress-induced aging-like
degeneration, this study addresses another very important aspect by allowing us to
distinguish between aging-like changes, which occurs due to the collaboration between
responses to severe stress and post-stress regeneration, and aging, caused by
repeated minor stressors leading to natural aging. This distinction was achieved by
comparing our HSCT mice (13 months; both aging and aging-like changes) with young
(three months, unchanged) and age-matched control mice (13 months; only aging).
Both the HSCT mice and the age-matched controls show elevated CDC42-GTP levels
as well as cytoskeletal defects, but we observed additional CDC42-dependent defects

in the HSCT-MSPCs distinct from those caused by aging-like changes. Interestingly,
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CASIN treatment showed effects in both in vivo models, even in the absence of HSCT

or myeloablative therapy in the age-matched 13-months-old mice.

Myeloablative treatment remains the preferred method before patients receive a stem
cell transplant. The observation that elevated CDC42-GTP levels in MSPCs, seen in
both cytostatic models (5-FU and irradiation), can be reduced by a short CASIN
treatment is of significant interest for cancer therapy. In particular, in tissue
regeneration post anti-cancer treatments, healthy cells are brought into a disturbed
environment, which does not necessarily support optimal regeneration of healthy
tissue cells, such as HSCs 5. Furthermore, transplanted HSCs should home to the
correct niches (migrate towards, settle, proliferate, self-renew, and differentiate into
mature tissue cells). That the niche is not yet regenerated at this point and what
negative effects this has for the HSCs could be a reason for the many proven long-
term defects after surviving transplantation 166-168 A proposed strategy to mitigate
these negative effects is to allow the periosteal niche to expand before the stem cells

are transplanted 16°.

Chemotherapeutics or radiation are not only used in leukemia models but also for the
curative treatment of other cancers such as brain tumors, lung cancer, breast cancer,
prostate cancer, colorectal cancer, lymphomas, sarcomas and many more 164 Here,
they play an important role in neoadjuvant and adjuvant therapy, to reduce tumor size
before surgery or to eliminate remaining cancer cells after surgery. Additionally,
chemotherapeutics and radiation are used in advanced stages of cancer to alleviate
symptoms and improve quality of life 1%, Considering that the level of active CDC42-
GTP is elevated after cytostatic treatment, CASIN treatment holds promise for cancer
therapies, as it may improve or even restore the cell cytoskeleton and autophagy
processes of healthy cells post cytostatic treatment. This restoration allows cells to
maintain cellular health properly or, if the cytostatic damage is too severe, trigger
apoptosis. A crucial aspect is that many different cancer cells are selected to bypass
apoptosis by enhancing the anti-apoptotic machinery and downregulating the pro-
apoptotic program 171, Therefore, inducing programmed cell death in defective cells by
inhibiting CDC42-GTP with CASIN could be a promising approach when the damage
is too extensive for the cells to be repaired through treatment. However, initial
experiments suggest that CASIN promotes cell survival by suppressing apoptotic

processes 172, This mechanism must therefore be investigated much more deeply
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before any therapeutic application, as its suppression could be potentially dangerous,
especially given CASIN's significant potential in cancer therapies, which requires
further assessment of its effects on malignant cells. For instance, since CASIN adds
to mobilization of stem cells 173, there is a chance that CASIN promotes cell metastasis.
Since Cdc42 plays a crucial role in cytoskeletal dynamics, manipulating this process
could inadvertently enhance metastatic potential. In addition, little is known about
CDC42 activation in cancer cells. Since many cancers show molecular changes in
cellular maintenance processes allowing their survival instead of triggering cell death,
inhibition of CDC42 could, in theory, also improve cellular maintenance of cancer cells.
Therefore, thorough preclinical studies are necessary to assess these risks before

advancing CASIN as a therapeutic option.

As the small Rho GTPase CDC42 plays a significant role in aging, CASIN could also
be of interest in treating aging-associated degenerative neuronal diseases such as
Alzheimer 17 and Parkinson 175, as well as in addressing chronic inflammatory
reactions, particularly in connection with age-related autoimmune diseases like
Rheumatoid Arthritis'’®177. The extent of research on the role of CDC42 in these
diseases varies. In Alzheimer, CDC42 has been linked to the regulation of neuronal
signaling and synaptic function, which are critical in disease progression 74, In
Parkinson disease, research has begun to uncover the involvement of CDC42 in
neuronal survival and dopaminergic signaling 1’>. However, the precise mechanisms
and therapeutic potential of targeting CDC42 in Parkinson are still areas of active
research. For autoimmune diseases like Rheumatoid Arthritis, CDC42 has been
implicated in inflammatory cell migration and joint inflammation, but more research is

needed to fully understand its role and therapeutic potential in these conditions 176177,

As my studies show, using a CDC42 inhibitor could also be beneficial for osteoporosis
patients. This approach may prevent, or slow down osteoporosis caused not only
therapy induced by chemotherapy or radiation but also age-related osteoporosis,
particularly in postmenopausal women 166-168 |ndeed, hsa-miR-133a-3p, a microRNA
involved in gene regulation, particularly affecting the actin cytoskeleton through
CDC42, has been identified as a critical pathway in a meta-analysis of postmenopausal
osteoporosis 178, In clinical practice, proteasome inhibitors are being used to enhance
osteoblast functions, the cells responsible for bone formation 179189, Enhancing their

function can slow down or reverse the bone degradation seen in osteoporosis. A
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common prescribed medication for osteoporosis is bisphosphonates, which act by
inhibiting bone resorption by osteoclasts. Although bisphosphonates can affect CDC42
activity by inhibiting prenylation, their effects on HSCs and the hematopoietic niche are
controversial 18184 Unlike bisphosphonates, CASIN targets the CDC42 pathway
directly and may therefore offer a more targeted approach to the treatment of
osteoporosis. As CDC42 plays a key role in cytoskeleton dynamics and cellular
maintenance processes such as autophagy, the use of CASIN could offer two benefits:
it not only helps in reducing the overactivity of CDC42 but also helps in maintaining
cellular integrity, which is crucial for bone health. In contrast to other common drugs,
influencing these processes with CASIN could not only prevent or alleviate

osteoporosis, but also contribute to better bone health.

In summary, modulating CDC42 activity in MSPCs through substances like CASIN
could be important for improving BM homeostasis and hematopoietic functions. My
findings strongly suggest that targeted down-regulation of CDC42 activity is a
promising therapeutic approach for restoring hematopoietic functions after severe
stress and might benefit treatment of BM diseases, especially in the context of niche-
disrupting therapies such as chemotherapy or radiotherapy. But, as CDC42 has
diverse roles in various cancers, inflammatory processes, immune responses, and
osteoporosis, modulating its activity could also be a key addition in the treatments of a
range of additional diseases. Future research should focus on exploring the role of
CDCA42 in different disease models and finding ways to effectively modulate its activity

to develop and optimize individualized treatment methods in clinical practice.
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HEMATOPOIESIS AND STEM CELLS

Autophagy in mesenchymal progenitors protects mice
against bone marrow failure after severe intermittent stress
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The cellular mechanisms required to ensure homeostasis of the hematopoietic niche and
the ability of this niche to support hematopoiesis upon stress remain elusive. We here
identify Wnt5a in Osterix” mesenchymal progenitor and stem cells (MSPCs) as a critical
factor for niche-dependent hematopoiesis. Mice lacking Wnt5a in MSPCs suffer from
stress-related bone marrow (BM) failure and increased mortality. Niche cells devoid of
Wnt5a show defective actin stress fiber orientation due to an elevated activity of the small
GTPase CDC42. This results in incorrect positioning of autophagosomes and lysosomes,
thus reducing autophagy and increasing oxidative stress. In MSPCs from patients from BM
failure states which share features of peripheral cytopenia and hypocellular BM, we find

® Defective autophagy
in mesenchymal
progenitors associates
with BM hypocellularity
and mortality after
severe stress.

® A short 4-day pharma-
cological in vivo treat-
ment of mice to
attenuate CDC42 acti-
vation protects against
cytopenia and improves
survival.

similar defects in actin stress fiber orientation, reduced and incorrect colocalization of
autophagosomes and lysosomes, and CDC42 activation. Strikingly, a short pharmacologi-
cal intervention to attenuate elevated CDC42 activation in vivo in mice prevents defective

Y, actin-anchored autophagy in MSPCs, salvages hematopoiesis and protects against lethal

cytopenia upon stress. In summary, our study identifies Wnt5a as a restriction factor for
niche homeostasis by affecting CDC42-regulated actin stress-fiber orientation and autophagy upon stress. Our data
further imply a critical role for autophagy in MSPCs for adequate support of hematopoiesis by the niche upon stress
and in human diseases characterized by peripheral cytopenias and hypocellular BM.
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Introduction

Declining niche homeostasis is an underlying defect contributing
to aging and the development of aging-related malignant
hematopoietic diseases.” Functional changes in bone marrow
(BM)-derived mesenchymal stem and progenitor cells (MSPCs)
include deregulated osteogenic and adipogenic differentiation,
bone loss, and osteoporosis.’ Intriguingly, compromised niche
health in aging and malignant disease is associated with ineffec-
tive hematopoiesis and dysfunctional hematopoietic stem cells
(HSCs), resulting in cytopenias and progressive BM hypocellular-
ity. Thus, it is important to understand the mechanisms govern-
ing cellular health of niche cells.
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Efforts studying HSC dysfunction have shown that intercon-
nected cellular maintenance mechanisms, such as mitochondrial
quality control,* macroautophagy (autophagy),® and lysosomal
lysis®” are critical for safeguarding HSC division and function.
Interestingly, dysfunctional HSCs further show altered noncanon-
ical WNT5A-CDC42 signaling with a loss of polarized cytoskele-
tal components,®'® associated with activation of the small
GTPase CDCA42 in both stem cells®? and mature cells.”® Since
the cytoskeleton guides autophagosome formation and lysoso-
mal fusion,'" as well as mitochondrial fission,'? correct assembly
and orientation of the cytoskeleton is pivotal for cellular
maintenance.
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In the present study, we wondered whether and how the
hematopoiesis-supportive function of the niche depends on
CDC42 activation and autophagy under intermittent stress con-
ditions. For this purpose, we studied hematopoiesis and niche
cells in mice lacking Wnt5a expression, specifically in MSPCs. In
addition, we studied whether similar molecular events operate
in MSPCs from human condlitions characterized by hypocellular
BM and ineffective hematopoiesis. Such features are shared by
different hematologic diseases, such as Shwachman-Diamond
syndrome (SDS), hypocellular myelodysplastic syndrome (hypo-
cellular MDS), and severe aplastic anemia as well as therapeuti-
cally conditioned leukemia/lymphoma patients undergoing
allogeneic hematopoietic stem cell transplantation (HSCT).

We show that BM MSPCs from murine Wnt5a-deficient animals
poorly support hematopoiesis associated with CDC42 activation
and defective autophagy. Furthermore, MSPCs from the human
diseases studied show similar CDC42 activation with reduced
WNT5A expression and ineffective autophagy. More impor-
tantly, we show that pharmacological attenuation of RhoGDI/
CDCA42 activation not only restores stromal F-actin organization
orientation and autophagy in mice but also protects from accel-
erated cytopenia and mortality after repeated cytotoxic stress.

Methods

Mice

Whnt5a™ mice’ were crossed with Osx-GFP::Cre mice'® (Osx-
Cre; The Jackson Laboratory, Bar Harbor, ME). Osx-Cre mice
express the CRE recombinase under the control of the Osterix
(Sp7) promotor. Although Sp7 is expressed in only a small sub-
population of osteoprogenitors, the numerous progenies of
these cells include all major mesenchymal populations.’® Litters
of Osx-Cre:Wnt5a™* mice were crossed with Wnt5al® (5A7f)
mice so that litters yielded controls AV and Osx-Cre [O5A™
*]) as well as Wnt5a deleted mutants (O5A*4). In all experi-
ments, the results from 5A"! and O5A** mice were combined
as controls since both express a functional Wnt5a gene. Details
about mouse models are summarized in supplemental Table 1,
available on the Blood Web site.

All animal experiments were approved by the Government of
Upper Bavaria and performed in accordance with ethical guide-
lines and approved protocols (Vet_02-14-112, and -17-124). All
animals were housed under specific pathogen-free conditions,
according to the Federation of Laboratory Animal Science Asso-
ciations and institutional recommendations. Mice used were 8 to
10 weeks old.

Human BM samples

Human BM samples were collected from 15 healthy individuals
and 6 hip replacement patients after written informed consent.
In the healthy samples aged over 60 years, the presence of
clonal hematopoiesis was excluded by targeted sequencing of
68 genes recurrently mutated in hematologic malignancies.'®
Furthermore, BM samples were obtained from patients with dif-
ferent BM failure states, such as SDS, an inherited BM failure
syndrome, hypocellular MDS, or severe aplastic anemia. We
also included 3 samples from leukemia/lymphoma patients
undergoing allogeneic HSCT, 2 of which had received total
body irradiation as part of their conditioning regimen, which

MESENCHYMAL PROGENITORS PROTECT AGAINST BM FAILURE

may contribute to niche damage, and the third patient showed
incomplete BM reconstitution after transplant (likely due to
extensive pretreatment) (supplemental Table 2). The studies
TUM 538/16 (Klinikkum rechts der Isar, Technical University
Munich, Munich, Germany) and P00020466 (Boston Children’s
Hospital, Boston, MA) were approved by the respective institu-
tional review boards in accordance with the Declaration of Hel-
sinki. Characteristics of healthy individuals and patients used in
this study are detailed in supplemental Table 2.

Flow cytometry analysis and cell sorting
Hematopoietic lineage™ SCA1™ KIT* (LSK) cells and their HSC-
enriched CD34" CD48 CD150" subpopulations (LT-HSCs) were
isolated and labeled as reported.’®"” Stromal subpopulations
were sorted or analyzed as nonhematopoietic (CD45" TER119)
cells as described.'®"® All antibodies used in this study are listed
in supplemental Table 3, machines in supplemental Table 4,
and sorting schemes are shown in supplemental Figure 1.

Peripheral blood (PB) was analyzed by Animal Blood Cell Coun-
ter (Scil Vet Abc).

In vivo transplantation assay

Competitive repopulation was performed using transplantation
(Tx) of LT-HSCs into lethally irradiated 129Ly5.1 Wild-type (WT)-
recipient mice, as described previously.'® Peripheral engraft-
ment of donor cells was analyzed at regular intervals (4, 8, 12,
and 16 weeks posttransplant). Sixteen weeks after transplanta-
tion, recipient mice were sacrificed, and the hematopoietic
organs were analyzed by flow cytometry.

In vivo treatment with pharmacological

compounds

For induction of cytotoxic stress, 5-fluorouracil (5-FU) was admin-
istered intraperitoneal (IP, 150 mg/kg, Ribosepharm) on day 0 in
a single dose or in 2 doses at days 0 and 8, after which mice
were analyzed and MSPCs cultured. Animals were monitored
twice daily. Surviving O5A** animals were sacrificed at or prior
to day 14 due to severe stress.

In some in vivo experiments, the CDC42/RhoGDI inhibitor
CASIN (2.4 mg/kg, TOCRIS)'? was administered by IP every 24
hours for 4 consecutive days (days 5, 6, 7, and 8) post first 5-FU
treatment on day 0.

Whole-mount immunofluorescence staining

This procedure was performed as described previously.® Anti-
bodies are listed in supplemental Table 3. For evaluation, fluo-
rescently labeled bone tissues were placed onto a p-slide 4 well
and covered in antifade or phosphate-buffered saline (PBS) to
prevent tissue desiccation. The preparations were examined
using a Leica TCS SP8 confocal microscope and analyzed with
the image analysis software Volocity (v6.2; Perkin Elmer) and
ImageJ. In addition, bone matrix and adipocytes were detected
using the TLD mode of the microscope. In analyses, the term
arteriole includes both arterial and arteriolar cells.

Stromal cell (MSPC) isolation and culture

Flushed long bones from mice were crushed and digested as
described.?" Sorted MSPCs or MSPCs from digested compact
bone were cultured on 0.1% gelatin-coated plates in MEM «
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(with ribosides and Glutamax, Invitrogen), supplemented with
fetal calf serum (FCS, 10%; PAA), antibiotics and 0.1% B-mer-
capto-ethanol (Invitrogen).

Human MSPCs were isolated from BM samples of healthy and
diseased individuals and cultured using pooled platelet lysate as
described previously.®

Cocultures of HSC and stromal cells

MSPCs were grown to confluence and irradiated (15 Gy). Freshly
sorted WT LT-HSCs were seeded to the stroma in long-term cul-
ture (LTC) medium (M5300; Stemcell Technologies, Vancouver,
Canada) with 1 pM hydrocortisone and incubated (37°C, 5%
CO2, >95% humidity). After 6 days, cultures were either
reseeded at 60 input LT-HSCs equivalents in MethoCult M3434
(Stemcell Technologies) or analyzed by flow cytometry. Hemato-
poietic colonies were counted using standard criteria.

Immunofluorescence staining (IF, confocal IF)
Hematopoietic cells were prepared and stained as described.®
For staining of stromal cells, either sorted cells were spotted, or
cultured MSPCs were reseeded on 0.1% gelatin-coated Super-
frost Plus™ slides (Thermo Fisher Scientific) and cultured over-
night in MSPC medium. Cells were fixed with 4% PFA for 5
minutes and staining was performed'® using the antibodies
listed in supplemental Table 3.

Pictures were taken using a Leica DM RBE microscope with Axi-
oVision software (Carl Zeiss) using standardized exposure and
diaphragm settings for all samples. Thirty randomly captured
cells per sample were imaged at a 100-fold magnification.

Confocal fluorescence microscopy and deconvolution of the
fluorescent images were performed on a Leica SP8 confocal
microscope as described earlier.?? Assessment of different
parameters is outlined in the supplemental Methods.

Assessment of mitochondrial function

To interrogate mitochondrial function, mitochondrial number
and diameter, reactive oxygen species (ROS) production, glycol-
ysis, and oxygen consumption were assessed. ROS was
detected by culturing fresh BM cells for 20 minutes at 37°C with
either CM-H2DCFDA or MitoTracker. Staining for the mitochon-
drial outer membrane receptor TOMM20 indicated the number
of mitochondria. Analysis of fluorescence intensity was per-
formed using ImageJ. The extracellular acidification rate (ECAR),
a measure of glycolysis, and oxygen consumption rate (OCR)
were determined using an XF96 Extracellular Flux Analyzer (Sea-
horse Bioscience) as described.?

Autophagic flux assessment using CytolD

To determine the autophagic flux, MSPCs were cultured at 80%
semiconfluence with rapamycin (1 uM), chloroquine (10 pM),
CASIN (5 uM), or the vehiculum 0.01% DMSO for 16 hours
(37°C, 5% CO,, >95% humidity). The next day, cells were
treated with Cyto-ID Autophagy Detection Kit as described by
the manufacturer (Enzo Life Science). Autophagic flux was deter-
mined as AMFI (= MFliyioroquine — MFlies) and measured using
mean fluorescence intensity (MFI) on the CyAn ADP LxP8.
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Statistics

The variance was similar between groups that were statistically
compared. To test for differences between 2 groups, a paired
Student's t test was used unless the data point distribution was
not normally distributed. In that case, the nonparametric Mann-
Whitney U test was used. All statistical analyses were performed
with the Prism software package.

Data
For original data, please contact the corresponding authors.

Results

Lack of Wnt5a in MSPCs impairs HSC function
upon cytotoxic myeloablation

Maintenance of HSC function depends on the expression of
Wnt5a in the environment.” In mice, WNT5SA protein expres-
sion is regulated by different stressors, particularly after 5-FU
treatment of WT MSPCs (supplemental Figure 2A). To test
whether Wnt5a expression in MSPCs is responsible for reduced
support of HSC function, we took advantage of a mouse model
in which the floxed Wnt5a gene'® was selectively deleted in
osteoprogenitors (O5A%A),

In O5A%2 mice, Wnt5a is deleted in MSPCs and osteoblastic cells
(OBCs), but is still expressed by CD31" endothelial cells (ECs)
(supplemental Figure 2B-C), and is even elevated in LT-HSCs (sup-
plemental Figure 2D). Moreover, the number of ECs and MSPCs
was unchanged, but a relative increase in OBCs was noted (sup-
plemental Figure 2E). O5A*"* mice showed normal hematopoiesis
in comparison with control littermates, except for a significant
decrease in LT-HSCs numbers. These LT-HSCs demonstrated a
normal repopulation activity (supplemental Figure 2F).

To determine how stress alters niche and HSC function in the
absence of stromal Wnt5a, mice were treated with 5-FU (Figure
1A), which selectively recruits quiescent HSCs through the
niche.?® Prior to 5-FU treatment, CDC42 activation, F-actin
expression, or CDC42-GTP polarization is unchanged in
LT-HSCs (supplemental Figure 2G-H). Eight days after 5-FU
treatment, the LT-HSC numbers remain similar in O5A%2 and
control animals (supplemental Figure 2I-K). However, treatment
with 5-FU in O5A%2 animals altered LT-HSCs to not only show
an elevation of WNT5A but also decreased F-actin with
increased levels of active and nonpolarized CDC42-GTP (Figure
1B; supplemental Figure 3A-C), suggestive of HSC dysfunction.?

In support of this observation, we found that LT-HSCs cocul-
tured with Wnt5a deleted MSPCs show strongly reduced main-
tenance of colony-forming cells (Figure 1C). Furthermore,
transplantation experiments demonstrated that LT-HSCs from 5-
FU-treated O5A%* animals show reduced engraftment of both
mature and immature cell lineages compared with HSCs from
control mice (Figure 1D; supplemental Figure S3D-G), confirm-
ing dysfunction of LT-HSCs from 5-FU-treated O5A%* mice (Fig-
ure 1E; supplemental Figure 3F).

Stress-induced niche remodeling in O5A*’* mice
To determine whether poor LT-HSC function associates with
remodeling of the BM in 5-FU-treated O5A*" or control mice, we
performed whole-mount BM staining 30 days after 5-FU
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Figure 1. Stress-induced niche remodeling in O5A*/2 mice. (A) Experimental design for IP injection of 5-Fluorouracil (5-FU) in coculture assay of MSPCs and LT-HSC.
The following genotypes were analyzed by flow cytometry and IF 8 days after treatment: Control (CTRL): O5A™*, n = 5, 5A™ n = 7 and O5A%4, n = 10. (B) Protein
content and polarity of LT-HSCs stained for CDC42-GTP (n = 30), measured by ImageJ software. (C) Number of colonies from 60 LT-HSCs after coculture for 6 days on
MSPCs isolated from 5-FU injected mice with the following genotype: (CTRL): O5A*/*, n = 5, 5A"" n = 5 and O5A*, n = 10. (D) Primary transplantation (Tx) of 300
sorted LT-HSCs 8 days after 5-FU injection into lethally irradiated 129*Ly5.1 WT recipients. Experimental groups: CTRL: O5A**, n = 5 and 5A"" n = 4 and 0O5A%,
n = 7. Graph showing the donor engraftment in PB. (E) Absolute numbers of donor-type LT-HSCs in the BM, 16 weeks after Tx. For flow cytometry gating strategy, see
supplemental Figure 1. (F) Experimental design for IP injection of 5-FU in 8- to 10-week-old mice of following genotypes: CTRL: O5A™* n = 2, 5A"" n = 2 and
O5AYA 'n = 2. BM analysis 30 days after treatment. (G) Stacked whole-mount images from epiphyseal/metaphyseal BM. FABP4™ vasculature is shown in blue. CD150 is
shown in red, other hematopoietic markers (CD41, CD48, and lineage) are shown in gray. The dashed lines denote the endosteum. Scale bar, 100 um; n = 10 images
(n = 6 images S5A"" PBS) from 2 mice each group. The results represent 2 independent experiments. The graph showing the % of trabecular volume per BM volume.
(H) Stacked whole-mount images from epiphyseal/metaphyseal BM. FABP4" adipocytes are shown in red. Adipocytes are additionally marked by a yellow circle.
Extended focus projection images. Scale bar, 100 um; n = 10 images from 2 mice each group, femora. The graph on the right shows the number of adipocytes per
image. (I) Experimental design for analysis of bone-digested stromal cells, isolated from compact bones, 8 days post 5-FU treatment. (J) Relative numbers of CD31™"
ECs, OBCs, and immature MSPCs; flow cytometry gating strategy in supplemental Figure 1. *P < .05 (nonparametric Mann-Whitney test: B-G,J). The results represent 2
to 3 independent experiments. Data are represented as dots per mouse or cell and the mean * SEM. Symbol legends as shown in Figure 1A.

treatment, an endpoint for BM regeneration in WT mice® (Figure
1F; supplemental Figure 3H). Our analyses show similar localiza-
tion of HSCs in O5A*"2 and control BM to endosteal areas, mega-
karyocytes, or different types of vessels (supplemental Figure 3I-

Intermittent cytotoxic stress causes BM failure
and mortality in O5A*/* mice

Repetitive 5-FU administration leads to HSC exhaustion and
death by BM failure.** Considering impaired HSC function in 5-

K). However, we found a striking BM remodeling associated with
increased trabecular volume of the epiphysis/metaphysis of
O5AY2 mice compared with controls (Figure 1G), a near loss of
FABP4high adipocytes with big fat droplets (Figure 1H), and a rela-
tive increase in both MSPCs and ECs in flow cytometry, but not in
OBCs in the BM of O5A%2 mice (Figure 1I-J). Despite these
changes in BM anatomy and niche cell numbers in vivo, the fre-
quency of CFU-F and the osteo- and adipogenic potential in vitro
was unchanged in both freshly isolated and cultured MSPCs from
5-FU-treated O5A** or control mice (supplemental Figure 4A-D).

MESENCHYMAL PROGENITORS PROTECT AGAINST BM FAILURE

FU-treated O5A*A mice (Figure 1D-E), we wondered whether an
additional 5-FU treatment of O5A** mice would deplete HSCs
(Figure 2A-B). Strikingly, whereas most control mice (13/18, 72%)
survived 2 consecutive applications of 5-FU, few of the O5A%A
mice (1/11, 9%) survived this treatment until day 14 (Figure 2C).
Diminished numbers of white and red blood cells (WBC and
RBC) in PB and BM cells indicated a PB and BM cytopenia in sur-
viving O5A** mice (Figure 2D-G; supplemental Figure 4E-F),
with a strong decline in mature CD41" CD42b™ megakaryocytes
and LT-HSCs in the BM (Figure 2H; supplemental Figure 4G).
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Figure 2. Peripheral and BM cytopenia in O5A%’* mice treated twice with 5-FU. (A) Graphical illustration of our hypothesis of how cytopenia is driven by declining
niche homeostasis during consecutive periods of stress. (B) Experimental design for analysis of mice after 2 5-FU treatments (DAYS 0 AND 8). Control (CTRL): O5A*™/™,
n=75A"" n =11 and O5AY2, n = 11. (C) Survival of WT (open symbols, combined results of SAT! and O5A™* mice) and O5A%2 mice. (D-F) Graphs showing
WBC, RBC, and hemoglobin (HGB) measured in PB, respectively, at DAYS 8 AND 14 from WT mice (open symbol, combined results of 5A"" and O5A** mice) and
O5AYA mice (closed symbols). (G) Total BM cell number 14 days after the first 5-FU treatment in CTRL (n = 9) and O5AYA (n = 5) mice. Analysis of BM from 4 flushed
long bones. (H) Representative contour plots of the BM after 2 consecutive 5-FU treatments at day 14. Graphs showing the percentage of LSKs (left) and LT-HSCs
(right) in CTRL and O5A** mice. (I) Representative contour plots of spleen cells from mice treated twice with 5-FU. (J) Graphs showing the absolute cell number
of spleen cells (left) and relative number of LSK cells in spleen (right). *P < .05 (2-sided parametric Student’s t test: [C-F]; Mann-Whitney test: [G-H]). The results repre-
sent 2 to 3 independent experiments. Data are represented as dots per mouse or cell and the mean *= SEM. Symbol legend shown in Figure 2B.

The loss of LT-HSC was, however, not caused by a relocation of
LT-HSCs to other tissues, such as the spleens (Figure 2I-J).

Defects in autophagolysosome formation in
MSPCs from O5A*/* mice

As it has been described that high WNT5A expression is
associated with increased autophagy in melanoma®® and
pneumonia26 and that, conversely, Whnt5a-deficient cells
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show decreased autophagy,”” Wnt5a expression and
autophagy might be linked in MSPCs. While defects in
autophagy were shown to be harmful for HSCs,>?%3° the
role of autophagy in maintaining MSPC niche function
remains to be established.

Thus, we stained MSPCs and observed strongly increased
levels of ATG7, LAMP1, LC3, and SQSTM1 in characteristic
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Figure 3. Defective autophagic vesicle delivery in MSPCs from O5A*’* mice. (A) Experimental design for IP injection of 5-FU in the following genotypes:

CTRL: O5A™*, n = 5, 5A"" n =7 and O5A%* n = 10. Analysis of autophagy relevant mechanisms in compact bone-derived MSPCs 8 days after in vivo treatment. All
experiments were performed either with sorted ([B], o/n culture) or compact bone-derived MSPCs ([C-F], passage 4). (B) Fluorescent staining of LC3 (red) and LAMP1
(green) in sorted primary MSPCs from the BM of 5-FU-treated mice, cultured overnight on 0.1%-gelatin-coated coverslips. (C) Fluorescent microscopy images of LC3
(red/left), SQSTM1 (=pb2; red/right) and DAPI (blue) staining in compact bone-derived MSPCs (p4). The left graph shows the perinuclear distribution of LC3 measured
with ImageJ software. SQSTM1 foci were counted with ImageJ software (graph, right). (D) Confocal images of perinuclear LAMP1 (green) and DAPI (blue) staining. The
graphs show the perinuclear distribution of LAMP1 and the diameter of the lysosomes designated as feret's diameter measured with ImageJ software. (E) Confocal
images of perinuclear colocalization of LAMP1 (green) and LC3 (red) measured by ImageJ software. Colocalization was measured by ImageJ software (PLUGIN:
colocalization) and visualized in white. (F) Representative flow cytometry histogram of basal autophagy and quantification of Cyto-ID dye levels (DMFI: Cyto-ID dye level
chloroquine treated-Cyto-ID dye level WITHOUT treatment). Data were measured by ImageJ software. Scale bars, 10 um. *P < .05 (nonparametric Mann-Whitney test:
B-F). The results of each panel represent 2 to 3 independent experiments. Each dot represents the measurement of 1 cell. Data are represented as mean = SEM.
Symbol legends are shown in Figure 3AF.
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Figure 4. Mitochondria and mitochondrial function in MSPCs (p4) from 5-FU-treated O5A*’* and control mice. (A-B) Graphs showing 1 experiment out of 2 as an
example for extracellular acidification rate (ECAR) (A) and OXPHOS levels measured by oxygen consumption rates (OCR) (B), in cultured MSPCs, respiration maximum
(right panel) is shown for MSPCs from both experiments; oligo, oligomycin; FCCP, p-trifluoromethoxyphenylhydrazone; R&A, rotenone and antimycin. (C) Fluorescent
microscopy images and intensity of reactive oxygen species (ROS = DCFDA, green) levels and DAPI (blue) in MSPCs. Graph showing pixel intensity measured by
ImageJ software. (D) Fluorescent microscopy images and diameter of mitochondria designated as feret's diameter measured by ImageJ software (MitoTrackerRed, red)
and DAPI (blue) in MSPCs. (E) Fluorescent microscopy images of mitochondria (TOMM20) in MSPCs illustrated as relief image (Adobe Photoshop: v21.1.1/filter relief)
and diameter of mitochondria designated as feret's diameter measured by ImageJ software. Scale bars, 10 pm. *P < .05 (nonparametric Mann-Whitney test; A-E). The
results of each panel represent 2 or 3 independent experiments. Data are represented as mean = SEM. Open symbols and bars represent measurements of control
(5A"" and O5A"/*). Closed symbols and bars represent measurements of O5A%A MSPCs. Symbol legend shown in Figure 4A.

punctae, indicating autophagosome accumulation in both
freshly sorted and cultured MSPCs from 5-FU-treated O5A%/A
mice (Figure 3A-C; supplemental Figure 5A-C). In addition, accu-
mulation of LAMP1™ lysosomes with larger diameters and reduced
colocalization with LC3 in MSPCs from 5-FU-treated O5A** mice
indicates associated reduced lysosomal degradation of autopha-
gosomes (Figure 3D-E).
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To assess autophagosome degradation, we performed autopha-
gosome labeling with Cyto-ID and the degradation inhibitor
chloroquine.®' Here, we found a strongly reduced autophagic
flux (AMFI) in MSPCs from 5-FU-treated O5A%* mice (Figure
3F). Combined, these findings indicate that autophagosomes
and lysosomes form, but autophagy fails in MSPCs from 5-FU-
treated O5A*2 mice.
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Figure 5. Actin- and CDC42-dependent autophagy in O5A*’* and human MSPCs. Mouse samples: (A) IP injection of 5-FU in the following genotypes: CTRL: O5A™/*
n=55A"1 =7 and O5A* n = 10. Analysis of cytoskeleton-associated proteins and autophagy in compact bone-derived MSPCs, isolated 8 days after 5-FU-treatment
and cultured until passage 4. (B) Fluorescent microscopy images of F-actin (Phalloidin/green) and DAPI (blue) staining. The graph shows the results of stress fiber formation
in pooled MSPCs of 3 independent experiments. (C) Fluorescent microscopy images of CDC42-GTP in MSPCs illustrated as relief image (Adobe Photoshop: v21.1.1/filter
relief). Graphs showing the total pixel intensity of CDC42-GTP (left panel) and the cell edge (right panel) as measured by ImageJ software. (D) Confocal images of CDC42-GTP
(green), LC3 (red), and DAPI (blue) in MSPCs. Colocalization was measured by ImageJ software (plugin colocalization) and visualized in white. The graph shows the
measurement of colocalization in pooled MSPCs. (E) Fluorescent microscopy images of F-actin (Phalloidin/green) and LC3 (red) in MSPCs. Colocalization was measured by
ImageJ software (plug-in: colocalization) and visualized in white. Human samples: (F) Fluorescent microscopy images of cultured human MSPCs (P2) from healthy young donors
and SDS patients. Fluorescent staining of WNT5A (green, left), F-actin (green, middle), CDC42-GTP (red, middle), DAPI staining (blue, left and middle), and colocalization of
LAMP1 (green, right) and LC3 (red, right) measured by ImageJ software. (G) Graphs showing the protein content of WNT5A (left) and CDC42-GTP (right). (H) Evaluation of the
orientation of F-actin stress fibers stained with phalloidin. Cells showing intermediate orientation (for instance, at the cell edge only) or no orientation were taken together (see
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Enhanced oxidative mitochondrial activity in
dysfunctional niche cells

Since damaged mitochondria are eliminated through autoph-
agy,*?*% we then studied whether mitochondria were altered in
O5A** MSPCs. Our experiments show that glycolysis, as mea-
sured by the extracellular acidification rate (ECAR), is not
affected. But the OCR is 1.7-fold higher in MSPCs from 5-FU-
treated O5A%A mice compared with controls (Figure 4A-B). Ele-
vated OCR corresponded to high levels of ROS, not only in
O5A%A MSPCs (Figure 4C), but also in ECs and OBCs (supple-
mental Figure 5D-F). Furthermore, cultured O5AYA MSPCs
show alterations associated with oxidative stress, such as
increased DNA damage (supplemental Figure 5G). But, these
changes did not affect proliferation, apoptosis, or surface phe-
notype of MSPCs from 5-FU-treated O5A*'2 mice (supplemental
Figure 5H-J).

We then assessed whether elevated OCR and ROS are associ-
ated with a defective mitochondrial clearance in MSPCs from
5-FU-treated O5A** mice. Our experiments showed that mito-
chondrial mass, number, as well as diameter, in MSPCs from
5-FU-treated OS5A** mice were increased (Figure 4D-E). In
addition, staining for TOMM20 or the regulator of mitochondrial
fission DRP13* showed significant elongation of the mitochon-
drial network in O5A% MSPCs (Figure 4E; supplemental Figure
5K). This indicates accumulation of mitochondria, reduced mito-
chonderial fission, and clearance.

Incorrect positioning of critical components of
autophagy due to impaired F-actin stress-fiber
orientation in MSPCs

The cytoskeleton is critical for correct autophagy.'" Since dele-
tion of Wntba in the microenvironment deregulates the cytoskel-
eton in HSCs,"® we hypothesized that decreased autophagy is
associated with deregulated F-actin orientation (Figure 5A). In
addition, the GTPase CDC42 is an important regulator of cyto-
skeletal polymerization and polarization®'%'? and CDC42 is
required for autophagy.® In line with our hypothesis, we found
much less F-actin orientation and perinuclear localization in
MSPCs from 5-FU-treated O5A*A mice compared with controls
(Figure 5B). Moreover, the expression of active GTP-binding
CDCA42 was strongly increased. Furthermore, while CDC42-GTP
localized primarily to cell edges in control MSPCs, it localized
mainly to perinuclear regions in MSPCs from O5A** mice (Fig-
ure 5C). These results indicate deregulation of F-actin orienta-
tion as well as CDC42-GTP localization in MSPCs of 5-FU-
treated O5AY2 mice.

LC3 interacts with and regulates CDC42.%* Thus, we explored
whether LC3 colocalized with active CDC42-GTP and F-actin.
Confocal images revealed punctate LC3 in the perinuclear
regions of the O5AYA MSPCs (Figure 3C). In O5AYA MSPC, the
LC3" punctae are only marginally colocalized with either
CDCA42-GTP or F-actin compared with the MSPCs from control

mice (Figure 5D-E), indicating diminished anchoring of LC3™"
autophagosomes to the F-actin-cytoskeleton in O5A% MSPCs.

CDC42 activation and autophagy defects in
MSPCs from human BM failure states

We then studied whether MSPCs from patients sharing features
of peripheral cytopenias and hypocellular BM with the twice-
5-FU-treated O5A** mice showed similar alterations in the cyto-
skeleton and autophagy. For this, MSPCs were cultured from
BM samples from patients with different BM failure states, such
as SDS, an inherited BM failure syndrome, hypocellular MDS, or
severe aplastic anemia. We also included 3 samples from leuke-
mia/lymphoma patients undergoing allogeneic HSCT. Two
patients had previously been conditioned with total body irradi-
ation, which may contribute to niche damage, and the third
patient showed incomplete BM reconstitution HSCT (likely due
to extensive pretreatment) (supplemental Table 2). Interrogation
of published gene expression data in freshly isolated mesenchy-
mal cells from MDS vs normal controls revealed that whereas all
control BM samples (10 of 10) express WNT5A, it is not
detected in 33 of 45 MDS BM samples, and some actin-
regulating intermediates are reduced (supplemental Figure
6A).¥ In IF experiments, we subsequently found that expression
of WNT5A or CDC42-GTP and colocalization of LC3/LAMP1 is
similar in MSPCs from aged and young BM controls (supplemen-
tal Figure 6B), indicating their altered expression or colocaliza-
tion is not due to aging. In comparison, staining of MSPCs from
patients with the common features of peripheral cytopenia and
BM hypocellularity revealed a slight but significant reduction of
WNT5A, a clear increase of activated CDC42, and reduced
F-actin stress fiber orientation (Figure 5F-H). Furthermore,
LAMP1 is elevated with reduced LC3/LAMP1 colocalization (Fig-
ure 5l), indicative of cytoskeleton and autophagy defects.

Pharmacological attenuation of CDC42-GTP levels
in vitro restores autophagy in MSPCs

Our data imply that cytostatic stress causes sustained CDC42 acti-
vation associated with deregulation of cytoskeleton-associated
autophagy in MSPCs from cytopenic mice (Figure 5B-E). We con-
sequently reasoned that inhibiting CDC42 activation would
directly improve MSPC function. To test this hypothesis, we
treated mouse MSPCs in vitro with the RhoGDI/CDC42 activation
inhibitor CASIN (also described as Pirl1),8384" or the allosteric
CDCA42 inhibitor ML141%243 (supplemental Figure 7A-B). Both
inhibitors reduced the cellular level of CDC42-GTP in O5AYA
MSPCs equally well. However, only CASIN restored CDC42-GTP
localization at the cell edge and F-actin stress fibers in MSPCs
from 5-FU-treated O5A*’2 mice (supplemental Figure 7C-D).

To test whether CASIN improved autophagy, we compared
treatments with CASIN, rapamycin, a known autophagy inducer,
or chloroquine, a lysosomal lysis inhibitor (supplemental Figure
7E). These experiments showed that both rapamycin and CASIN
increase LC3" autophagosome formation without affecting
LAMP1 expression (supplemental Figure 7F-H). Importantly,

Figure 5 (continued) supplemental Methods). (I) LAMP1 staining (left) and colocalization pixels of LAMP1 and LC3 (right) in MSPCs (P2) from healthy young individuals, n = 7,
healthy aged individuals, n = 7, samples from hypocellular BM patients (P_1-3; see supplemental Table 2 for details), n = 3, SDS patients (P_7-9; see supplemental Table 2 for
details), n = 3 and post-allo-HSCT patients (P_4-6; see supplemental Table 2 for details), n = 3. Scale bars 10 um. *P < .05 (nonparametric Mann-Whitney test: B-E,G-I). The
results represent 2 to 3 independent experiments. Data are represented as mean = SEM. Symbol legends shown in Figure 5A and underneath Figure 5H-1.
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both rapamycin and CASIN increase colocalization of LC3 and
LAMP1 (supplemental Figure 71), indicating CASIN directly stim-
ulates autophagy in MSPCs.

To determine whether the extrinsic WNT5A signal similarly
restores CDC42 activation, recombinant WNT5A was added to
MSPC cultures. These experiments show that "WNTS5A reduces
both LC3 and LAMP1, as well as their colocalization (supplemen-
tal Figure S7J-M), indicating that 'WNTS5A also directly improves
autophagy.

Pharmacological attenuation of CDC42-GTP levels
in vivo protects against stress-induced mortality
To appraise whether attenuation of CDC42 activation also
restores niche function and hematopoiesis in vivo, we serially
treated O5A*2 and control mice with 5-FU on day O and day
8 and included an additional treatment with CASIN*' (Figure
6A; supplemental Figure 8A). Strikingly, the application of
CASIN protected O5A** mice from mortality induced by the
second 5-FU-treatment (Figure 6B). In addition, we did not
detect PB nor BM cytopenia with the rescue of both mature and
immature hematopoietic cells (Figure 6C-J), particularly of
LT-HSCs and BM T-cells (Figure 6E-G), in the CASIN-treated
O5A*A mice.

To find out whether in vivo attenuation of CDC42 activation
maintains BM niche cell numbers and function, we found that
the relative number of MSPCs was reverted to control levels in
MSPCs from CASIN- and twice-5-FU-treated O5A** mice (sup-
plemental Figure 8B-C). In addition, we observed similar MSPC
differentiation in vitro (supplemental Figure 8D). In MSPCs from
O5AYA mice treated twice with 5-FU, CASIN treatment restored
both CDC42-GTP localization to the cell edge and F-actin stress
fiber orientation (supplemental Figure 8E-F).

Rescue of actin-guided autophagy and
mitochondrial clearance in MSPCs

In experiments to determine whether in vivo attenuation of
CDC42 activation prevents the decline of the F-actin-anchored
autophagy in MSPCs prior to the second 5-FU treatment, we
found that in vivo CASIN treatment reduces the levels and peri-
nuclear localization of LC3 in O5A% MSPCs (Figure 7A-B) com-
pared with controls (Figure 3B-C). Moreover, LC3 colocalizes
with both CDC42-GTP and F-actin fibers (Figure 7C-D), indicat-
ing normalized cytoskeletal deregulation and actin cytoskeleton
anchoring in MSPCs from 5-FU-treated O5A*2 mice. In experi-
ments to determine whether the autophagy defects noted ear-
lier (Figure 3) were also normalized, we found that both LAMP1
content and lysosome diameters were restored (Figure 7E).
More importantly, LC3 and LAMP1 also colocalized (Figure 7F),
indicating restored autophagy in MSPCs from 5-FU-treated
O5A** mice. Indeed, we found that autophagic flux was sub-
stantially increased in MSPCs by prior in vivo CASIN treatment
(Figure 7@). In addition, both reduction in ROS and MitoTracker

Red levels and colocalization of LC3 and TOMM20 (Figure 7H;
supplemental Figure 9A-C) indicate improved mitophagy after
in vivo CASIN treatment.

Discussion

Understanding mechanisms involved in the hematopoiesis-
supportive function of MSPCs is crucial for developing new
treatments for debilitating hematologic diseases. Our present
study shows that autophagy controlled by CDC42 is a critical
factor for maintaining hematopoietic support by BM niche cells
during stress. Furthermore, without Wnt5a in osteoprogenitors,
CDCA42 is constitutively active in MSPCs, which leads to second-
ary ineffective hematopoiesis and increased mortality after
severe stress.

Our experiments show that regulation of CDC42 directly modu-
lates F-actin and associated autophagic flux in niche cells. We
found that only the RhoGDI/CDC42 association inhibitor CASIN,
but not the allosteric inhibitor ML-141, restores cytoskeletal
defects and CDC42-GTP localization. Thus, only RhoGDI/
CDCA42 attenuation effectively improves cellular processes result-
ing in healthier mice. Indeed, a similar 4-day treatment of aged
mice with CASIN shows not only improved mouse health, it also
extended their lifespan significantly.**

Interestingly, we found that similar changes in F-actin and
autophagy also occur in MSPCs from patients sharing features
of peripheral cytopenia and hypocellular BM, such as in different
BM failure states, suggesting a possible role in their pathogene-
sis. Our findings add to reports showing that MSPCs from these
diseases are defective in CFU-F content, show deregulated dif-
ferentiation,>*’4>% and demonstrate defects in maintaining
HSCs and progenitor cells.***’*? However, it remains elusive
why and how CDC42 signaling, the cytoskeleton, or autophagy
in MSPCs causes secondary ineffective hematopoiesis. Findings
from SDS and like diseases showed that mutated SBDS and
SRP54, which cause these syndromes, are both not only
expressed by niche cells,*® but these proteins also bind to
F-actin and deregulate small GTPase activation.’®? Similar
deregulation of these pathways may occur in MSPCs, also from
other BM failure states. Alternatively, the processes mentioned
may be linked indirectly through reduced mitophagy, causing
oxidative injury®® or deregulation of autophagy-dependent
secretion of cytokines.>>>*

In summary, autophagy, cytoskeletal orientation, and CDC42
activation in niche cells are possible targets for improving ineffi-
cient hematopoiesis after severe stress. Furthermore, we provide
a rationale for extending our findings in the O5A%* mouse
model to human diseases featuring peripheral cytopenia and
hypocellular BM. In addition, our work offers attenuation of
CDC42 activation in vivo as a therapeutic strategy to improve
the homeostasis of the hematopoietic BM niche.

Figure 6 (continued) from 4 flushed long bones), and compact bone-derived MSPCs at day 14. (B) Percentage of mice survival after serial 5-FU treatment. Graph shows
the survival curve of CTRL and O5A*A mice treated with CASIN (+) or vehicle (). (C) Graph shows the total BM cell number (left) and relative number of LSK cells (mid-
dle) and MPs (right) at day 14 of CTRL mice with vehicle ([-]; O5A* n =6, 5AM" n = 7), OSAY2 mice with vehicle (-]; n = 5, mice analyzed shortly before death) and
O5AY2 mice with CASIN ((+]; n = 5). (D,F,H,J) Representative contour plots from BM populations. Graphs show relative number of LT-HSCs and ST-HSCs (E-F), T cells
and B cells (G-H), and Gr1* myeloid cells (I-J). *P < .05 (nonparametric Mann-Whitney test: C,E,G,l). The results represent 2 to 3 independent experiments. Data are

represented as mean = SEM. Symbol legend shown in Figure 6A.
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Figure 7. Attenuation of elevated CDC42 activity during auto/mitophagy. (A) IP injection of 5-FU in O5A** mice at day 0. Additional in vivo IP injection of vehicle
(-], n = 5) or CASIN ([+], n = 4) at day 5 through day 8. Rescue and analysis of autophagy relevant mechanisms in compact bone-derived MSPCs, isolated at day
8 and cultured until passage 4. (A-G) Shown are the results of O5AYA mice with vehicle (-) and CASIN (+) treatment. CASIN-treated mice show the same phenotype as
the control groups 5A"" and O5A™/* (Figure 3). (B) Fluorescent microscopy images of LC3 (red) and DAPI (blue) staining. Graph shows the pixel intensity as measured
by ImageJ software. (C) Fluorescent microscopy image of CDC42-GTP (green), LC3 (red), and DAPI (blue) staining. The graph shows the percentage of MSPCs with
colocalization measured by ImageJ software (plugin colocalization) and visualized in white. (D) Fluorescent microscopy images of F-actin (Phalloidin/green) and LC3
(red) in MSPCs. Colocalization was measured by ImageJ software (plug-in colocalization) and visualized in white. The graph shows colocalization counted with ImageJ
software. (E) Fluorescent microscopy images of LAMP1 (green) and DAPI (blue) staining. The pixel intensity (left graph) and feret's diameter (right graph) were measured
by ImageJ software. (F) Fluorescent microscopy images of LAMP1 (green), LC3 (red), and DAPI (blue) staining. Yellow arrows show colocalized vesicle staining, red
arrows depict LC3" vesicles that did not colocalize with green LAMP1™" vesicles. Perinuclear colocalization of LAMP1 and LC3 measured by ImageJ software (plugin
colocalization, depicted in white). (G) Representative FACS plots and quantification (graph) of Cyto-ID dye levels (DMFI: Cyto-ID dye level chloroquine treated, Cyto-ID
dye level w/o treatment). (H) Fluorescent microscopy images of TOMM20 (green), LC3 (red), and DAPI (blue) staining. Colocalization was measured by ImageJ software
(plugin colocalization) and visualized in the bottom row in white. Scale bars, 10 um. *P < .05 (2-sided parametric Student’s t test; B-H). The results represent 2 indepen-
dent experiments. Data are represented as mean = SEM. Symbol legend shown in Figure 7A.
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REGULAR ARTICLE

Targeting CDC42 reduces skeletal degeneration after hematopoietic
stem cell transplantation

Theresa Landspersky,' Merle Stein,> Mehmet Sacma,® Johanna Geuder,* Krischan Braitsch,’ Jennifer Riviére," Franziska Hettler,’
Sandra Romero Marquez,1 Baiba Vilne,® Erik Hameister," Daniel Richter,? Emely Schénhals,’ Jan Tuckermann,? Mareike Verbeek,'
Peter Herhaus,' Judith S. Hecker,' Florian Bassermann,’ Katharina S. Goétze," Wolfgang Enard,* Hartmut Geiger,®

Robert A. J. Oostendorp,'* and Christina Schreck'*

"School of Medicine, Department of internal Medicine lll, Technical University of Munich, Munich, Germany; 2Institute of Comparative Molecular Endocrinology, and 3Institute
of Molecular Medicine, Stem Cells, and Aging, Ulm University, Ulm, Germany; 4Anthropology and Human Genomics, Faculty of Biology, Ludwig-Maximilians University, Munich,
Germany; and °Bioinformatics Laboratory, Riga Strading University, Riga, Lettland

m Osteopenia and osteoporosis are common long-term complications of the cytotoxic

conditioning regimen for hematopoietic stem cell transplantation (HSCT). We examined
* CDC42 activit){ . mesenchymal stem and progenitor cells (MSPCs), which include skeletal progenitors, from
regulates F'%Ct'n flber' mice undergoing HSCT. Such MSPCs showed reduced fibroblastic colony-forming units
:}Ilggt?;ingﬂtxgopng 3 frequency, increased DNA damage, and enhanced occurrence of cellular senescence,
i MSP(,.:S in a bone whereas there was a reduced bone volume in animals that underwent HSCT. This reduced

marrow transplant MSPC function correlated with elevated activation of the small Rho guanosine triphosphate

setting.
Attenuation of CDC42

activity improves o ) X ) .
] attenuated the elevated activation of CDC42 restored F-actin fiber alignment, mitochondrial
MSPC quality to

increase both bone function, and mitophagy in MSPCs in vitro. Finally, targeting CDC42 activity in vivo in
volume and trabecular animals undergoing transplants improved MSPC quality to increase both bone volume and

hydrolase CDC42, disorganized F-actin distribution, mitochondrial abnormalities, and
impaired mitophagy in MSPCs. Changes and defects similar to those in mice were also

observed in MSPCs from humans undergoing HSCT. A pharmacological treatment that

bone thickness. trabecular bone thickness. Our study shows that attenuation of CDC42 activity is sufficient
to attenuate reduced function of MSPCs in a BM transplant setting.

Introduction

Osteoporosis and osteopenia are clinically well-documented long-term complications after allogeneic
hematopoietic stem cell transplantation (allo-HSCT)."? Myeloablation through chemotherapeutic
treatment or irradiation remains a crucial preconditioning regimen for successful donor stem cell
engraftment and regeneration of hematopoiesis in allo-HSCT. Osteoporosis is found in approximately
half of HSCT recipients even 10 years after allo-HSCT, regardless of the type of the prior pre-
conditioning regimen.>* In addition, there are signs of senile osteoporosis in allo-HSCT recipients,
which are independent of the age of the patient who received transplantation.” The observed bone
degeneration in such patients suggests that the function of osteoprogenitors in the bone marrow (BM)
niche is inefficient and/or incomplete after allo-HSCT or that the rate of osteodestruction is increased.
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The hematopoietic BM niche is an ecosystem of many different cell
types that respond to external triggers and strive to restore and
maintain optimal conditions for both hematopoiesis and bone
remodeling.® The consequences of cellular stress and aging in
HSCs, have been explored in several studies.®” The impact of
stress responses and aging on the function of BM niche cell
populations is still largely unclear.° In previous work we showed
that intermittent exposure to the cytostatic agent 5-fluorouracil
leads to Whnt5a-dependent F-actin misalignment in BM-derived
mesenchymal stem and progenitor cells (MSPCs), which is asso-
ciated with incorrect positioning of autophagosomes and lyso-
somes."" Diminished autophagy is 1 of the hallmarks of aging,'”
which can also be found in MSPCs from aging individuals."®
Furthermore, reduced autophagy is associated with reduced
expression of selective autophagy receptors, such as optineurin
(OPTN), Tax1-binding protein 1, or sequestosome 1.'* In MSPCs,
such changes reduce osteogenesis and favor adipogenesis, which
contributes to degenerative bone loss (osteoporosis) with
increasing age.'®

Here, we identify cellular and molecular changes in MSPCs from
mice undergoing HSCT. Our analyses showed clear signs of
MSPC dysfunction: oxidative stress, reduced autophagy, and
elevated activity of CDC42 compared with MSPCs of age-
matched controls. Pharmacological attenuation of CDC42 activity
restored function of MSPCs from mice undergoing HSCT in vitro
and mitigated bone degeneration after HSCT upon in vivo treat-
ment. Targeting dysfunctional MSPCs in the setting of allo-HSCT
by attenuation of CDC42 activity might be a novel approach to
ameliorate osteopenia and osteoporosis in patients receiving allo-
HSCT.

Methods

Mice

For the transplantation experiments (HSCT group), we used
129Ly5.1 mice (3 months old) as donors, and 129BI6 mice
(8 months old) as recipients. Age-matched (no transplantation,
middle-aged, up to 13 months) and young (129Ly5.1, 3 months
old) mice were included in the experiments as control groups. To
establish their age categories, we distinguished 3- to 6-month-old
(young; Y) mice from 14-month-old (middle-aged; 13A) mice.'®
The mice were housed under specific pathogen—free conditions
and experiments were conducted per approved ethical guidelines
(Government of Upper Bavaria approvals Vet_02-14-112 et al).
Further details are available in supplemental Materials.

Murine and human MSPC isolation and in vitro cell
culture analysis assays

Murine long bones were flushed and crushed, followed by colla-
genase digestion as previously described.'™'” After digestion,
flushed or released endosteal cells were used for flow cytometry
analysis and cell sorting. In the analysis and sorting of BM sub-
populations we distinguished endothelial cells (ECs; CD31"
CD45/Ter1197), osteoblastic cells, (OBCs, CD31~ CD45/
Ter119”ALCAM* SCA17), and MSPCs (CD31~ CD45/Ter119~
ALCAM™°% SCA1%), as previously described.'® The remaining
bone fragments were plated (0.1% gelatin coating) and the
adherent cells were cultured until passage 3 (p3; 80% confluency)
in a humidified atmosphere, 5% CO, and at 37°C in minimal
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essential medium alpha with ribonucleic acids, GlutaMAX, 10%
fetal calf serum, 1% penicillin-streptomycin, and 0.1% p-mercap-
toethanol. Cell numbers were determined and reseeded (1 x 10°
cells per cm?) for different cell culture assays at p4, unless stated
otherwise.

Human BM samples were collected with informed consent from
healthy individuals (derived from the remains of stem cell trans-
plantation bags or isolated from femoral heads after a hip surgery).
Human BM samples were also obtained from allo-HSCT recipients
with various malignant hematopoietic conditions. All data, both
from healthy individuals and patients, were normalized and com-
bined for analysis. Use of patient materials were approved by the
institutional review board at the Technical University of Munich,
School of Medicine, Munich, Germany (study TUM 538/16).
Characteristics of healthy individuals and patient’s treatment regi-
mens used before allo-HSCT can be found in supplemental
Table 4. Human MSPCs were cultured in low-glucose minimal
essential medium alpha, supplemented with 2 mM L-glutamine, 10
U/L, and 20 U/ml penicillin-streptomycin. Freshly prepared pooled
human platelet lysate, at a concentration of 10% (volume per vol-
ume), was added to the cell culture following previously described
methods.'""?

All in vitro assays, such as fluorescence-activated cell sorting,
treatment with pharmacological compounds, enumeration of CFU-F,
senescence assay, immunofluorescence (IF) staining (confocal IF),
as well as assessment of mitochondrial function, can be found in
detail in supplemental Materials.

In vivo transplantation assay and in vivo treatment
with pharmacological compounds

Whole BM cells (25 x 10°%) were IV transplanted into lethally
irradiated (8.5 Gy) recipient mice, detailed in supplemental
Materials. For in vitro assays, MSPCs (p4) were cultured with the
Cdc42 activity-specific inhibitor (CASIN) or a vehicle (dimethyl
sulfoxide) for 4 hours before starting cell culture assays. In vivo
experiments were conducted using CASIN (2.4 mg/kg) or the
vehicle (phosphate-buffered saline and 15% ethanol).'" After
HSCT, the compounds were administered via intraperitoneal (IP)
injection every 24 hours for 4 consecutive days (day 5, 6, 7, and 8).

Micro-CT

Isolated bones were fixed in 4% paraformaldehyde in phosphate-
buffered saline for 3 days and then stored in 70% ethanol.
Microcomputed tomography (micro-CT) was performed and
analyzed using the SkyScan1176 micro-CT scanner (supplemental
Table 3). We additionally analyzed and evaluated the percent bone
volume (BV) via the ratio of BV to total volume (BV/TV) by
measuring only the areas that showed clear BV with ImageJ soft-
ware. By setting a threshold, we focused exclusively on the dense,
bright areas indicative of bone. This allowed us to selectively
measure and quantify the characteristics of the bone structures.

Human BMD measurements

After allo-HSCT, patients underwent annual bone mineral density
(BMD) measurements for a minimum of 5 years as per institutional
guidelines. BMD was assessed via quantitative computed tomog-
raphy of the lumbar spine. The quantitative CT PRO Mindways 6.1
software (https://www.qct.com/QCTPro.html) was used. Detailed
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information can be found in supplemental Materials. T-scores and
Z-scores were obtained retrospectively from patient records, with
informed consent (ethics vote: 423/17 S).

A Z-score is used to compare an individual's bone density with the
average for their age and sex, a T-score is used to compare bone
density with the peak value observed in a healthy young adult. A
score higher than or equal to —1 is considered normal. A value
between —1 and —2.5 is referred to as osteopenia, a precursor of
osteoporosis. Values lower than —2.5 is diagnosed as osteopo-
rosis. In healthy young individuals, the Z and T-scores are typically
close to 0, signifying that their bone density aligns with age and sex
norms or corresponds to the peak bone density of a healthy young
adult.

Bulk RNA-seq library preparation

RNA sequencing (RNA-seq) of BM MSPCs from Y, 13A, and (3 +
10) month old recipients (13R) mice was conducted using prime-
sequencing based on molecular crowding SCRB-seq, with paired-
end sequencing on an lllumina HiSeq1500. Detailed data pro-
cessing and analysis are provided in supplemental Materials.

Statistics

Statistical analysis was conducted with Mann-Whitney tests for 2
groups, and Kruskal-Wallis tests for multiple groups, using Prism
software. All statistical analyses were conducted using the Prism
software package, and the results are presented as mean *
standard deviation. Detailed information can be found in
supplemental Materials.

Results

A HSCT procedure results in permanent negative
changes in BM-resident MSPCs

Osteoporosis is a commonly found complication in allo-HSCT."*2°
More than 50% of female and 62% of male patients showed
degenerative changes such as osteopenia or osteoporosis 1 year
after allo-HSCT compared with healthy age- and sex-matched
controls (Z-score; Figure 1A-B), and 86% of female and 91% of
male allo-HSCT recipients showed clear bone loss compared with
young controls (T-score; Figure 1C) in a patient cohort of the
Technical University of Munich/University Hospital Klinikum rechts
der Isar. Importantly, patients showed no significant improvement in
bone density over time (Figure 1D) despite receiving standardized
treatments such as vitamin D and calcium after transplantation,
indicating that the osteoporotic changes due to HSCT may be
difficult to revert (Figure 1E). To investigate the underlying mech-
anisms of transplant-associated long-term osteoporosis, we initially
analyzed mice 10 months after the HSCT procedure.

HSCT was performed by transplanting BM cells in 3-month-old
mice (young, Y) that received radiation as a preconditioning
regimen. BM of the successfully reconstituted recipient animals
was analyzed 10 months after HSCT (13R) to determine the long-
term effect on bone-resident MSPCs (CD31~ CD45/Ter119~
ALCAM™°% SCA1") and compared with MSPCs of age-matched
control mice (13A), which had not been preconditioned nor
received HSCT (Figure 2A; supplemental Figure 1A). To assess
the number and function of bone-forming cells after HSCT,
ALCAM™*" MSPCs and ALCAM* SCA1~ OBCs'® were
analyzed. The total number of cells from BM of 13R mice was lower
than that of Y controls, whereas 13A controls were not significantly
different from either Y or 13R (Figure 2B), implying successful but
imperfect recovery/reconstitution of the BM in animals that
underwent HSCT. Interestingly, BM showed a higher ALCAM-
expressing OBC content in 13R mice than in 13A mice
(Figure 2C). Next, we cultivated the MSPCs from these bones to
determine their ability to generate CFU-F. The frequency of cells
that were able to generate fibroblast-like colonies (CFU-F) was
highest in Y MSPCs, with a diminished CFU-F frequency in the
HSCT treatment and the age-matched control groups, suggesting
the decline in CFU-F is time/aging related and additionally affected
by HSCT (Figure 2D; supplemental Table 5). In addition, we found
DNA damage in 13R MSPCs indicated by increased yH2AX*
double-strand break sites that are not colocalized with the DNA
repair complex component 53BP12">? (Figure 2E), as well as by a
higher frequency of cells expressing senescence-associated
B-galactosidase in 13R cultures (Figure 2F).

Altered mitochondrial quality control in MSPCs from
mice undergoing HSCT

RNA-seq was performed on primary Y, 13A, or 13R MSPCs sorted
from the BM (Figure 3A-B; supplemental Figure 2A-B). Compari-
sons between 13A and 18R MSPCs showed 257 differentially
expressed genes (DEGs), 115 of which were downregulated in
13R cells (50 of those more than twofold) and 140 DEGs were
upregulated (56 of which more than twofold; supplemental
Figure 3C). Several of the DEGs downregulated in 18R MSPCs
were genes coding for important proteins involved in mitophagy,
selective autophagy, and guanosine triphosphate hydrolase
(GTPase) signaling, such as ras homolog family member T1
(Rhot1), Wasf2, Ddit3, Lamp1, Atg5, Tax1bpl and GipcT
(Figure 3C). Further STRING (Search Tool for Retrieval of Inter-
acting Genes/Proteins) analysis connected several of these DEGs
to mitochondria-associated proteins, MYO8, parkin RBR E3 ubig-
uitin protein ligase (PRKN), PTEN-induced kinase 1 (PINK1),
SQTSM1, and TOMM20, to possible regulation by CDC42
(Figure 3D; supplemental Figure 2D).

Figure 2 (continued) long BM flushed bones after collagenase digestion. (C) Relative numbers of immature MSPCs (CD45/Ter119/CD31~ Sca-1* Alcam™"°", left) and OBCs
(CD45/Ter1197CD31~ Sca-1~ Alcam™, right); FACS gating strategy in Landspersky et al.'' Representative contour plots of collagenase-digested bones (below). (D) Number of

colony-forming mesenchymal stem cells (CFU-F) of 300-plated cultured MSPCs (p4). (E) Graphs show foci/cell (left) and colocalization pixel of yH2A.X and 53BP1 in the nucleus
of cultured MSPCs (p4; right). Representative IF images of yH2A.X (green) and 53BP1 (red) in compact bone-derived MSPCs (p4; below) counterstained with DAPI (4',6-
diamidino-2-phenylindole). (F) Average proportion of bluish p-galactosidase (B-gal)-stained compact bone—derived MSPCs (p4, left). White bar indicates cells with no detectable

staining whereas light blue and dark blue refer to partially and strongly p-gal-stained cells, respectively; Y (n = 5), 13A (n = 6), and 13R (n = 4). The Kruskal-Wallis test was

applied here between the 3 groups examined for each of the 3 p-gal staining concentrations (strong, medium, and no). Representative pictures of p-gal-stained MSPCs (right).

The analysis represents 2-3 independent experiments. Scale bars, 5pm (E) and 20pm (F). *P < .05 (Kruskal-Wallis test: panels B-F). Data are represented as mean * SD. Cirl,

control.
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The small GTPase CDC42 is a critical regulator of F-actin
assembly and F-actin cages, targeting damaged mitochondria.?*%*
In addition, the fact that persistently elevated activation of CDC42
contributes to degenerative processes and aging in several
different tissues,'""”*?” led us to investigate CDC42 activity in
MSPCs in more detall, first by anti-CDC42-GTP IF staining. The
level of CDC42-GTP was indeed markedly upregulated in 13R
MSPCs compared with both Y and 13A MSPCs (Figure 3E). In
addition, MSPCs from 13R mice show significantly less elongated
F-actin fibers compared with MSPCs from either Y or 13A controls
(Figure 3F).

We also analyzed human MSPCs from patients with leukemia, 6 to
24 months after receiving allo-HSCT and who were within com-
plete remission and compared them to MSPCs from hematologi-
cally healthy aged-matched controls (Figure 2G; supplemental
Figure 1B). The allo-HSCT recipients were conditioned before
transplantation, either by total body irradiation (2 patients) or by
chemotherapy (5 patients; supplemental Table 4). As in mice, we
found high levels of active CDC42-GTP as well as less elongated
F-actin fibers in MSPCs from these donors compared with MSPCs
from healthy age-matched controls (Figure 3H-I). In addition, also
the human MSPCs from the transplant recipients showed a larger
proportion of senescent cells (supplemental Figure 2F). In sum-
mary, also human MSPCs from patients that underwent allo-HSCT
show changes associated with premature aging, like murine
MSPCs in transplant recipients.

Damaged mitochondria are marked for mitophagy,
but not cleared, in 13R MSPCs

Damaged mitochondria are targeted for mitophagy by F-actin.
Changes in the F-actin fiber length in MSPCs from transplant
recipients (Figure 3I) might therefore affect mitophagy. Costaining
of F-actin and mitochondria (via TOMM20, a protein localized on
the outer membrane of mitochondria) revealed F-actin encapsu-
lated mitochondria in 13A MSPCs, and even stronger in 13R
MSPCs, whereas in Y MSPCs the mitochondria were not directly
surrounded by F-actin fibers (Figure 4A-B). Furthermore, we
detected increased reactive oxygen species (ROS) production in
13R MSPCs (supplemental Figure 3A-B), indicative of an increase
in damaged mitochondria.”® These findings are in line with a view
that damaged mitochondria are encapsulated in 13R MSPCs but
do not seem to be cleared. RHOT1 (also known as MIRO-1)
identifies damaged mitochondria.’® Colocalization experiments

23,24

showed RHOT1 was strongly colocalized with TOMM20* mito-
chondria in both 13A and 13R MSPCs compared with Y controls
(Figure 4C), indicating that damaged mitochondria are marked by
RHOT1 in these cells. The motor-cargo protein MYO6 anchors
mitochondria marked with RHOT1 to F-actin.?®*° Our experiment
showed that MYO6 colocalized at high levels with TOMM20™*
mitochondria in 13A and 13R MSPCs (Figure 4D), indicating that
the RHOT1-MYO6 complex marked the damaged mitochondria. In
contrast, MYO6 did not colocalize at all to F-actin in 13R but
colocalization was detected in 13A MSPCs (Figure 4E;
supplemental Figure 3C). Our results are consistent with a view
that damaged mitochondria are recognized and encapsulated into
F-actin cages in both 13A and 13R MSPCs, however, in 13R
MSPCs, the mitochondria are not connected to F-actin for trans-
port, a critical requirement for clearance of damage mitochondria.

The disruption of the final steps in mitophagy noted in 13R cells
may also be relevant to MSPC fate. The selective autophagy
receptors interact with MY06,>*' and less OPTN has been
associated with osteoporosis.'® In our experiments, expression of
OPTN is indeed reduced in 13R vs 13A MSPCs (Figure 4F).

Improving the regeneration of MSPCs by targeting
CDC42 activation in vitro

Our data imply altered F-actin biology in 13R MSPCs, which are
likely linked to altered clearance of mitochondria. We, and others,
have shown that a defective F-actin fiber orientation in stressed
cells is, at least partly, due to elevated activation of CDC42.2°27
Attenuation of this CDC42 activation by a CASIN can restore
the function of acutely stressed MSPCs.'" Because CDC42-GTP
levels were also elevated in both murine and human MSPCs from
transplant recipients (Figure 3E-H), we therefore tested whether
attenuation of CDC42 activity in HSCT MSPCs could rescue
changes in the MSPCs, restore the transport of damaged mito-
chondria to mitophagosomes, and reverse the impaired function of
13R MSPCs.

In vitro treatment of 13R MSPCs with CASIN indeed restored
alterations in the local environment, such as increased cell
senescence and yH2A.X-directed DNA damage repair mecha-
nisms (Figure 5A-C; supplemental Figure 4A-B). In addition, the
in vitro treatment reduced CDC42-GTP levels and restored both F-
actin levels and fiber formation, as well as mitochondrial diameter
and actin cages (Figure 5D-F; supplemental Figure 4C-E). Treated
MSPCs show a reconnection of F-actin and MYO6 (Figure 5G).

Figure 3 (continued) adjusted P values (false discovery rate [FDR]) plotted against log, fold change (FC). 13A, n =10 and 13R, n = 7. The dark dots show proteins that meet
the FDR threshold for statistical significance (FDR < 0.05) and are considered differentially expressed. (D) Analysis of the DEGs using STRING (Search Tool for Retrieval of

Interacting Genes/Proteins) for visualizing an interaction network. (E) Graph shows the protein content of CDC42-GTP in cultured MSPCs (p4). (F) Left: representative IF images
of MSPCs (p4). IF staining of F-actin (green) counterstained with DAPI (blue). Right: evaluation of the orientation of F-actin fibers stained with phalloidin. Percentage of all cells
showing fibers (bar in dark green), intermediate oriented fibers (bar in bright green), or no stress fibers (white bar). The Mann-Whitney test was applied here between the 3 groups
examined for each of the 3 stress fiber orientations (fibers, intermediate, and no fibers). (G) Experimental design for human HSCT and myeloablation via chemotherapeutics (n = 5)
or irradiation (n = 2) and analysis from 6 months up to 24 months after HSCT in human BM samples. Healthy donor samples as controls (n = 6). (H) Graphs show the protein
content of CDC42-GTP measured by ImageJ software from healthy age-matched controls (n = 6) and allo-HSCT recipient (n = 7; left). (I) Left: representative IF staining of F-actin
(green; right) counterstained with DAPI (blue) of a patient sample after allo-HSCT. Right: evaluation of the orientation of F-actin fibers stained with phalloidin. Percentage of all
cells showing fibers (bar in dark green), intermediate oriented fibers (bar in bright green pattern), or no fibers (white bar). The Mann-Whitney test was applied here between the 3
groups examined for each of the 3 fiber orientations (fibers, intermediate, and no fibers). The analysis represents 2-3 independent experiments except for the RNA-seq analysis,
which was performed once with a high number of samples (Y, n=9; 13A, n = 10; and 13R, n = 7). Scale bars, 10 pm. *P < .05 (Kruskal-Wallis test, panel E,H; F-actin fibers/
intermediate/no fibers were either present [value = 1], or not [value = 0]). Only the results for the presence of elongated F-actin fibers are presented in panels F and | and analyzed

with the nonparametric Mann-Whitney test. Data are represented as mean £ SD.
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Figure 4. Damaged mitochondria in MSPCs of HSCT-mice. (A) Experimental design for HSCT into lethally irradiated 3-month-old wild-type mice (time point at the end of
experiment: 13 months, 13R). Age-matched control group (13A) without HSCT. Analysis of the BM niche in 13-month-old mice (13A and 13R), and Y control group (3 months).
Analysis of cultured MSPCs until p4 for analysis with IF assay. (B) Representative confocal microscopy images stained for F-actin (green) and TOMM20 (red) in MSPCs (p4).
Image section of a mitochondrion with actin cages. (C) Colocalization pixel of RHOT1 and TOMM20 measured by ImageJ software (left) and representative confocal microscopy
images of RHOT1 (green) and TOMM20 (red) counterstained with DAPI (blue, right). (D) Colocalization pixel of MYO6 and TOMM20 measured by ImageJ software. (E)
Colocalization pixel of MYO®6 and F-actin measured for 3 cells with Imaris software (left) and representative confocal microscopy images for F-actin (stained in green) and MYO6
(yellow) counterstained with DAPI (blue) with additional visualization of colocalization (white) in MSPCs of 13R mice (P4, right). (F) Protein content of OPTN of MSPCs (p4)

measured by Image) software (the analysis represents 2-3 independent experiments). Scale bars (mitochondria), 0.2pm; scale bars (nucleus), 10 pm. *P<.05 (Kruskal-Wallis test:

panels C-F). Data are represented as mean £ SD.

Conversely, where RHOT1 encapsulates mitochondria in 13R
MSPCs (Figure 4C), CASIN treatment strongly reduces binding of
RHOT1 to TOMM20 indicating either that the treatment interferes
with RHOT1 binding or that mitochondria are normally cleared
resulting in smaller and functional mitochondria (supplemental
Figure 4F). These in vitro treatment experiments indicate that
CASIN might repair mitochondrial quality control in 13R MSPCs by
reconnecting MYO®6 with now again elongated F-actin fibers. This
suggests a reversal of the disrupted mitophagy process and sug-
gests a return to a healthier, more functional state of mitochondria
in 18R MSPCs after CASIN intervention. Additionally, we investi-
gated whether RHOT1 colocalized with LAMP1, demonstrating
that mitophagolysosome formation is possible in 13A and 13R after
in vivo CASIN treatment. Whereas without treatment, we observed

€ blood advances 22 OCTOBER 2024 - VOLUME 8, NUMBER 20

low levels of RHOT1/LAMP1 colocalization, CASIN treatment
increased colocalization in 13A and 13R MSPCs compared with
the Y control group (Figure 5H; supplemental Figure 4G). This
finding supports the idea that CASIN treatment promotes the
clearance of RHOT1-marked mitochondria via mitophagy in these
experimental groups.

Attenuation of CDC42 activity in vivo after HSCT
prevents osteoporotic changes

For testing the effects of attenuation of CDC42 activity in vivo in
animals that underwent HSCT, we chose a treatment regimen in
which CASIN was injected IP on 4 consecutive days on day 5
through 8 after HSCT (day 0), and animals were again monitored
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Figure 5. Pharmacological treatment rescues changes in the microenvironment and mitophagy in MSPCs in vitro. (A) Experimental design for HSCT into lethally
irradiated 3-month-old wild-type mice (time point at the end of experiment: 13 months, 13R). Age-matched control group (13A) without HSCT. Analysis of the BM niche in 13-
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at p4. (B) Number of colony-forming mesenchymal stem cells (CFU-F) of 300 plated cultured MSPCs (p4). (C) Average proportion of B-gal positive—stained compact
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10 months after transplant (Figure 6A). In vivo application of
CASIN reduces the activity of CDC42 in vivo in BM cells."" First,
the elevated BM OBC numbers that were associated with 13R
animals returned in 13R + CASIN mice to levels seen in 13A mice
(Figure 6B). Functional assays show that 10 months after HSCT,
MSPCs show an increase in damaged mitochondria, indicated by
elevated ROS levels and low tetramethylrhodamine methyl ester
staining (Figure 6C-D). Interestingly, by short in vivo CASIN treat-
ment administered 10 months before analysis, ROS levels were
significantly reduced, and the membrane potential recovered in
MSPCs. Next, we analyzed femora to determine macro(cortical)-
and micro(trabecular)-structural parameters using micro-CT
(Figure BA). This analysis showed that BV/TV was reduced in the
femurs of HSCT animals. Importantly, CASIN administration in vivo
markedly improved BV/TV to the levels of young and age-matched
controls (Figure 6E). The trabecular and cortical microarchitecture
was significantly improved in 13R + CASIN femora. Furthermore,
there was significantly elevated trabecular thickness in 13R +
CASIN animals than 13A and 13R bones, and significantly
elevated cortical thickness in 13R + CASIN animals than 13A
animals (Figure 6F-G). Interestingly, CASIN treatment within the
age-matched control group showed the same effects
(supplemental Figure 5A-D). In summary, pharmacological target-
ing of CDC42 activity in vivo after HSCTs might attenuate
unwanted, likely preconditioning-associated, changes in MSPCs
and bones.

Discussion

Our study highlights long-term effects of ablative conditioning with
subsequent BM transplantation (HSCT). Although changes in
bone remodeling and bone turnover induced by HSCT over time
have been reported by others, details of the underlying mecha-
nisms are incompletely understood. Our findings demonstrate that
post-HSCT MSPCs show markedly reduced proliferation and
increased number of committed MSPCs, coupled with cellular
senescence, persisting DNA and mitochondrial damage, and
reduced F-actin orientation. Although mitochondrial function has
been described to be critical for the regenerative capacity of
HSCs,%>%° the role of such processes for the function of post-
HSCT MSPCs is poorly studied.

Our results are in line with recent data showing that MSPC mito-
chondria respond to stressors by undergoing fusion, followed by
fission, and finally mitophagy, which contributes to the osteogenic
differentiation process.®*° This sequence of events is disrupted in

13R MSPCs, in which oxidative stress is elevated, fission and
mitophagy are reduced, likely contributing to HSCT-associated
osteoporosis. It appears from our experiments that HSCT aggra-
vates mitophagy in such a manner that selective degradation of
dysfunctional mitochondria is strongly reduced. In sum, these
observations suggest that accumulation of damaged mitochondria
and the accompanying oxidative stress supports the osteoporotic
decrease in bone mass,*® a hypothesis further supported by our
evaluation of yearly checkup data from allo-HSCT patients. The
patient data further show that in human allo-HSCT recipients,
osteoporotic changes in bone mass persist, despite treatments of
the secondary osteoporosis. These findings propose that osteo-
porotic remodeling after allo-HSCT is irreversible. Considering this,
our experiments favor the point of view that initiating treatment prior
to the diagnosis of osteopenia or osteoporosis, independent of risk
factors, may be relevant for the clinical management of HSCT
patients to prevent or repair anticipated osteoporotic changes.

We, and others, have found that attenuation of CDC42 activity has
major effects on the F-actin'"®” and tubulin®® cytoskeleton. Both
cytoskeletal components are critical for cellular maintenance pro-
cesses, such as autophagy and vesicle transport. Clearance of
damaged mitochondria is thought to be initiated by recognition of
damaged mitochondria by a complex of RHOT1, PINK1, and
PRKN,*® which binds to selective autophagy receptors®® as well as
recruits so-called actin cages through binding to the MYO6
motorprotein.”®> CDC42 is involved in this process, because it
triggers the necessary actin nucleation.” In our experiments, we
found that in post-HSCT MSPCs, CDC42 is persistently over-
activated and desensitized to stimuli, suggesting aging-like func-
tional disruption as previously noted in HSCs®® and other cell
types.26’27

Previous studies found that both cytostatic- or irradiation-mediated
myeloablation, causes bone loss.*’ To mitigate bone loss, thera-
pies have been proposed to reduce osteoclast activity, or may
increase osteoblast function.*? Early studies showed that
bisphosphonates, which are calcium-chelating molecules,*® effec-
tively inhibit osteoclast-mediated bone resorption.** Moreover,
bisphosphonates also act to reduce prenylation and, by doing so,
inhibit membrane trafficking of small GTPases, including CDC42,*°
as a result of which activated CDC42 may accumulate. The effects
of bisphosphonates on HSCs or the hematopoietic niche are,
however, controversially discussed, for which positive effects on
CFU-F frequency,*®*” no effects on HSCs,*' as well as delete-
rious effects on HSCs,*® B-lymphopoiesis,*® and MSPCs have

Figure 5 (continued) bone—derived MSPCs (p4, left). Representative FACS plots for p-gal—-positive 13R with or without CASIN MSPCs. (D) Protein content of CDC42-GTP

measured with ImagelJ software. (E) Left: representative F-actin staining in cultured 13R 4+ CASIN MSPCs (phalloidin, green). Evaluation of the orientation of F-actin fibers stained

with phalloidin. Right graph: percentage of all cells showing fibers (bar in dark green), intermediate oriented fibers (bar in bright green), or no fibers (white bar). The Mann-Whitney

test was applied here between all groups examined for each of the 3 fiber orientations (fibers, intermediate, and no fibers). For a better overview, not all significant values are

shown. Some of them (without/no CASIN treatment) are already shown in Figure 3F. In addition, the following groups are significant: *Y vs 13A+; Y vs 13R+; 13A+ vs 13R+. (F)

Representative confocal microscopy images stained for F-actin (green) and TOMM20 (red) counterstained with DAPI (blue) of 18R MSPCs (p4) with and without CASIN

treatment. Image section of mitochondria embedded in actin structure. (G) Representative confocal microscopy images for F-actin (stained in green) and MYOG6 (yellow) in
MSPCs of 13R mice (p4) with and without CASIN treatment. (H) Left: representative confocal microscopy images for RHOT1 (stained in green) and LAMP1 (red) in MSPCs of
13R mice (p4) with and without CASIN treatment. Colocalization is shown in white. Right graph: colocalization pixel of RHOT1 and LAMP1 measured by ImagelJ software. The

analysis represents 2-3 independent experiments. Scale bars (mitochondria), 0.2pm; Scale bars (nucleus), 10pm. *P < .05 (Kruskal-Wallis test: panels B,C,D,H; F-actin fibers/

intermediate/no fibers were either present [value = 1], or not [value = 0]). Only the results for the presence of elongated F-actin fibers are presented in panel E and analyzed with
the nonparametric Mann-Whitney test. Data are represented as mean + SD. Y, young; A+, aged 13 months with CASIN (=13A+); 13R+, regenerated 13 months with CASIN.
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been reported.””*® These side effects may limit the use of
bisphosphonates in HSCT recipients, the recommended therapy
for secondary osteoporosis after HSCT.>°

Because osteoporotic changes are a frequent and seemingly
irreversible complication, exacerbated in allo-HSCT because of
more aggressive conditioning, chronic graft-versus-host disease
(GVHD) and prophylactic steroid treatment,®'®? research of
additional therapeutics to treat secondary osteoporotic changes by
stimulating osteogenic cells are being pursued.’® Several of these
agents have entered clinical trials, in which side effects such as
gastrointestinal disorders, hypercalcemia, and osteonecrosis of the
jaw are frequently noted.”® Additional preclinical studies target
myeloablation-induced senescence®® using proteasome inhibi-
tion,”>°® and our experiments add that early treatment to attenuate
CDCA42 activation positively affects both BV and trabecular thick-
ness of femoral bones. Our studies may facilitate additional pos-
sibilities to treat osteoporotic changes after HSCT using a single
agent or in combination with existing therapies.

Whereas bisphosphonates target prenylation and thereby act
indiscriminately on many small GTPases, CASIN specifically
inhibits the RhoGDI/CDC42 complex,®” leaving other small
GTPases unaffected. Considering that CDC42-GTP accumulates
in different cell types with age, the use of CASIN may particularly
benefit older HSCT recipients. We demonstrate that CDC42-GTP
is upregulated in MSPCs, and reduced in CASIN-treated HSCT
recipients. This appears to contradict reports in which
bisphosphonates inhibit prenylation and promote CDC42-GTP
accumulation in myeloid cells.*® In contrast, because CDC42 is
a central component of the noncanonical Wnt pathway, our find-
ings support the use of anti-Wnt signaling therapies, such as
antisclerostin therapy, which reduces osteoporosis by reducing
osteoblast apoptosis after radiation.®®

By administering CASIN immediately after HSCT, we adopted a
treatment schedule that could feasibly be developed for HSCT
protocols, with many patients being middle-aged to advance-aged
and the treatment could be performed while stationary from the
HSCT procedure. It is tempting to speculate that CASIN treatment
either prevents osteoporotic changes or may partly reverse an
already existing osteoporosis as well as further secondary side
effects on MSPCs resulting from patient conditioning, not only in
HSCT procedures but also in other cancer treatments.

Limitations of this study

Our in vitro and in vivo experiments focus on CDC42 activation as
a therapeutic target for supporting osteogenic MSPCs. As such,
we have not included an in-depth analysis of osteoclasts and their
bone-resorbing activity. It is highly likely, however, that IP-injected
CDC42 activity modulators will not only affect MSPCs of the BM
but will also act on many other cells, including osteoclasts. In
particular, bone resorption relies on the formation of actin rings,
which, in turn, require CDC42 activation for assembly of the ARP2/
3 actin nucleation complex.?® Thus, it would be interesting to study
in the future how the (dis)balance between bone formation by
osteoblasts and bone resorption by osteoclasts is affected by
attenuation of CDC42 activity in murine and human HSCT-derived
cells.

Furthermore, congenic transplantation in mice does not match all
aspects and complications in clinical allo-HSCT, and it is likely that
immunosuppression, for example with corticosteroids, and GVHD,
contribute to disrupted bone homeostasis in humans. In addition,
osteoporotic changes after allo-HSCT are, in general, more severe
than those observed in autologous HSCT.%"°? However, late tox-
icities of autologous HSCT are driven by the drugs used for con-
ditioning, which historically include busulfan and, for acute
lymphoblastic leukemia, also total body irradiation, indeed similar to
allo-HSCT. Indeed, 1 study finds that reduced BMD is found with
similar incidence and severity in autologous HSCT and allo-HSCT
in the absence of steroid use.®”

In our view, these reported findings further highlight the potential
benefit of CASIN treatment for preventing or reducing osteogenic
degeneration, particularly in allo-HSCT recipients with GVHD and/
or prolonged immunosuppressive therapy. Examining the additional
role of GVHD and immunosuppression in mediating the observed
effects is, however, beyond the scope of our study but will certainly
need to be considered in future translational work with GVHD
mouse models.
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