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Key Points

• CDC42 activity
regulates F-actin fiber
alignment, mitochondrial
function, and mitophagy
in MSPCs in a bone
marrow transplant
setting.

• Attenuation of CDC42
activity improves
MSPC quality to
increase both bone
volume and trabecular
bone thickness.
Osteopenia and osteoporosis are common long-term complications of the cytotoxic

conditioning regimen for hematopoietic stem cell transplantation (HSCT). We examined

mesenchymal stem and progenitor cells (MSPCs), which include skeletal progenitors, from

mice undergoing HSCT. Such MSPCs showed reduced fibroblastic colony-forming units

frequency, increased DNA damage, and enhanced occurrence of cellular senescence,

whereas there was a reduced bone volume in animals that underwent HSCT. This reduced

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

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

attenuated the elevated activation of CDC42 restored F-actin fiber alignment, mitochondrial

function, and mitophagy in MSPCs in vitro. Finally, targeting CDC42 activity in vivo in

animals undergoing transplants improved MSPC quality to increase both bone volume and

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).1,2 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.3,4 In addition, there are signs of senile osteoporosis in allo-HSCT recipients,
which are independent of the age of the patient who received transplantation.5 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.6 The consequences of cellular stress and aging in
HSCs, have been explored in several studies.6,7 The impact of
stress responses and aging on the function of BM niche cell
populations is still largely unclear.8-10 In previous work we showed
that intermittent exposure to the cytostatic agent 5-fluorouracil
leads to Wnt5a-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.11 Diminished autophagy is 1 of the hallmarks of aging,12

which can also be found in MSPCs from aging individuals.13

Furthermore, reduced autophagy is associated with reduced
expression of selective autophagy receptors, such as optineurin
(OPTN), Tax1-binding protein 1, or sequestosome 1.14 In MSPCs,
such changes reduce osteogenesis and favor adipogenesis, which
contributes to degenerative bone loss (osteoporosis) with
increasing age.15

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 129Bl6 mice
(3 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.16

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.11,17 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/Ter119−), osteoblastic cells, (OBCs, CD31− CD45/
Ter119−ALCAM+ SCA1−), and MSPCs (CD31− CD45/Ter119−

ALCAM−/low SCA1+), as previously described.18 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% CO2 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% β-mercap-
toethanol. Cell numbers were determined and reseeded (1 × 103

cells per cm2) 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.11,19

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 (2.5 × 105) 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).11 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
TREATING THE HSCT-DAMAGED BM NICHE 5401
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Figure 1. Human BMD measurements show induced osteoporosis after allo-HSCT. (A) Experimental design for human HSCT and myeloablation after allo-HSCT and

analysis via CT 12 months after HSCT with annual repetitions for remission control (up to 4 years). Acute lymphoblastic leukemia (ALL; females, n = 17; males, n = 25) and acute

myeloid leukemia (AML; females, n = 84; males, n = 97). (B) Z-score: comparison of the measured person’s bone density with age- and sex-matched controls. (C) T-score:

comparison of the measured person’s density values with those of a healthy young adult (aged 20-30 years), comparison with peak bone density, sex matched. (D) Left graph:

Z-score: comparison of the measured person’s bone density with age- and sex-matched controls within the first 4 years after HSCT. Right graph: comparison of the measured

person’s density values with those of a healthy young adult (aged 20-30 years), comparison with peak bone density, sex-matched within the first 4 years after HSCT (right graph).

(E) Analysis of differences in T-scores between vitamin D3–treated patients with Dekristol 20 0000 or calcium (calcium effervescent tablets of 500 mg) compared with untreated

patients. The measurement of T- and Z-scores already incorporates BMD data across a wide age range (1-80 years) from healthy US Caucasian or Asian individuals, which

constitutes a statistical analysis. *P < .05 (Kruskal-Wallis test: panels B,C). Data are represented as mean ± standard deviation (SD). ctrl, control; f, female; m, male.
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Figure 2. HSCT and permanent changes in the MSPCs. (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 treatment (HSCT). Analysis of the BM niche in 13-month-old mice (13A and 13R), and Y control group

(3 months). Fluorescence-activated cell sorting (FACS) analysis of isolated stromal cells with subsequent cultivation of the MSPCs. (B) Graph shows the total cell number of 4
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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 Illumina 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.1,2,20

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.
Figure 2 (continued) long BM flushed bones after collagenase digestion. (C) Relative num

(CD45/Ter1197CD31− Sca-1− Alcam+, right); FACS gating strategy in Landspersky et al.1

colony-forming mesenchymal stem cells (CFU-F) of 300-plated cultured MSPCs (p4). (E) G

of cultured MSPCs (p4; right). Representative IF images of yH2A.X (green) and 53BP1 (r

diamidino-2-phenylindole). (F) Average proportion of bluish β-galactosidase (β-gal)–stained
staining whereas light blue and dark blue refer to partially and strongly β-gal–stained cells

applied here between the 3 groups examined for each of the 3 β-gal staining concentration

The analysis represents 2-3 independent experiments. Scale bars, 5μm (E) and 20μm (F).

control.

5404 LANDSPERSKY et al
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−/low 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−/low MSPCs and ALCAM+ SCA1− OBCs18 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 γH2AX+

double-strand break sites that are not colocalized with the DNA
repair complex component 53BP121,22 (Figure 2E), as well as by a
higher frequency of cells expressing senescence-associated
β-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 13R 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 13R 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, Tax1bp1 and Gipc1
(Figure 3C). Further STRING (Search Tool for Retrieval of Inter-
acting Genes/Proteins) analysis connected several of these DEGs
to mitochondria-associated proteins, MYO6, parkin RBR E3 ubiq-
uitin protein ligase (PRKN), PTEN-induced kinase 1 (PINK1),
SQTSM1, and TOMM20, to possible regulation by CDC42
(Figure 3D; supplemental Figure 2D).
bers of immature MSPCs (CD45/Ter119/CD31− Sca-1+ Alcam−/low, left) and OBCs
1 Representative contour plots of collagenase-digested bones (below). (D) Number of

raphs show foci/cell (left) and colocalization pixel of yH2A.X and 53BP1 in the nucleus

ed) in compact bone-derived MSPCs (p4; below) counterstained with DAPI (4′ ,6-
compact bone–derived MSPCs (p4, left). White bar indicates cells with no detectable

, respectively; Y (n = 5), 13A (n = 6), and 13R (n = 4). The Kruskal-Wallis test was

s (strong, medium, and no). Representative pictures of β-gal–stained MSPCs (right).

*P < .05 (Kruskal-Wallis test: panels B-F). Data are represented as mean ± SD. Ctrl,
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The small GTPase CDC42 is a critical regulator of F-actin
assembly and F-actin cages, targeting damaged mitochondria.23,24

In addition, the fact that persistently elevated activation of CDC42
contributes to degenerative processes and aging in several
different tissues,11,25-27 led us to investigate CDC42 activity in
MSPCs in more detail, 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.23,24

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.28 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.29 Colocalization experiments
Figure 3 (continued) adjusted P values (false discovery rate [FDR]) plotted against log2 f

the FDR threshold for statistical significance (FDR < 0.05) and are considered differential

Interacting Genes/Proteins) for visualizing an interaction network. (E) Graph shows the prot

of MSPCs (p4). IF staining of F-actin (green) counterstained with DAPI (blue). Right: evalu

showing fibers (bar in dark green), intermediate oriented fibers (bar in bright green), or no str

examined for each of the 3 stress fiber orientations (fibers, intermediate, and no fibers). (G) E

or irradiation (n = 2) and analysis from 6 months up to 24 months after HSCT in human B

content of CDC42-GTP measured by ImageJ software from healthy age-matched controls (

(green; right) counterstained with DAPI (blue) of a patient sample after allo-HSCT. Right: e

cells showing fibers (bar in dark green), intermediate oriented fibers (bar in bright green pat

groups examined for each of the 3 fiber orientations (fibers, intermediate, and no fibers). Th

which was performed once with a high number of samples (Y, n = 9; 13A, n = 10; and 13

intermediate/no fibers were either present [value = 1], or not [value = 0]). Only the results fo

with the nonparametric Mann-Whitney test. Data are represented as mean ± SD.
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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.23,30 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 MYO6,23,31 and less OPTN has been
associated with osteoporosis.15 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 CDC42.25-27

Attenuation of this CDC42 activation by a CASIN can restore
the function of acutely stressed MSPCs.11 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 γH2A.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).
old change (FC). 13A, n = 10 and 13R, n = 7. The dark dots show proteins that meet

ly expressed. (D) Analysis of the DEGs using STRING (Search Tool for Retrieval of

ein content of CDC42-GTP in cultured MSPCs (p4). (F) Left: representative IF images

ation of the orientation of F-actin fibers stained with phalloidin. Percentage of all cells

ess fibers (white bar). The Mann-Whitney test was applied here between the 3 groups

xperimental design for human HSCT and myeloablation via chemotherapeutics (n = 5)

M samples. Healthy donor samples as controls (n = 6). (H) Graphs show the protein

n = 6) and allo-HSCT recipient (n = 7; left). (I) Left: representative IF staining of F-actin

valuation of the orientation of F-actin fibers stained with phalloidin. Percentage of all

tern), or no fibers (white bar). The Mann-Whitney test was applied here between the 3

e analysis represents 2-3 independent experiments except for the RNA-seq analysis,

R, n = 7). Scale bars, 10 μm. *P < .05 (Kruskal-Wallis test, panel E,H; F-actin fibers/

r the presence of elongated F-actin fibers are presented in panels F and I and analyzed
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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 MYO6 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 13R 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
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
TREATING THE HSCT-DAMAGED BM NICHE 5407
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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.11 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 6A). 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,32,33 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.34,35 This sequence of events is disrupted in
Figure 5 (continued) bone–derived MSPCs (p4, left). Representative FACS plots for β-g
measured with ImageJ software. (E) Left: representative F-actin staining in cultured 13R + C

with phalloidin. Right graph: percentage of all cells showing fibers (bar in dark green), interm

test was applied here between all groups examined for each of the 3 fiber orientations (fib

shown. Some of them (without/no CASIN treatment) are already shown in Figure 3F. In add

Representative confocal microscopy images stained for F-actin (green) and TOMM20 (red

treatment. Image section of mitochondria embedded in actin structure. (G) Representative

MSPCs of 13R mice (p4) with and without CASIN treatment. (H) Left: representative confo

13R mice (p4) with and without CASIN treatment. Colocalization is shown in white. Right

analysis represents 2-3 independent experiments. Scale bars (mitochondria), 0.2μm; Scale

intermediate/no fibers were either present [value = 1], or not [value = 0]). Only the results fo

the nonparametric Mann-Whitney test. Data are represented as mean ± SD. Y, young; A+

22 OCTOBER 2024 • VOLUME 8, NUMBER 20
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,36 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-actin11,37 and tubulin25 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,38 which binds to selective autophagy receptors39 as well as
recruits so-called actin cages through binding to the MYO6
motorprotein.23 CDC42 is involved in this process, because it
triggers the necessary actin nucleation.40 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 HSCs25 and other cell
types.26,27

Previous studies found that both cytostatic- or irradiation-mediated
myeloablation, causes bone loss.41 To mitigate bone loss, thera-
pies have been proposed to reduce osteoclast activity, or may
increase osteoblast function.42 Early studies showed that
bisphosphonates, which are calcium-chelating molecules,43 effec-
tively inhibit osteoclast-mediated bone resorption.44 Moreover,
bisphosphonates also act to reduce prenylation and, by doing so,
inhibit membrane trafficking of small GTPases, including CDC42,45

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,46,47 no effects on HSCs,41 as well as delete-
rious effects on HSCs,48 B-lymphopoiesis,49 and MSPCs have
al–positive 13R with or without CASIN MSPCs. (D) Protein content of CDC42-GTP

ASIN MSPCs (phalloidin, green). Evaluation of the orientation of F-actin fibers stained

ediate oriented fibers (bar in bright green), or no fibers (white bar). The Mann-Whitney

ers, intermediate, and no fibers). For a better overview, not all significant values are

ition, the following groups are significant: *Y vs 13A+; Y vs 13R+; 13A+ vs 13R+. (F)

) counterstained with DAPI (blue) of 13R MSPCs (p4) with and without CASIN

confocal microscopy images for F-actin (stained in green) and MYO6 (yellow) in

cal microscopy images for RHOT1 (stained in green) and LAMP1 (red) in MSPCs of

graph: colocalization pixel of RHOT1 and LAMP1 measured by ImageJ software. The

bars (nucleus), 10μm. *P < .05 (Kruskal-Wallis test: panels B,C,D,H; F-actin fibers/

r the presence of elongated F-actin fibers are presented in panel E and analyzed with

, aged 13 months with CASIN (=13A+); 13R+, regenerated 13 months with CASIN.
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been reported.47,49 These side effects may limit the use of
bisphosphonates in HSCT recipients, the recommended therapy
for secondary osteoporosis after HSCT.50

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,51,52 research of
additional therapeutics to treat secondary osteoporotic changes by
stimulating osteogenic cells are being pursued.53 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.53 Additional preclinical studies target
myeloablation-induced senescence54 using proteasome inhibi-
tion,55,56 and our experiments add that early treatment to attenuate
CDC42 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,57 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.45 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.58

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.
Figure 6. In vivo pharmacological treatment accompanying transplantation proc

irradiated 3-month-old wild-type mice (time point at the end of experiment: 13 months, 13R)

filled symbols) at days 5, 6, 7, and 8 after HSCT (13R). Vector injection (phosphate-buffere

BM niche of 13-month-old mice (13R with or without CASIN and 13A with or without CASI

imaging of young and 13-month-old mice (13R + CASIN, 13R + vehicle, and 13A (13A no H

of 4 long BM flushed bones after collagenase digest with CASIN or vehicle treatment (lef

Alcam−/low, middle left) and OBCs (CD45/Ter119/CD31− Sca-1− Alcam+, middle right). (C

cultured MSPC (p4) with representative FACS plot (right). 13R + vehicle, black; 13R + C

membrane potential) staining measured with FACS analysis in cultured MSPC (p4) with rep

image of 1 dissected long bone (femur) per mouse (all males). Percentage of BV relative to

CT images of 13R + CASIN (right). (F) Trabecular thickness analyzed with micro-CT imaging

CASIN (right). (G) Cortical thickness analyzed with micro-CT imaging. The analysis represen

(Kruskal-Wallis test: panels B-G). Data are represented as mean ± SD. Cs.Th, cortical thi
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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.59 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.51,52 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.60

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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