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Abstract
Rigosertib is a novel multi-kinase inhibitor, which has clinical activity towards leukemic progenitor cells of patients with high-
risk myelodysplastic syndromes (MDS) after failure or progression on hypomethylating agents. Since the bone marrow micro-
environment plays an important role in MDS pathogenesis, we investigated the impact of rigosertib on cellular compartments
within the osteo-hematopoietic niche. Healthy C57BL/6J mice treated with rigosertib for 3 weeks showed a mild suppression of
hematopoiesis (hemoglobin and red blood cells, both − 16%, p < 0.01; white blood cells, − 34%, p < 0.05; platelets, − 38%,
p < 0.05), whereas there was no difference in the number of hematopoietic stem cells in the bone marrow. Trabecular bone mass
of the spine was reduced by rigosertib (− 16%, p = 0.05). This was accompanied by a lower trabecular number and thickness (−
6% and − 10%, respectively, p < 0.05), partly explained by the increase in osteoclast number and surface (p < 0.01). Milder
effects of rigosertib on bone mass were detected in an MDS mouse model system (NHD13). However, rigosertib did not further
aggravateMDS-associated cytopenia in NHD13mice. Finally, we tested the effects of rigosertib on humanmesenchymal stromal
cells (MSC) in vitro and demonstrated reduced cell viability at nanomolar concentrations. Deterioration of the hematopoietic
supportive capacity of MDS-MSC after rigosertib pretreatment demonstrated by decreased number of colony-forming units,
especially in the monocytic lineage, further supports the idea of disturbed crosstalk within the osteo-hematopoietic niche
mediated by rigosertib. Thus, rigosertib exerts inhibitory effects on the stromal components of the osteo-hematopoietic niche
which may explain the dissociation between anti-leukemic activity and the absence of hematological improvement.
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Introduction

Rigosertib is a novel drug with anticancer activity exerting its
effects through a variety of mechanisms of action including
indirect RAS-mimicry [1, 2], modulation of the PI3K-Akt-
mTOR pathway, and disruption of mitosis through modula-
tion of the polo-like kinase pathway [3, 4]. Recent chemical-
genetic screening further revealed the destabilizing of micro-
tubules as the main or possibly even singular mechanism of
action [5]. Preclinical work demonstrating cytotoxic activity
against leukemic cell lines [6, 7], in ex vivo and in vitro sam-
ples from patients with myelodysplastic syndromes (MDS) [8,
9], led to the development of several clinical trials in acute
myeloid leukemia (AML) andMDS. These studies have dem-
onstrated promising results, as well as good tolerability in
certain subgroups of patients with high-risk MDS and AML,
inc lud ing those who have fa i led to respond to
hypomethylating agent–based therapy [10–14].

The influence of rigosertib on the hematopoietic stem and
progenitor cells (HSPC)/leukemic microenvironment is not
yet fully described. There is only one publication demonstrat-
ing the role of this drug in the interaction between chronic
lymphocytic leukemia (CLL) and stromal cells in lymph
nodes [15]. Rigosertib abrogated the prosurvival effect of stro-
mal cells on leukemic cells, however, did not directly affect
stromal follicular dendritic cells. Importantly, rigosertib also
potently blocked the migration of CLL cells towards SDF-1α,
representing a chemokine secreted by different types of stro-
ma cells that may guide migration of leukemic cells to the
stromal microenvironment.

Given the prominent role of the osteo-hematopoietic niche
in the pathogenesis of MDS [16, 17] and the lack of knowl-
edge about the influence of rigosertib on the niche, the evalu-
ation of possible mechanisms of action of this drug within the
hematopoietic micromilieu may improve therapeutic treat-
ment options.

Therefore, the aim of this study was to investigate the impact
of rigosertib on the function of the osteo-hematopoietic niche.

Materials and methods

Studies in mice

All animal procedures were approved by the institutional ani-
mal care committee and the Federal state of Saxony. Mice were
fed a standard diet as well as water ad libitum andwere exposed
to a 12-h light/dark cycle in an air-conditioned room at 23 °C.
To assess the effects of rigosertib on healthy mice, 10-week-old
male C57BL/6J wild-type (WT) mice were treated with
rigosertib (250 mg/kg 3×/week i.p. for 3 weeks) or vehicle.
The applied dosage corresponds to average one used in clinical
trials. The same treatment conditions were used for 5-month-

old NUP98-HOXD13 (NHD13) mice and their littermate WT
mice. These mice express the NUP98-HOXD13 fusion gene
under the control of vav1 regulatory elements leading to a trans-
genic expression of NUP98-HOXD13 in hematopoietic cells
and the development of cytopenia and blast excess due to
MDS at the age of 4–6 months. Complete blood counts were
done using Sysmex Blood Analyzer according to manufac-
turer’s protocol. The femora and vertebrae were fixated in 4%
PBS-buffered paraformaldehyde for 48 h and afterward ana-
lyzed to study bone microarchitecture after rigosertib treatment
using micro-computed tomography (μCT, Scanco Medical,
Switzerland) at a resolution of 10.5 μm. To investigate the
osteoclast number as well as the osteoclast surface, the second
and third vertebral bodies were embedded in paraffin. Bone
slices (2 μm) were stained with tartrate-resistant acid phospha-
tase (TRAP). Histomorphometric osteoclast parameter was de-
termined with the Osteomeasure software (OsteoMetrics,
Atlanta, GA, USA).

ELISA

Procollagen type 1 N-terminal peptide (P1NP), a serum mark-
er of bone formation, the bone resorption marker C-terminal
collagen type I (CTX-1), and sclerostin as well as dickkopf 1
(Dkk-1) were measured in the serum using commercially
available ELISAs.

Primary murine bone marrow stromal cell culture

Primary murine mesenchymal stromal cells (MSC) were
yielded by flushing the femora with medium and maintaining
plastic adherent cells in DMEM (Invitrogen) with 10% FCS
and 1% penicillin/streptomycin. Cell viability was tested by
Cell Titer Blue Assay (Promega, Mannheim, Germany). For
this purpose, cells were seeded on the 96-well plate and cul-
tured for 7 days in presence of 0.1 μM rigosertib or vehicle.
After that, Cell Titer Blue Reagent was added for 1 h at 37 °C
and the supernatant was assessed by fluorescence at 560/
590 nm using the FluoStar Omega (BMG Labtech, Jena,
Germany). Apoptosis was tested by Caspase-Glo 3/7 Assay.
The reagent was added to each sample according to the man-
ufacturer’s protocol and incubated for 1 h using plate-shaker.
The luminescence was measured in luminometer plates. For
the assessment of osteoblastic differentiation, we used alizarin
red staining and detection of ALP activity. Osteoblast cultures
were fixed in 10% paraformaldehyde for 30 min and stained
with 1% alizarin red S solution (pH 5.5, Sigma-Aldrich) for
10 min at room temperature. Excess dye was removed by
repeatedly washing the plates with distilled water. The amount
of incorporated calcium was eluted with 100 mM
cetylpyridinium chloride (Sigma-Aldrich) for 10 min at room
temperature. Aliquots were taken and measured photometri-
cally at 540 nm in duplicates. ALP activity assay was
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performed as follows: cells were lysed in 100 μl lysis buffer
(1.5 mM Tris-HCl pH 7, 1 mM ZnCl2, 1 mM MgCl2, 1%
triton X-100) and centrifuged for 20 min at 6,000 rpm at
4 °C. Aliquots of each sample were incubated with 100 μl
alkaline phosphatase (ALP) substrate buffer (100 mM
diethanolamine, 0.1% triton X-100 supplemented with 1:10
37 mM p-nitrophenyl phosphate) for 30 min at 37 °C. The
enzymatic reaction was stopped with 40 mM NaOH, mea-
sured at a wavelength of 405 nm, and normalized to the total
protein content determined by the BCAmethod from the same
protein extracts.

Flow cytometry

The murine bone marrow cells were flushed from the femora
with PBS and washed with PBS with 2% FCS. Thereafter,
cells were stained with anti-murine antibodies for 30 min at
4 °C. Following washing steps with PBS/FCS (2%), cells
were analyzed using the BD LSR II. For analysis of the gained
data, FlowJo Version 10 was used. For the measurement of
LSK cells, the following antibodies were used: APC Cy7-
labeled c-kit, PECy5-labeled Sca-1, and FITC-labeled CD3,
CD19, NK1.1, Ter119, CD11b, and CD45R as well as Gr1.
LSK phenotype was defined as Lin− c-kit+ Sca-1+. To charac-
terize the erythroid populations, the following antibodies were
used: PECy7-labeled CD45, PE-labeled CD71, and FITC-
labeled Ter119. Cells with phenotype CD45− CD71+

Ter119low were recognized as early erythroblasts (E1), where-
as Ter119high as late erythroblasts.

Culture of primary human mesenchymal stromal cells

All procedures followed were in accordance with the ethical
standards of the responsible committee on human experimen-
tation and with the Helsinki Declaration of 1975, as revised in
2008. Informed consent was obtained from all patients for
being included in the study. Primary human mesenchymal
stromal cells (MSC) were collected from healthy young do-
nors (aged 22–49 years, both genders), elderly donors (55–
89 years, both genders), and MDS patients (45–78 years, both
genders), and cultured according tomodifications of previous-
ly reported methods [18]. Cells were maintained in DMEM
(Invitrogen) with 10% FCS (Invitrogen) and 1% penicillin/
streptomycin (PAA) and were used in passages 1–5. The cells
have been routinely tested by flow cytometry for CD73,
CD90, CD105, CD146, CD166, and CD44 surface markers
and for their osteogenic and adipogenic differentiation poten-
tial. To generate osteogenic cells, 70% confluent cells were
switched to basal medium supplemented with 100 μM ascor-
bate phosphate, 5 mMβ-glycerol phosphate, and 10 nMdexa-
methasone (all from Sigma-Aldrich) for 7–10 days. Cells were
treated with rigosertib (0.05–5 μM, Onconova) every each
day. Rigosertib was diluted in dimethyl sulfoxide at the stock

concentration of 50 μM and stored at − 80 °C protected from
the direct light at all steps. Cell viability was tested by Cell
Titer Blue Assay (Promega, Mannheim, Germany), and apo-
ptosis by Caspase-Glo 3/7 Assay. For the assessment of oste-
oblastic differentiation, we used alizarin red S staining.

RNA isolation, RT, and real-time PCR

RNA from cell cultures was isolated using the HighPure RNA
extraction kit from Roche according to the manufacturer’s
protocol. Five-hundred nanogram RNA was reverse-
transcribed using Superscript II (Invitrogen) and subsequently
used for SYBR green-based real-time PCR reactions using a
standard protocol (Roche). The results were calculated apply-
ing the ΔΔCT method and are presented in x-fold increase
relative to β-actin.

Real-time deformability cytometry

MSC from healthy donors and patients with MDS were treat-
ed with 0.1 μM rigosertib for 7 days. After trypsinization,
cells in suspension were centrifuged at 115×g for 5 min
(5805 R, Eppendorf) and resuspended in a solution of PBS
without Mg2+ and Ca2+ (PBS−) and 0.5% (w/v) methylcellu-
lose (Sigma-Aldrich) to a final concentration of 106 cells/ml.
Cells have been driven through a microfluidic chip made of
poly(dimethylsiloxane) (PDMS; Sylgard 184, VWR) contain-
ing two reservoirs connected by a 300-μm long channel with a
cross section of 30 × 30 μm. Cell were driven through the
constriction at a constant flow rate of 0.32 μL s−1. In real-
time cell, cross-sectional area (size) and deformation were
estimated and plotted against each other. Statistical analyses
were carried out using one-dimensional linear mixed model
that incorporates fixed effect parameters and random effects to
analyze differences between cell subsets and replicate vari-
ances, respectively. p values were determined by a likelihood
ratio test, comparing the full model with a model lacking the
fixed effect term. As a reference, size and deformation of the
non-deformed cells in the reservoir were confirmed for all
experiments [19].

Co-culture experiments

Primary human MSC were plated at a density of 1–2 × 104/
cm2 in DMEM with 10% FCS and pre-treated with rigosertib
0.1 μM or 1.0 μM for 7 days. A 4-week cobblestone area–
forming cell (CAFC) assay was performed with or without
pre-treatment of the MSC layer. Therefore, 1 × 103 magneti-
cally isolated CD34+ cells were co-cultured using LTC-IC
media (Stem Cell Technologies, Cologne, Germany) supple-
mented with 1 × 10−6 M hydrocortisone (Sigma-Aldrich,
Munich, Germany). After 4 weeks, cells were harvested and
1 × 104 cells were plated in enriched methylcellulose medium
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with recombinant cytokines (MethoCult H4435, Stem Cell
Technology) to perform a colony-forming unit (CFU) assay.
After 2 weeks, colonies were counted and classified under a
microscope.

Statistical analysis

Results are presented as means ± standard deviation (SD). All
experiments were repeated at least three times. Statistical eval-
uations of two group comparisons were performed using a
two-sided Student test. One-way analysis of variance
(ANOVA) was used for experiments with more than two
groups or time/dose experiments. p values < 0.05 were con-
sidered statistically significant.

Results

Effects of rigosertib in young healthy C57BL/6J mice

To investigate the effect of rigosertib on bone and blood pa-
rameters in vivo, 10-week-old healthy C57BL/6J wild-type
(WT) mice were treated with vehicle or rigosertib (250mg/kg,
3×/week, i.p.) for 3 weeks. Two days after the last administra-
tion, the blood count was measured. Rigosertib treatment in-
duced pancytopenia (Fig. 1), whereas the number of neutro-
phils, monocytes, and lymphocytes was not affected (data not

shown). As a result, we investigated whether this was a direct
effect of rigosertib on HSPCs. Bone marrow cells were har-
vested from the femur of rigosertib-treated mice and analyzed
by flow cytometry regarding the number of early- and late-
stage erythropoiesis as well as LSK hematopoietic stem cells
by flow cytometry. Differences between control and treatment
groups were not detectable (Online Resource, Fig. 1).
Although we could not exclude functional changes, indirect
effects on the cellular compartment of the niche (i.e., stromal
cells) may be responsible for the observed blood changes.

To further assess the bone homeostasis, micro-computed
tomography (μCT) was used to analyze the trabecular bone
of the femora and vertebrae of the treated mice. Neither bone
volume nor bone microarchitecture (trabecular number, thick-
ness, and separation) in the femur was affected by rigosertib
(Online Resource, Fig. 2). However, it reduced trabecular
bone volume in the spine (− 16%, p = 0.05), which was ac-
companied by a lower trabecular number and thickness (− 6%
and − 10%, respectively, p < 0.05; Fig. 2a–c). Rigosertib in-
creased the number of osteoclasts and the osteoclast-covered
bone surface, as measured by histomorphology (Fig. 2d, e). In
addition, procollagen type 1 N-terminal peptide (P1NP), a
serum marker of bone formation, and the bone resorption
marker C-terminal collagen type I (CTX-I) were measured.
Both parameters were unaffected by rigosertib treatment
(Online Resource, Fig. 3). Additionally, we assessed the
Wnt pathway, which is one of the most important regulators
of bone homeostasis, and measured the level ofWnt inhibitors
sclerostin and dickkopf 1 (Dkk-1). However, rigosertib treat-
ment did not alter the serum level of both markers (Online
Resource, Fig. 3).

To clarify the functional changes at the cellular level after
rigosertib treatment, we isolated MSC from mice treated with
rigosertib or vehicle and found no difference in viability im-
mediately after isolation, whereas after 5 days in culture, MSC
from rigosertib-treated mice demonstrated significantly re-
duced viability (− 27%, p < 0.01; Fig. 2f). However, this was
not due to changes in the rate of apoptosis, as it did not differ
in the treated group vs. control group both on day 0 and day 5
of culture (Online Resource, Fig. 4). Similarly, there were no
differences in osteogenic differentiation ofMSC isolated from
mice treated with rigosertib, as analyzed by a mineralization
assay and ALP activity (Online Resource, Fig. 5).

Experiments in MDS mouse model NUP98-HOXD13

To study the effects of rigosertib treatment in vivo specifically
in MDS, the well-established NUP98-HOXD13 (NHD13)
MDS model was used. At the age of 4–6 months, NHD13
mice intrinsically develop MDS-like symptoms including cy-
topenia as well as dysplastic blood and bone marrow cells. To
analyze the effect of rigosertib on the osteo-hematopoietic
niche, 5-month-old NHD13 mice and littermate WT control

Fig. 1 Blood parameter (a hemoglobin; b red blood cells; c white blood
cells; d platelets) of wild-type mice upon treatment with vehicle (control,
CO) or rigosertib (Rigo) 250 mg/kg for 3 weeks, revealing pancytopenia
following rigosertib treatment; *p < 0.05, **p < 0.01; n = 7–10
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mice were treated with vehicle or rigosertib (250 mg/kg, 3×/
week, i.p.) for 3 weeks. Before treatment, NHD13 mice ex-
hibited decreased hemoglobin levels (− 19%, p < 0.001), a
reduced number of red blood cells (− 25%, p < 0.001), leuko-
cytes (− 78%, p < 0.001), and platelets (− 40%, p < 0.001)
compared with WT mice, which was in line with previous
publications [20]. As opposed to younger healthy mice,
rigosertib treatment had no effect on red and white blood cells
in both groups (Online Resource, Fig. 6), but platelet count

was increased inWTmice (+ 26%, p < 0.05; Online Resource,
Fig. 6). In addition, we could not detect any difference in LSK
hematopoietic stem cell and early as well as late erythroblast
populations in the bone marrow upon treatment with
rigosertib in NHD13 mice or age-matched healthy controls,
but it reduced the percentage of reticulocytes in NHD13 mice
(− 58%, p < 0.05; Online Resource, Fig. 7).

After 3 weeks of rigosertib treatment, bones were collected
for μCT analysis. As expected and previously published [21],

Fig. 2 Bone parameter assessed by μCT in vehicle or rigosertib-treated
WT mice, showing a trend towards reduced trabecular bone mass in
vertebral bodies (a), as well as reduced trabecular number (b) and
thickness (c) upon treatment. Increase in osteoclast number (d) and
osteoclast surface (e) following treatment with rigosertib, assessed by

histology. *p < 0.05, **p < 0.01, for each group n = 9–10. f Cell
viability of MSC isolated from WT mice treated with rigosertib (Rigo)
or vehicle (control, CO) demonstrating reduced viability after 5 days of
culturing ex vivo (without rigosertib). **p < 0.01; ns, not significant; for
each group n > 3

Fig. 3 Bone parameter (a, bone
volume/total volume (BV/TV); b,
trabecular number; c, trabecular
thickness) assessed by μCT in
vertebral bodies of 24-week-old
NHD13 and WT control mice
treated with vehicle or rigosertib.
*p < 0.05; ns, not significant; n =
3–8
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NHD13 control mice had an unaltered femoral bone volume
but the microarchitecture was changed compared with WT
control mice. Rigosertib did not further affect the bone vol-
ume, trabecular number, thickness, or separation at the femur
ofWTor NHD13 mice (Online Resource, Fig. 8). As opposed
to WT mice (− 30%, p < 0.001), in NHD13 mice, rigosertib
treatment only slightly reduced trabecular bone volume in
vertebrae (Fig. 3a). Interestingly, whereas initial trabecular
number in vertebral bodies was significantly lower in
NHD13 mice compared with control mice (− 11%, p < 0.05),
rigosertib treatment increased trabecular number in transgenic
mice, so that we could not detect any difference to untreated
WT mice (Fig. 3b). Trabecular thickness in vertebral bodies,
which is significantly higher in NHD13 mice (+ 21%,
p < 0.01; Fig. 3c), was not affected by treatment with
rigosertib in both, WT and transgenic NHD13 mice.

In vitro experiments with human young healthy, old
healthy, and MDS-MSC

To validate the results obtained in mice, we performed
further experiments in vitro, using material from patients
with MDS and healthy controls. First, we assessed the ef-
fect of different concentrations of rigosertib on cell

viability in MSC from young healthy donors. After 7 days
of treatment, the viability was significantly reduced
starting from a concentration of 0.5 μM (Fig. 4a). Lower
concentrations of rigosertib as 0.1 μM and 0.05 μM did not
affect cell viability. Therefore, we chose a concentration of
0.1 μM for further experiments with MDS-MSC and MSC
from age-matched healthy controls. Rigosertib did not af-
fect cell viability and apoptosis rate in MDS-MSC and age-
matched healthy MSC (Fig. 4b, c). Differences in the
mRNA expression of genes affecting the cell cycle (p21,
p53, p27, BCL2, survivin, CCND1) were also not detected
(data not shown). Osteoblastic differentiation potential of
MSC derived from MDS patients and old healthy donors
was not affected by rigosertib (Fig. 4d). In parallel, no
difference in expression of ALP was detected in
rigosertib-treated MDS-MSC (1.12-fold, p = 0.63).

As one of rigosertib’s mechanisms of action is
destabilizing microtubules [5], we assumed that biome-
chanical characteristics of the rigosertib-treated cells
would be affected, and thus tested the mechanical proper-
ties of treated MSC. When we used the novel label-free
method for the biomechanical characterization of cells—
real-time deformability cytometry—we observed that in
certain cases, the initially morphologically homogenous

Fig. 4 a After 7 days of
treatment, viability of healthy
MSC from young donors is
dependent on the concentration of
rigosertib and is significantly
reduced at the concentration ≥
0.5 μM. b Cell viability and
apoptosis (c) of healthy old MSC
(CO) and MDS-MSC were not
significantly affected after 7 days
of treatment with 0.1 μM
rigosertib. d Osteoblastic
differentiation, as measured by
alizarin staining, demonstrating
no significant influence on
differentiation capacity of old
healthy (CO) and MDS-MSC
after treatment with 0.1 μM
rigosertib.*p < 0.05; ns, not
significant; for each group n > 3
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MSCpopulationwas divided into twodistinct groupswith aminor
fraction of smaller and stiffer cells and a larger population of softer
cells (representative example is demonstrated in Fig. 5a), suggest-
ing different sensitivities of MSC subgroups from the same donor
towards rigosertib. Generally, elastic modulus of rigosertib-treated
young healthy MSC was significantly higher than prior to treat-
ment, meaning that the healthy cells became on the average stiffer
after the treatment, whereas only three out of five MDS-MSC
demonstrated such effect (Fig. 5b, c).

To clarify signaling pathways which are involved in the
observed rigosertib effects on theMSC, we analyzed the phos-
phorylation status of several signaling molecules, which have
been previously described to be influenced by rigosertib
(mTOR, AKT, p42/44, IκB) by Western blot and found no
activation or downregulation of these pathways in MDS-
MSC (data not shown).

Finally, we investigated how rigosertib affects the sup-
port of hematopoiesis by MSC. Therefore, we investigat-
ed the colony-forming potential of pre-treated MSC in
long-term co-cultures with CD34+ HSPC. The number
of cobblestone area–forming cells (CAFC) as readout for
an active stromal support was significantly reduced in
rigosertib-pretreated MSC from both healthy donors and
MDS patients at different rigosertib concentrations
(Fig. 6a). To study the clonogenic potential of HSPCs
cultured on pretreated MSC layers, a colony-forming unit
(CFU) assay was performed. Compared with controls, the
total number of colonies was significantly reduced in co-
cultures with rigosertib-pretreated MSC from MDS pa-
tients, but not from healthy donors (Fig. 6b, c). Most
markedly, the differentiation of the monocytic lineage
was affected (Fig. 6c).

Fig. 5 Biomechanical properties ofMSC from young healthy donors and
MDS patients measured by real-time deformability cytometry (RT-DC).
A representative RT-DC plot (a) demonstrates the formation of two
biomechanical populations after rigosertib treatment. b Young healthy

MSC became significantly stiffer after treatment with rigosertib,
evaluated by the higher elastic Young’s modulus, whereas the elastic
modulus of MDS-MSC remains unchanged (c). *p < 0.05; ns, not
significant; n = 5 for each group
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Discussion

Rigosertib (ON 01910.Na) is an investigational drug, which is
being clinically developed for the therapeutic management of
high-risk MDS failing HMA-based therapy. Here, we present
a comprehensive assessment of the effects of rigosertib on the
cellular components of the osteo-hematopoietic microenvi-
ronment. First of all, we performed in vivo experiments using
young healthy mice and observed that treatment with
rigosertib resulted in cytopenia. According to previous publi-
cation, a direct effect on HSPCs is rather unlikely [9]. In line
with that, we could not detect any difference in the frequency
of LSK cells. Although the effect of rigosertib on bone param-
eters was moderate with only mildly reduced trabecular bone
mass accompanied by lower trabecular thickness and number
in vertebral bodies, it might be sufficient to disturb the

intercellular connections at the molecular level. In order to
verify this hypothesis, we isolated MSC from treated mice
and detected a reduced viability after 5 days of culturing com-
pared with the cells from untreated mice.

Moreover, we have tested the effects of rigosertib on bone
marrow niche cells in myelodysplastic mice. We assessed
bone and blood parameters in 24-week-old NHD13 transgenic
mice after 3 weeks of treatment with rigosertib. Therein, we
could confirm previous observations published by our group
[21], demonstrating normal trabecular bone volume, de-
creased trabecular number, and increased trabecular separa-
tion as well as trabecular thickness in NHD13 mice compared
with age-matched littermates. Over all, rigosertib did not
greatly affect bone homeostasis. It only showed effects in
the axial skeleton, but not in the long bones, which is possibly
explainable through the prevalent trabecular structure in the
axial skeleton which therefore displays a larger surface area
for effects on bone remodeling. Moreover, rigosertib did not
affect any blood parameters (as opposed to young healthy
mice) as well as LSK population and erythroid precursors,
so we speculate that this drug preferentially affects the stromal
compartment of the osteo-hematopoietic niche in younger an-
imals, which have a higher bone turnover and likely more
active cellular interactions in the osteo-hematopoietic niche.
In vitro, only the MSC from young healthy donors became
significantly stiffer through rigosertib treatment measured by
real-time deformability cytometry (RT-DC), compared with
MDS-MSC where only certain patients demonstrated such
changes.

In our experiments with MSC from MDS patients, we
demonstrate that rigosertib is toxic for MSC in nanomolar
concentrations (equal or above 500 nM), although it has
been previously postulated that in normal cells, such as
lung fibroblasts, rigosertib has little or no effect unless its
concentration is greater than 5–10 μM [22]. Interestingly,
we observed the different sensitivities of the cells from
the same donor towards the rigosertib treatment, as we
have seen the formation of two distinct biomechanical
populations measured by RT-DC. As the destabilizing of
microtubules and disruption of mitosis is one of the
known mechanisms of action of this drug [5], possibly
only those healthy cells which are actively dividing at
the time of treatment are affected and therefore form the
second population, which determines the observed mild
catabolic effect on MSC/OB. Accordingly, biomechanical
properties of MSCs in combination with cell cycle analy-
sis, measured by real-time fluorescence and deformability
cytometry (RT-FDC), can possibly underline this results
and may allow a more detailed investigation of the dis-
tinct biomechanical cell populations and shed light on the
biology of the observed effects.

Although the direct effects on stromal cells were relatively
mild, it did significantly reduce the hematopoiesis-supporting

Fig. 6 Human mesenchymal stromal cells were pretreated with rigosertib
0.1μMor 1.0 μM for 7 days and co-cultured with freshly isolated CD34+
HSPC. a After 4 weeks of co-culture, the number of CAF-C was
determined in each well. A CFU assay was performed in
methylcellulose medium for additional 2 weeks and the colonies were
classified under a microscope for HSPC co-cultured with b healthy MSC
and c MDS-MSC. n = 3–5. *p < 0.05, **p < 0.01, ***p < 0.001
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capacity of the rigosertib-pretreated MSC, reflecting total
number of colony-forming units, as well as monocytic precur-
sors in long-term co-culture experiments. Of note, such sup-
pressing action was only apparent for MDS-MSC, whereas
hematopoiesis-supporting capacity of healthy MSC was not
deteriorated by the pretreatment with rigosertib. This gives a
hint that the components of the osteo-hematopoietic niche in
MDS patients in its complex can be more sensitive towards
the therapy as in healthy donors.

Taken together, rigosertib acts mostly catabolically with
decreased MSC viability (in vitro and ex vivo); increased os-
teoclast number and surface (in vivo) leading to a decrease in
trabecular bone mass, trabecular thickness, and number in
young WT mice; decrease in bone mass and trabecular num-
ber in elderly WT mice; and slight decrease in bone mass in
MDS mouse model. The observed effects on the bone cells
appear to indirectly affect hematopoiesis, leading to pancyto-
penia in young WT mice, which is similar to the most com-
mon adverse events observed in the ONTIME trial [10].

In conclusion, rigosertib exerts several inhibitory effects on
the cellular components of the osteo-hematopoietic niche.
Further investigations could be conducted to clarify if
rigosertib acts differently on the osteo-hematopoietic niche
from certain MDS patient groups, such as with monosomy 7
or trisomy 8, as these patients tend to respond to rigosertib
better than other MDS subgroups.
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