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Abstract

Tristetraprolin (TTP; also known as NUP475, GOS24, or TIS11)), encoded by Z/p36, is
an RNA -binding protein that regulates target gene expression by promoting mRNA decay
and preventing translation. Although previous studies have indicated that TTP deficiency is
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associated with systemic inflammation and a catabolic-like skeletal phenotype, the mechanistic
underpinnings remain unclear. Here, using both TTP-deficient (TTPKO) and myeloid-specific
TTPKO (cTTPKO) mice, we reveal that global absence or loss of TTP in the myeloid
compartment results in a reduced bone microarchitecture, whereas gain-of-function TTP knock-in
(TTPKI) mice exhibit no significant loss of bone microarchitecture. Flow cytometry analysis
revealed a significant immunosuppressive immune cell phenotype with increased monocytic
myeloid-derived suppressor cells (M-MDSCs) in TTPKO and cTTPKO mice, whereas no
significant changes were observed in TTPKI mice. Single-cell transcriptomic analyses of bone
marrow myeloid progenitor cell populations indicated a dramatic increase in early MDSC marker
genes for both cTTPKO and TTPKO bone marrow populations. Consistent with these phenotypic
and transcriptomic data, /7 vitro osteoclastogenesis analysis of bone marrow M-MDSCs from
cTTPKO and TTPKO displayed enhanced osteoclast differentiation and functional capacity.
Focused transcriptomic analyses of differentiated M-MDSCs showed increased osteoclast-specific
transcription factors and cell fusion gene expression. Finally, functional data showed that M-
MDSCs from TTP loss-of-function mice were capable of osteoclastogenesis and bone resorption
in a context-dependent manner. Collectively, these findings indicate that TTP plays a central role
in regulating osteoclastogenesis through multiple mechanisms, including induction of M-MDSCs
that appear to regulate skeletal phenotype.
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Graphical Abstract

Mechanisms of Tristetraprolin (TTP) to control osteoclast differentiation and bone resorption
activity with implications in skeletal aging.
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Introduction

The adult skeleton is continuously remodeled throughout life through crosstalk between
osteoclasts and osteoblasts (1, 2). Osteoclasts are the only cells capable of resorbing bone
and are differentiated from progenitor cells of the myeloid lineage (2-5). Osteoclasts play
a central role in bone homeostasis in bone remodeling when balanced with osteoblast-
mediated bone formation. However, several inflammatory-associated bone pathologies
including arthritis, osteoporosis, and periodontitis, manifest due to excessive osteoclastic
activity. Critical to initiate osteoclast formation from myeloid progenitors is macrophage
colony-stimulating factor (M-CSF) and C-FMS (or CSF1R) that promote proliferation and
survival signals and induces receptor activator of NF-xB (RANK) expression and RANK-
RANK ligand (RANKL) interaction is indispensable for differentiation, proliferation, and
function of osteoclasts from precursor cells (6, 7). As a direct consequence of RANK-
RANKL interaction, downstream signaling activates NF-xB and MAPK signaling pathways,
resulting in expression of NFATc1, a master transcription regulator of osteoclastogenesis,
resulting in a fully mature osteoclast (8).

Tristetraprolin (TTP) is an RNA-binding protein essential for promoting degradation

of target mRNAs, including tumor necrosis factor (TNF)-a, as well as several other
immune-associated mRNAs (9, 10). TTP-deficient (TTPKO) mice appear healthy at

birth, but soon develop severe inflammatory phenotypes such as splenomegaly, myeloid
hyperplasia, arthritis, and cachexia (11). However, stromal-derived TTP was shown to play
a major contributory role to systemic inflammation because myeloid-specific TTP-deficient
(cTTPKO) mice did not show severe inflammation despite being highly susceptible to
low-dose LPS (12). In contrast, TTP knock-in (TTPKI) mice, which exhibit moderate TTP
overexpression from the endogenous gene locus, appeared to be protected from several
inflammatory diseases, including a mouse model of rheumatoid arthritis (13). Similar studies
from our group showed that local overexpression of TTP protected against inflammatory
oral bone loss (14). Collectively, these studies support the concept that modulation of

TTP expression is critical in bone-related inflammation through alternations in innate and
adaptive immune cell populations (11, 15).

Myeloid cell subpopulations are key mediators for immune response and bone homeostasis.
Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immune
cells from the myeloid-cell lineage. In mice, MDSCs are characterized as cells positive

for cell surface markers, Gr-1 and CD11b (Gr-1*CD11b*). To date, two major subsets of
MDSCs have been characterized: monocytic (M)-MDSCs are described as CD11b*Ly6G"
Ly6Chi and granulocytic (PMN)-MDSCs as CD11b*Ly6G*Ly6C!°. MDSCs have been
found in multiple tissues including the bone marrow, blood, lymph nodes, and spleen
(16-18). Several studies support M-MDSC plasticity as osteoclast precursors in various
pathological conditions associated with bone destruction (19-23). M-MDSC plasticity has
been demonstrated mainly in tumor models where M-MDSCs isolated from tumor-bearing
mice with bone metastasis have the capacity to differentiate into functional bone-resorbing
osteoclasts in vitro and in vivo (23). More recently, it has been reported that M-MDSCs
are differentiated into osteoclasts even in mice with inflammatory bone diseases, including
arthritis or periodontal disease (20, 24, 25).
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TTP expression within myeloid tissues is known to decrease with aging (26). Original
studies over two decades ago demonstrated that TTP-deficient mice exhibited significantly
increased bone marrow myelopoiesis (11). Our group has more recently performed an
in-depth examination of the hematopoietic stem cells using single-cell transcriptomics
integrated with comprehensive flow cytometric analyses provided a detailed analysis of

the myeloid precursor population shifts within global and myeloid-specific TTP deficient
mice. We established that TTP-deficient mice, which mimic age-associated myelopoiesis,
have significantly mobilized M-MDSCs from the bone marrow through a mechanism where
CC chemokine receptor 2 (CCR2)/CC chemokine ligand 2 (CCL2) axis plays a key role
(27). Additionally, we had reported that TTP has a major protective effect on alveolar

(oral) bone homeostasis with age (15). Since TTP regulates inflammation by inhibiting
multiple proinflammatory cytokines at the post-transcriptional level, it is plausible that TTP
modulates the fate of M-MDSCs in a context-dependent manner. In this study, we explore
the role of TTP in M-MDSC-induced osteoclastogenesis to understand how this expanded
myeloid population may contribute towards the aged-skeletal phenotype.

Materials and methods

Mice

All mice on a C57BL/6N background were maintained and housed under specific pathogen-
free (SPF) conditions. Wild-type (WT) and Z7p36 7~ (TTPKO) mice were generated

by crossing by heterozygous dams and all mouse strains (11). TTP knock-in (TTPKI)

mice were established to moderately increase TTP mRNA and protein under its own
endogenous promoter as used in a previous study(13). Myeloid-specific TTP-deficient
(cTTPKO) mice were generated by crossing /oxP-flanked Zf36 (Zfp36floX/flox TTpifmice
with a mouse line expressing a Cre recombinase specific for myeloid lineage (LysMcre)
cells(12). Genomic DNA was extracted from tail sections for PCR genotyping, and primers
were used as described (27). All animal experiments were performed in the University

at Buffalo’s Laboratory Animal Facilities according to an Institutional Animal Care and
Use Committee approved protocol with adherence to standards articulated in the Animal
Research: Reporting of In Vivo Experiments (ARRIVE).

Micro-computed Tomography (UCT)

The tibia from each animal was fixed in 10% phosphate-buffered formalin for 24 h, washed
with phosphate-buffered saline, and stored in 70% ethanol at 4°C. Before scanning, the
samples were allowed to warm to room temperature. The change in the bone structure

was assessed using a Scanco Medical 100uCT scanner (Scanco Medical, Bruettisellen,
Switzerland). The scanner was operated at 70 kP, 114 pA, 15.2 mm FOV, 500 projections/
180°, 500 ms integration time and voxel size of 12 um. Three-dimensional images were
generated, reconstructed, and analyzed using AnalyzePro software (AnalyzeDirect, Inc.,
Overland Park, KS). These images were rotated with a standard orientation and threshold to
discern mineralized and non-mineralized tissue. Regions of interest (ROI) in the proximal
portion of the tibia started from the proximal border of the growth plate. Two ROIs of 960
um each (0-960 and 1200-2160 um from the growth plate border) were selected, and the
proximal part was used for trabecular bone analysis, and the distal part of ROI was used for
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cortical bone analysis. All images were analyzed individually, and the ROI was applied to
each image

Isolation of tissue cells and flow cytometry

Bone marrow cells were obtained by flushing the femur with RPMI 1640 medium, and
splenocytes by mincing spleen with RPMI 1640 medium. Erythrocytes were lysed by
treating cells with ACK lysis buffer (Gibco, Invitrogen, USA). The cell suspension was
passed through a 70-micro strainer (Corning, NY, USA) to obtain a single-cell suspension.
For flow cytometry, cells were pre-treated with anti-CD16/32 Fc block (BD) to block Fc
receptors. To identify the phenotype of the cells, cells were stained with the following
combination of antibodies: CD11b-APC (M1/70), Ly6C-FITC (REA 796), Ly6G-PE (REA
526) (Miltenyi Biotec). Flow cytometry gating strategy was CD11b*Ly6CNiLy6G"; M-
MDSC. Samples were read on the LSR Fortessa flow cytometry (BD Biosciences) and
analyzed with FlowJo software (version 10.9).

T lymphocyte proliferation assay

CD3* T lymphocytes were separated from the spleens of WT mice using the CD3e
MicroBead Kit (Miltenyi Biotec). Isolated CD3* T lymphocytes were labeled with
CellTrace Violet (CTV) Cell Proliferation Kit (Invitrogen) according to the manufacturer’s
instruction. Stained CD3* T lymphocytes were plated in 96-well U-bottom assay plate
(Corning) and stimulated with anti-CD3 Ab (3ug/ml) and anti-CD28 Ab (5ug/ml, Thermo
Fisher Scientific). The activated CD3" T lymphocytes were co-cultured with isolated M-
MDSCs for 3 days. The cells were washed, collected, and stained with anti-CD4-PE-Cy7
(e-Bioscience) and anti-CD8-APC-Vio770 (Miltenyi Biotec). All samples were collected
and acquired on MACSQuant System (Miltenyi Biotec) and analyzed with FlowJo software
(version 10.9).

Single-cell RNA sequencing

To compare myeloid progenitor population changes following TTP deficiency, we processed
the previously sequenced data from femurs of control, TTPKO, and cTTPKO mice (27).
After sorting cells through scCATCH, an automated platform for cell type identification,

the myeloid compartment was selected and progenitor cell types were labeled as previously
described (27). Data were subjected to Seurat normalization followed by the potential of
heat diffusion for affinity-based transition embedding (PHATE) dimensionality reduction to
cluster cells with similar transcriptomic profiles.

Osteoclast Marker Gene Module Scoring Analysis

To evaluate osteoclast potential, genes within the GO ontology term for osteoclast
differentiation (GO:0030316) were evaluated using the Seurat function AddModuleScore
for the osteoclast progenitor populations. This function calculates the average expression
level of the selected gene set, in this case 136 marker genes contained within the ontology
and is subtracted by the average expression of a randomly selected background gene set. A
module score of less than zero indicates that the selected features are expressed less than
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expected for a given cluster, while scores above zero indicate the feature set is expressed
higher than expected.

In Vitro Osteoclastogenesis and Bone Resorption Assay

M-MDSCs were isolated from the bone marrow and sorted by an AutoMACS pro

separator using the Myeloid-Derived Suppressor Cell Isolation Kit (Miltenyi Biotec, USA).
For the osteoclastogenic differentiation, M-MDSCs were seeded at 1x10%/well in a 48-

well plate. For functional examination of osteoclasts, 1x10%well of M-MDSCs were
cultured on Corning Osteo Assay Surface 24-well plates (Corning, NY, USA) coated

with calcium phosphate substrate. M-MDSCs were cultured in the presence of monocyte
colony-stimulating factor (M-CSF; 25 ng/ml, R&D Systems) and RANKL (50 ng/ml, R&D
Systems) in a-MEM media (Gibco, USA) containing 10% FBS, 1% penicillin/streptomycin
and incubated for 8 days. Osteoclast formation was assessed using ImageJ analysis software
after tartrate-resistant acid phosphatase (TRAP) staining, and pit formation was evaluated
using ImageJ analysis software.

Serum enzyme-linked immunosorbent assay

For serum, blood samples were collected from each animal by cardiac puncture. The
collected blood was incubated at room temperature for 30 min and centrifuged at 1,000

x g for 10 min to obtain serum. Serum levels of TRAcP5b were quantified using a
microplate reader (BioTek Instruments, USA) according to the manufacturer’s instructions
(Immunodiagnostic systems, USA).

Focused Transcriptomic Analyses

M-MDSCs were isolated and cultured in osteoclast differentiation medium for 8 days.
mRNA was isolated from cultured cells, and expression profiling was performed using
the NanoString nCounter gene expression system (NanoString Technologies, Seattle,
WA). A total of 85 gene subsets were analyzed using the nCounter custom mouse
Osteoclast_520 Profiling Panel designed by Mouse Genome Informatics by selecting
“Osteoclast Differentiation” in the Gene Ontogeny Browser. RNA counts were normalized
to housekeeping gene groups, and differentially expressed genes were calculated using
a 2-sample t-test, and the results were visualized with R studio (1.0.143) using the
pheatmap (1.0.12) package. We used QIAGEN’s Ingenuity Pathway Analysis (IPA,
QIAGEN Redwood City, http://www.ingenuity.com) software to determine the upstream
regulators. Significantly regulated genes were sorted by using a Venn diagram generator
(http://bicinfogp.cnb.csic.es/tools/venny). We corrected the detection p-value using the
Bonferroni method and set 0.05 as the significant threshold.

Intratibial Injection and Histological Examination

M-MDSCs isolated from cTTPKO and its littermate control mice were injected into the right
tibia of 3-month-old male WT mice as described.(28-30) PBS was sham-injected into the
right tibia of the control group. Briefly, mice were anesthetized, and tibia was surgically
exposed. With the knee flexed, the cell suspension (5 x 10° cells suspended in 20 L sterile
PBS) or PBS (20 pL) was injected into the proximal space of the bone marrow of the tibia
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using a 27-gauge needle. After 9 days, the mice were sacrificed, and bone parameters were
assessed by UCT. After uCT, tibiae were decalcified using 0.5-M ethylenediaminetetraacetic
acid (EDTA). Serial 5-um-thick bone sections were stained with TRAP and fast green
(counter stain) to enumerate osteoclasts as previously indicated (15). ImageJ software was
used to quantify the number of osteoclasts per bone perimeter (N.Oc/BPm, mm™1) and the
amount of bone surface covered by osteoclasts (Oc.S/BS, %), these measurements.

Statistical Analysis

Results

Statistical analysis was done with GraphPad Prism 9.4 (GraphPad Software Inc., La Jolly,
CA) with unpaired Student t tests, one and two-way analysis of variance (ANOVA)

followed by Tukey’s multiple comparisons test. For SCRNA-seq, per-cell gene expression
was log-normalized using the Seurat function NormalizeData with default parameters,
followed by data scaling using ScaleData. Differential expression testing was performed
using the Wilcoxon Rank Sum test, using Seurat’s FindMarkers and FindAllMarkers
functions with default parameter sets. For NanoString experiments, data were analyzed
according to NanoString recommendations (http://www.nanostring.com/wp-content/uploads/
Gene_Expression_Data_Analysis_Guidelines.pdf). All reported data of P-values less than
0.05 were considered statistically significant.

TTP deficiency accelerates the loss of bone microarchitecture

Initial observations about the overall phenotype of TTP mutant mice indicated that the male
3-month-old TTPKO mice exhibited a smaller body phenotype compared to the WT control
mice. However, the TTPKI, and cTTPKO mice showed no significant difference from the
control mice (Fig 1A-B). To explore the role of loss- and gain-of-function of TTP on the
bone microstructure, we first evaluated static histomorphometric parameters of the tibia
using micro-computed tomography (UCT). Three-dimensional (3D) reconstruction of uCT
tibial scans indicated that TTPKI showed no significant difference in bone microarchitecture
compared to control mice, whereas the TTPKO and cTTPKO mice showed an osteopenic
phenotype compared to the respective controls (Fig 1C-D). Quantification of the bone
volume fraction (BV/TV) revealed significant increase in the TTPKI mice, whereas BV/TV
was significantly decreased in both the TTPKO and cTTPKO mice compared to controls
(Fig 1E). Quantification of the UCT data, demonstrated no change in TTPKI mice, whereas,
in TTPKO and cTTPKO mice, trabecular thickness (Th. Th) and trabecular number (Th. N)
decreased, and trabecular separation (Tbh. Sp) increased as the effect of TTP disappeared
(Fig 1F-H). Additionally, while there was no change in TTPKI mice, the cortical area
fraction (Ct. Ar/Tt. Ar) and cortical thickness (Ct. Th) of the tibia were significantly reduced
in TTPKO and cTTPKO mice compared to controls (Fig 11-J). To determine whether

TTP affects longitudinal bone growth, tibia length was measured. TTPKI mice showed

no significant change compared to WT control. In contrast, both TTPKO and cTTPKO

mice showed significant decreases compared to the controls, with TTPKO mice revealing a
greater decrease, suggesting that the loss of TTP affects longitudinal bone growth as well as
bone microarchitecture (Fig S1). Similar alterations in these bone microarchitecture changes
were observed in female mice, indicating no sex-related differences (Fig S2).
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TTP status alters M-MDSC populations within the spleen

Recent studies from our group have shown that altered TTP expression greatly influences
bone myeloid stem cell population expansion with concomitant increased M-MDSCs in
peripheral tissues (27). Because of these observations, we wanted to understand the bone
phenotypic changes that may directly or indirectly result from the altered M-MDSCs
expansion and differentiation. The frequency of M-MDSCs (CD11b*Ly6CNLy6G") in

the bone marrow was not significantly different between mice, whereas in the spleen

it was significantly increased in both TTPKO and cTTPKO mice compared to controls,
but no changes were observed in TTPKI mice (Fig 2A-C). To demonstrate that such
M-MDSCs were in fact immune suppressive, T lymphocyte proliferation assays were
performed. Indeed, all M-MDSCs were shown to be suppressive for both CD4* and CD8*
T lymphocytes, consistent with the M-MDSC phenotype (Fig 2D-E). These results suggest
that TTP is one of the key factors regulating M-MDSC populations.

Single-cell RNA sequence analysis revealed high expression of osteoclast markers in early
MDSC populations

In this series of single-cell RNA sequence analyses, C57BL/6N wild-type (WT) mice were
used as controls because there were no significant differences in myeloid populations
between WT and TTP7f mice (Fig S3). To appreciate transcriptomic changes in MDSCs
expanded from mice lacking TTP, we analyzed single-cell RNA sequence data focusing

on myeloid progenitor populations and obtained 12 distinct cell populations (Fig 3A).
Consistent with flow cytometry data showing M-MDSC peripheral expansion, the transcript
profiles of early MDSCs were increased in cTTPKO and TTKO mice compared to the
control mice (Fig 3B). To determine whether the increases in early MDSCs were primed

for osteoclast differentiation in the bone marrow, we generated an osteoclast marker gene
module score for the myeloid progenitor cell populations. In cTTPKO and TTPKO mice,
the osteoclast marker gene module score was higher in early monocytes and early MDSCs,
whereas no significant changes were observed in granulocyte-monocyte progenitor (GMP)
and common monocyte progenitor/monocyte progenitor (cMoP/MP) clusters (Fig 3C).
Because the osteoclast marker gene module scoring was increased in MDSC progenitor
clusters, the expression levels of key genes related to osteoclast differentiation were
compared. Expression of Csfir, which is central to the differentiation of osteoclast precursor
cells, Fos encoding c-Fos, also essential for osteoclast differentiation, along with 7raf6, a
major signaling adaptor for RANK, and Nfatc1, a master regulator of osteoclastogenesis,
were all increased in cTTPKO and TTPKO mice compared to the controls (Fig 3D).

Since the cell cycle plays an important regulatory role in cell differentiation, (31) the cell
cycle was observed to determine whether changes in the myeloid progenitor populations
affected the monocyte cluster. We found that the lack of TTP caused changes in the myeloid
progenitor populations, resulting in different cell cycles in monocyte clusters (Fig S3). These
results suggest that the lack of TTP increases early MDSCs and primes early MDSCs in the
bone marrow to readily differentiate into osteoclasts.
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TTP deficiency enhances the osteoclastogenic potential of M-MDSCs

Because MDSC progenitor cells from the bone marrow have the potential to differentiate
into osteoclasts, a TRAP assay was performed to enumerate osteoclasts and directly
compare osteoclastogenesis between M-MDSCs from TTP-mutant mouse strains. M-
MDSCs from cTTPKO and TTPKO mice formed significantly larger osteoclasts and
exhibited a greater capacity to form mature osteoclasts (=3 nuclei/OC) under the same

in vitro experimental conditions compared to M-MDSCs from control mice (Fig 4A-B).
Quantitative analysis of TRAP* staining of osteoclast formation revealed that osteoclast
number/area was higher in TTPKO/cTTPKO mice (Fig 4C). Quantitative analysis of

the “pit” assay showed that resorption was significantly increased in TTPKO/cTTPKO
mice, whereas it was significantly decreased in TTPKI mice (Fig 4D). For quantitative
measurement of tartrate-resistant acid phosphatase activity isoform 5b (TRACP 5b), ELISAs
were performed using sera. Similarly, there was a significant increase in TTPKO/cTTPKO
mice, while no change was observed in TTPKI mice (Fig 4E). C-telopeptide of type 1
collagen (CTX-1) was also measured; however, no significant differences were observed
(data not shown).

TTP status changes transcriptomic profiles in osteoclastogenesis

To compare the mRNA transcripts related to osteoclast differentiation in each gene, M-
MDSCs of each mouse were cultured in osteoclast differentiation medium, and NanoString
analysis was performed focusing on the osteoclast differentiation profile (Supplementary
Table 1). We used heatmaps to visualize the gene expression profiles of mice, which

clearly differentiated control versus TTPKO mice, especially TTPKO/TTPKI mice (Fig

5A). Similarly, gene expression profiles were clearly distinguished between control and
cTTPKO mice (Fig 5B). To predict transcriptional regulators, upstream regulator analysis in
Ingenuity Pathway Analysis (IPA) was performed. In M-MDSCs of TTPKO and cTTPKO
mice, there were many activated transcriptional regulators, whereas, in M-MDSCs of TTPKI
mice, there were many inhibited transcriptional regulators (Fig 5C). In particular, 7nfsf11,
Mitf, and Epo are activated in M-MDSCs of TTPKO and cTTPKO mice and inhibited in
M-MDSCs of TTPKI mice, highlighting that they are critical effectors of TTP regulation

in osteoclastogenesis (Fig 5C). We present Venn diagrams of up-/down-regulated genes
compared to the WT control samples (Fig 5D). We detected 64 genes that were differentially
expressed compared to WT control out of a total of 85 genes. Among them, 39 genes were
upregulated, and 25 genes were downregulated. Among the 39 upregulated genes, 18 were
shared between TTPKO and cTTPKO mice. Conversely, 16 of the total 25 downregulated
genes were found only in TTPKI mice, indicating that overexpression of TTP downregulated
the differentiation of M-MDSCs into osteoclasts.

Next, osteoclast-related gene expression was compared to determine whether TTP alters the
gene expression profile of M-MDSCs. The expression of 6 ( 7raf6, Ccr1, Ostmli, Sbno2,
Slc9b2, Sh3pxa2a) out of 85 genes was significantly increased in TTPKO and TTPcKO
and decreased in TTPKI M-CSF/RANKL stimulated M-MDSCs (Fig 6A). In addition, the
gene expression of 6 ( Tnfrsflla, Car2, Oscar, Tcirgl, Tcta, Ocstamp) out of 85 genes were
significantly increased when TTP was deficient, but no significant difference was shown

in TTPKI M-MDSCs (Fig 6B). Conversely, only one mRNA, the C-C motif chemokine
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ligand 3 like 3 (Cc/3), was highly expressed in TTPKI mice and low in cTTPKO mice (Fig
6C). These results indicate that TTP regulates M-MDSC pre-osteoclasts through selective
transcriptomic mechanisms. Among the 13 genes that were differentially regulated, there
were no known direct TTP target mRNAs. However, differences in the expression of TNF-
related factors such as 7raf6and Tnfrsfi1la, which are indirectly regulated by TTP through
TNFa, suggests that osteoclast differentiation of M-MDSCs maybe indirectly regulated by
TTP.

TTP deficiency increases osteoclastogenic differentiation potential of M-MDSCs in vivo

To investigate /n vivo whether the lack of TTP affects the differentiation of M-MDSCs into
osteoclasts and the function of osteoclasts, intra-tibial injection was performed. Here, M-
MDSCs from cTTPKO C57BL/6N mice were micro-injected in syngeneic WT recipients to
understand if M-MDSCs from myeloid-deficient TTP mice had altered osteoclast potential.
Because body weight can affect bone mass, it was confirmed that there was no difference
between the groups based on weight measurements taken of all groups before the injection
(32) (data not shown). In the 3-D reconstruction image of micro-computed tomography
(UCT), the tibia injected with M-MDSCs isolated from the bone marrow of control/cTTPKO
mice showed osteoporosis patterns compared to mice injected with PBS (Fig 7A). Bone
mineral density (BMD) and cortical thickness (Ct. Th) were significantly reduced when
injected with M-MDSCs of cTTPKO mice (Fig 7B and C). Trabecular thickness (Th. Th)
was significantly decreased when M-MDSCs of control mice were injected and decreased
even more so when M-MDSCs of cTTPKO mice were injected (Fig 7D). The quantification
of trabecular spacing (Th. Sp) was significantly increased when M-MDSCs of cTTPKO
mice were injected (Fig 7E). To determine the role of TTP in osteoclast formation

of M-MDSCs, TRAP staining for osteoclast enumeration was performed. The area and
number of osteoclasts were significantly increased in the tibia injected with M-MDSCs of
cTTPKO mice and significantly increased compared with that injected with M-MDSCs of
control mice (Fig 7 G—-H). These data directly support the concept that M-MDSCs from
myeloid-specific TTP mice are more primed to differentiated into osteoclasts with enhanced
resorption activity in a bone matrix microenvironment.

Discussion

Mature osteoclasts are the only mammalian cells capable of bone resorption with several
inflammatory bone diseases occurring as a direct consequence of excessive osteoclastic
function. Therefore, understanding the mechanisms related to osteoclast development and
osteoclast function are essential for therapeutic strategies for osteoclast-related disorders.

In this study, we provide new molecular insights for the RNA-binding protein, TTP, as a

key player required for maintaining a healthy skeletal phenotype. Unlike other RNA-binding
proteins, the expression of TTP has been shown to decrease with aging in myeloid tissues
(26). Using loss of function mouse models, to mimic the aging process, revealed expansion
of specific pre-osteoclastogenic myeloid lineage cell populations, particularly M-MDSCs,
that contribute towards increased number and function of osteoclasts, while gain of function
TTP transgenic mice with modest TTP overexpression reversed this phenotype with reduced
osteoclastogenic capacity within the M-MDSC pre-osteoclastic populations.
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The results herein highlight the significance of TTP expression in the myeloid compartment
towards maintenance of a normal skeletal phenotype, as TTP deficiency increased

systemic inflammation resulting in loss of skeletal integrity. When an inflammatory

insult occurs, the hematopoietic system responds immediately by generating effector cells,
including monocytes and granulocytes. Because of the inflammatory phenotype has long
been appreciated in TTP-deficient mice, many prior studies mainly reported on Gr-1*
granulocytes. These reports found that the number of mature granulocytes increased in the
bone marrow of 6-month-old female mice deficient in TTP and that CD11b*Gr-1* increased
in the bone marrow and spleen of 6-8-week-old female TTPKO mice (11, 33). These current
studies continue to explore the consequence of M-MDSC expansion from prior studies
where we observed that the percentage of myeloid populations was consistently higher in

the spleen and other peripheral tissues in TTP deficient mice (27). The present study showed
that expansion of M-MDSC:s significantly and adversely affects the skeletal phenotype under
conditions of TTP decline, including aging (26, 27).

As an RNA-binding protein, TTP functions as a key negative regulator of inflammation

by inhibiting the production of multiple pro-inflammatory cytokines (34). TTP is a key
molecular target in the p38 mitogen activated protein kinase (MAPK)/MAPK-activated
protein kinase-2 (MK?2) stress signaling pathways with a primary role in binding to
adenosine-uridine rich elements (ARES) in the 3’ untranslated regions (3’-UTRs) by virtue
of the tandem CCCH zinc finger within target mRNA transcripts, thus destabilizing and
promoting mMRNA degradation of targets such as TNFa, IL-1p, and IL-6 (35-37). Data from
our focused transcriptomic analyses using osteoclast specific mMRNA code sets suggests that
TTP does not target major known mRNA targets in RANKL-differentiated pre-osteoclastic
populations. These data suggest that TTP functions in an indirect manner rather than
directly targeting any osteoclast-specific genes. However, most studies that have identified
TTP mRNA target genes utilized LPS-stimulated cells rather than M-CSF/RANKL pre-
osteoclastogenic populations, which may partially explain the lack of identification of
known TTP targets (26, 34, 38, 39). Nonetheless, additional studies are needed to validate
these findings.

Using scRNAseq data sets from previously sequenced data from bone marrow of

control, TTPKO, and cTTPKO mice, myeloid progenitor populations were interrogated for
osteoclastogenic potential. Using sScCATCH and hand annotation of myeloid populations,
we have previously provided a deeper transcriptomic profile to better define MDSCs

(27). We found that the osteoclast module scores of early monocytes and MDSC
populations, which are progenitors capable of differentiating into osteoclasts, were expanded
in TTPKO/cTTPKO mice. Focusing on early MDSCs, we observed that the expression

of Csflr, a cognate receptor of M-CSF, was higher in TTPKO/cTTPKO mice. The
CSF1R-mediated signaling pathway plays a key role in the differentiation of osteoclast
precursors, as revealed by severe osteoclast deficiency in Csfir-deficient mice (40).
Because CSF1R-mediated signaling induces RANK expression in osteoclast precursors
and RANKL-mediated signaling, we also investigated factors related to RANK-RANKL-
mediated signaling in early MDSC populations. Given the abundant evidence that TRAF6
signaling operates immediately downstream of RANK-RANKL-mediated interaction, we
investigated 7rafé6 mRNA expression and found that it was significantly increased in
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cTTPKO/TTPKO mice compared to control. Additionally, c-Fos (encoded by Fos) is known
as an essential regulator for osteoclastogenesis downstream of RANK-RANKL-mediated
signaling, and its expression was also increased (41). Further, TTP-deficiency increased

the expression level of Afactc1, considered a master transcription regulator in the RANK-
RANKL-mediated signaling pathway. Collectively, these scRNAseq data suggest that not
only CSF1R-mediated signaling but also RANK-RANKL signaling is activated in TTP-
deficient early MDSCs, suggesting that M-MDSCs in the bone marrow of TTPKO/cTTPKO
mice are primed for differentiation into osteoclasts.

Quantitative analysis of osteoclastogenesis using TRAP staining and enumeration revealed
that the area and number of osteoclasts was significantly higher in M-MDSCs isolated

from TTPKO/cTTPKO mice compared with M-MDSCs in control mice. These data support
that when TTP expression is reduced as we have recently demonstrated with aging mice,
M-MDSCs in the bone marrow may be affected resulting in enhanced osteoclastogenic
potential (27). This point was supported not only in TRAP staining but also in the serum
analysis where TRAP was elevated in TTPKO/cTTPKO mice. Moreover, functional data
showed that osteoclastic bone resorption capacity was greater in TTPKO/cTTPKO mice
compared to the controls. It is important to note that although TTP clearly regulates the
osteoclastic potential, it does not affect the immune suppressive activity of M-MDSCs.

A focused transcriptional analysis of M-MDSCs during osteoclast differentiation in TTPKO/
cTTPKO mice revealed that 30 out of 85 genes in the focused osteoclast-specific NanoString
code set had a significantly higher levels of expression. Of those, 18 genes were common
between both TTPKO and cTTPKO mice. Conversely, 17 of 85 osteoclast differentiation
genes were less expressed in TTPKI mice than in control mice, and 16 of them were
expressed less in TTPKI mice only. Although we observed several osteoclastogenic genes
that were decreased in the TTPKI M-MDSC, we did not detect a decrease in the in vitro
osteoclastogenic assays. These differences may reflect the supraphysiologic nature of the
M-CSF/RANKL used in in vitro assays or the subtle changes of induced TTP expression

in the TTPKI mice. Nevertheless, several mRNAs of osteoclast signaling mediators, such

as Traf6, within the well-known RANKL-stimulated signaling pathway were increased in
M-MDSCs derived from TTPKO/cTTPKO mice. RANK, encoded by 7nfrsf11A, was also
significantly increased in both TTPKO and cTTPKO mice supporting the overall osteopenic
phenotype of these TTP-null mouse strains.

Interestingly, in M-MDSCs derived from TTPKO/cTTPKO mice, several mRNAs were also
increased in co-stimulatory signaling pathways other than the RANKL-stimulated signaling
pathway. Among them, Oscar2 (Osteoclast-associated immunoglobulin-like receptor)2,
which is highly expressed in TTPKO/cTTPKO mice, is related to osteoclast maturation

and activation (42). It has also been shown that Oscar signaling in monocytes upregulates the
expression of adhesion molecules and increases the secretion of chemokines and cytokines
(43). Based on these findings, OSCAR signaling appears to support osteoclastogenesis,

as well as enhance immune cell recruitment and activation. Since the M-MDSC is

also a monocyte lineage-derived cell, it seems likely that it will not only augment the
differentiation of M-MDSCs into osteoclast but also affect other myeloid-lineage cells.
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Future studies will be needed to understand the role of Oscaron osteoclastogenesis in
TTPKO/cTTPKO mice.

In addition to these major pro-osteoclastogenic genes being elevated in both TTPKO and
cTTPKO mice, many other osteoclast fusion and functional genes were also increased.
Fusion-specific genes, including Ccr1, Ocstamp (Osteoclast stimulatory transmembrane
protein), SbnoZ2 (Strawberry notch homologue 2), Sh3pxd2a (SH3 and PX domains 2A

or Tks5) and T7cta (T-cell leukemia translocation-associated gene), were all shown to be
increased in both TTPKO and cTTPKO M-MDSCs. Similarly, osteoclast function-associated
genes, including Ostm1 (osteopetrosis-associated transmembrane protein), 7¢/rg (T cell
immune regulator 1), Car2 (Carbonic anhydrase 1), and S/c9b2 (solute carrier family 9,
subfamily B), which all participate in various aspects of osteoclastic function to degrade a
mineralized matrix are increased in both TTPKO and cTTPKO mice compared to controls.
Collectively, these data highlight the idea that TTP is a key negative regulator of osteoclast
differentiation and activity. Ongoing studies in the laboratory are exploring the role of TTP
in aging models to understand if TTP could be a new therapeutic target for osteoporosis to
help maintain a healthy skeleton.

Intriguingly, we while we observed that the expression of CcrZ (C-C chemokine receptor 1)
was increased, the expression of Cc/3 (chemokine (C-C motif) ligand 3) was decreased in
M-MDSCs derived from TTPKO/cTTPKO mice. As CCL3 can hind to CCR1, a receptor
expressed in osteoclasts to generate osteoclasts in a RANKL-signaling dependent manner
(44, 45), we believe this represents a potential compensatory mechanism for regulating
osteoclast formation in TTPKO/cTTPKO mice. It appears necessary to compare M-
MDSC osteoclast differentiation transcriptome differences with other osteoclast progenitor
populations to understand whether transcriptome differences are unique to M-MDSC
progenitor populations. However, since the transcriptome of M-MDSCs in this study is
different from that of M-MDSCs when differentiating into osteoclasts in our previous
study during obesity, at least M-MDSCs seem to have different transcriptomic signatures
depending on the disease state, reflecting the plasticity of this context-dependent nature of
this myeloid-cell population (24).

We also demonstrated that primed M-MDSCs in sterile inflammatory conditions induced

by myeloid-restricted loss of TTP can differentiate into active osteoclasts in normal WT in
vivo conditions. We observed a decrease in bone microarchitecture and an increase in the
number of osteoclasts in WT mice injected with M-MDSCs isolated from cTTPKO mice
compared with mice injected with M-MDSCs isolated from control mice. Although most
studies have been performed in the tumor-associated microenvironment, there are reports
that ability of MDSCs to differentiate into osteoclasts is dependent upon environmental cues,
highlighting the plasticity of this myeloid cell population. More specifically, it has been
reported that MDSCs are recruited to the mouse mammary fat pad tumor microenvironment
(TME) to differentiate into endothelial cells, and there is also a report that MDSCs in

the primary TME can differentiate into tumor-associated macrophages that contribute to
tumor growth (46). Here, we provide additional evidence of MDSC cellular plasticity where
M-MDSCs can differentiate into osteoclasts in the bone microenvironment with concomitant
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transcriptomic differences. These data support the notion that the environment where M-
MDSCs reside prominently influences their cellular fate.

Overall, our study demonstrates that TTP directly modulates MDSCs, leading to MDSC
differentiation into osteoclasts and induces bone loss, identifying this cell population as

an important regulator of osteolytic bone disease and as a potential therapeutic target. The
regulation of TTP expression, as well as targeting MDSCs seem to be potential therapeutic
targets to control osteolytic bone disease. Indeed, several inflammatory-related skeletal
pathologies, including arthritis and periodontitis, are reduced when TTP is overexpressed
(13, 14). Although further studies are needed to apply these findings clinically, our results
strongly suggest that targeting TTP or M-MDSCs will limit the osteoclast-driven skeletal
pathologies.
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Figure 1. Bone microarchitecture showed a significant osteolytic phenotype in TTPKO/cTTPKO
mice.
(A-B) Representative gross appearance of 3-month-old control, TTPKO, and TTPKI

mice (A) and TTPf control, cTTPKO mice (B). (C-D) Representative microcomputed
tomography (UCT) images showing quantitative bone loss in TTPKO/TTPKI mice (C) and
cTTPKO mice (D). (E-J) Quantification of the bone parameters in the tibia. Quantitative
analysis of the bone volume fraction (BV/TV, E), trabecular thickness (Th.Th, F),
trabecular separation (Th.Sp, G), trabecular number (Th.N, H), cortical thickness (Ct.Th, I),
cortical area fraction (Ct.Ar/Tt.Ar, J). One-way analysis of variance with Tukey’s multiple
comparisons test and unpaired ¢test; data are presented as mean + SEM, *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2. TTP deficiency increases M-MDSC expansion.
(A) Representative gating strategy of bone marrow (top) and spleen (bottom) cell

populations for flow cytometry. (B) Flow cytometry analysis of M-MDSC populations in
bone marrow from control, TTPKO, TTPKI, TTP7f and cTTPKO mice. (C) Flow cytometry
analysis of M-MDSC populations in spleen from control, TTPKO, TTPKI, TTP7f, and
CcTTPKO mice. (D-E) T lymphocyte proliferation assay of M-MDSCs isolated from bone
marrow. (D) CD4* T lymphocyte (left) and CD8" T lymphocyte (right) proliferation assay
using M-MDSC:s isolated from control (black), TTPKO (red), and TTPKI (green) mice.

(E) CD4* T lymphocyte (left) and CD8* T lymphocyte (right) proliferation assay using
M-MDSCs isolated from TTPf (grey), and cTTPKO (blue) mice. One-way analysis of
variance with Tukey’s multiple comparisons test and unpaired ftest; data are presented as
mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3. scRNA-sequencing shows increased osteoclast potential in MDSC progenitors.
(A) PHATE dimension reduction on progenitor cell populations from scRNA sequencing

from mouse bone marrow. (B) Feature plots of Osteoclast module scoring from control,
cTTPKO and TTPKO mice. (C) Violin plots of osteoclast module scoring by progenitor type
and sample. The mid-line represents the mean osteoclast module score. (D) Expression of
Osteoclast marker genes that show increased expression in cTTPKO and TTPKO mice in the

MDSC population.
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Figure 4. TTP deficiency increases osteoclastogenic differentiation potential in vitro.
(A-B) Representative tartrate-resistant acid phosphate (TRAP) stain in which M-MDSCs

from control/TTPKO/TTPKI (A) and TTPTf/cTTPKO (B) mice were cultured in
osteoclastogenic differentiated medium. (C) Osteoclast cellular endpoints were performed
on TRAP-stained control/TTPKO/TTPKI and TTPf /cTTPKO mice. (D) Osteoclasts were
generated from M-MDSCs in bone resorption assay plates under osteoclast differentiation
medium. (E) Serum levels of tartrate-resistant acid phosphatase 5b (TRAcP5b) in TTPKO/
TTPKI and cTTPKO mice compared to controls. One-way analysis of variance with Tukey’s
multiple comparisons test and unpaired #test; data are presented as mean + SEM, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5. Gene expression profile of osteoclast differentiation increases in M-MDSCs of TTPKO/

cTTPKO mice.

(A-E) NanoString Analysis of M-MDSCs in control/TTPKO/TTPKI and TTPf /cTTPKO
mice. (A-B) Heat map showing the 59 significant genes that were differentially expressed
among the control, TTPKO, and TTPKI mice (A) and 58 significantly differentially
expressed genes were shown between TTP7f and cTTPKO mice (B). (C) Upstream
regulators, either activated (positive Z-score) or suppressed (negative Z-score) based on IPA.
(D) Venn diagram showing the number of differentially expressed genes (fold change >2) of
up-regulated and down-regulated genes compared to WT control.
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Figure 6. TTP alters the gene expression profile associated with osteoclast differentiation in
M-MDSCs.

(A-C) Select NanoString gene expression differences of M-MDSC populations in bone
marrow from control/TTPKO/TTPKI, and TTP7f/cTTPKO mice. One-way analysis of
variance with Tukey’s multiple comparisons test and unpaired #test; data are presented
as mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 7. Primed M-MDSCs exhibit stronger osteoclastogenic differentiation potential in vivo.
(A) Representative image of uCT 3D reconstruction of the injected tibia. (C-E)

Quantification of the bone parameters in the injected tibia. Quantitative analysis of the bone
marrow density (BMD, B), cortical thickness (Ct. Th, C), Trabecular Thickness (Tb Th, D),
and Trabecular separation (Td Sp, E). Representative TRAP and fast green counterstained

of injected tibia (F). Osteoclast numbers (N.Oc/BPm, mm~1, G) and osteoclast surface
(Oc.S/BS, %, H) were calculated on TRAP and fast green counterstained tibia in each group.
One-way analysis of variance with Tukey’s multiple comparisons test; data are presented as
mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001.
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