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A B S T R A C T

The bone marrow microenvironment (BMM) consists of different cellular and acellular components. These 
components synergize in regulating the process of hematopoiesis. Various extracellular matrix proteins are found 
amongst the acellular components. Secreted protein acidic and rich in cysteine (SPARC) is amongst the most 
abundant glycoproteins in bone. Sparc/osteonectin, cwcv, and Kazal-like domains proteoglycan 2 (SPOCK2) is a 
member of the SPARC family, and its role in bone metabolism and hematopoiesis has not been investigated. 
Using female mice deficient for SPOCK2, we assessed the role of SPOCK2 in influencing bone formation, the 
BMM and hematopoiesis. Using micro-computed tomography we found a significant decrease in trabecular bone 
volume, bone mineral density and thickness, but increased cortical mineral density in SPOCK2 knockout (KO) 
versus wildtype (WT) bones. C-terminal telopeptide of type I collagen, a measure of bone resorption, was 
significantly increased in bone marrow supernatants of SPOCK2 KO mice. In the hematopoietic compartment we 
found an increase in hematopoietic stem cells, but a decrease of mesenchymal stromal cells and adipocytes in the 
bone marrow of SPOCK2 KO mice compared to control mice. Megakaryocytes were increased in SPOCK2 KO 
mice. In summary, deficiency of SPOCK2 leads to several alterations in the BMM. The hematopoietic effects may 
be due to hematopoietic cell-intrinsic effects in SPOCK2-deficient cells or due to a SPOCK2-deficient niche or 
both.

1. Introduction

The bone marrow microenvironment (BMM) is a complex system of 

both cellular and acellular components and represents the space, where 
hematopoiesis occurs. As part of hematopoiesis, hematopoietic stem 
cells (HSC) at the top of the hematopoietic hierarchy give rise to a 
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variety of precursors and ultimately mature hematopoietic cells such as 
leukocytes, erythrocytes and platelets [1]. The process of hematopoiesis 
is governed by both cell-intrinsic and cell extrinsic cues [2]. The inter
play of various components of the BMM such as cells, secreted proteins, 
extracellular matrix proteins, neurons etc. regulate HSCs and hence 
hematopoiesis [2,3]. Blood vessels in the BMM, such as sinusoids, ar
terioles or transition zone vessels in specific anatomical locations in the 
BM, contribute to the formation of distinct niches. While controversy 
remains about the exact nature of these niches, it is believed that active 
HSC responsible for the daily replenishing of blood cells are found in 
sinusoidal niches. In contrast, endosteal niches seem more relevant for 
the regenerative capacity of HSC [4,5]. Large focus has been placed on 
the cellular components and associated endothelial or endosteal niches 
in the BMM, but the role of acellular components such as the extracel
lular matrix (ECM) has been largely ignored.

In multicellular organisms, the ECM is a complex and dynamic 
network of molecules that surrounds and supports cells. The ECM rep
resents a complex of proteins, such as collagen, elastin, fibronectin and 
laminin, as well as polysaccharides and other macromolecules like gly
cosaminoglycans or proteoglycans, all of which provide strength, elas
ticity and adhesive characteristics to the BMM and support of 
hematopoietic cells [6,7].

Secreted protein acidic and rich in cysteine (SPARC) or osteonectin 
represents a superfamily of matricellular proteoglycans whose role in 
homeostasis and disease is slowly being recognized. The proteins of this 
superfamily are structurally related, contain an acidic domain and are 
characterized by conserved cysteine-rich regions. SPARC family proteins 
may modulate cell-matrix interactions, tissue formation, and remodel
ing. They have various roles, including the regulation of cell adhesion, 
motility, proliferation and differentiation. SPARC proteins may also 
interact with other elements of the ECM, growth factors and cell surface 
receptors, which may impact a variety of biological processes [8,9]. 
SPARC is amongst the most abundant glycoproteins in bone, and SPARC 
KO mice have osteopenia and reduced collagen production [10].

Sparc/osteonectin, cwcv, and Kazal-like domains proteoglycan 2 
(SPOCK2 or testican 2), a member of the SPARC superfamily, is 
expressed in kidney, heart and the skeletal system [11–13]. It is char
acterized by different domains, including the Kazal-like, the osteonectin- 
like, and the SPARC domains which interact with other elements of the 
matrix and cell surface receptors, which may impact cell adhesion, 
motility, and signaling [14]. Studies indicate that SPOCK2 may be 
involved in the processes of osteogenesis, angiogenesis and wound 
healing even if its precise roles are still not well understood [15]. In 
patients, SPOCK2 was identified as a potential susceptibility gene for 
hereditary bronchopulmonary dysplasia, with the lung expression 
pattern indicating a possible role in alveolarization [16].

In cancer, SPOCK2 may act as tumor suppressor or promoter of 
cancer growth. SPOCK2 expression has been linked to a good prognosis 
in some malignancies, including lung adenocarcinoma [17,18] and 
pancreatic ductal adenocarcinoma [19]. In contrast, SPOCK2 expression 
has been connected to more aggressive tumor activity and poor clinical 
outcomes in other cancer types, such as high grade serous ovarian cancer 
[20] and colorectal cancer [21].

Given the lack of more profound insight into the role of SPOCK2 for 
osteogenesis and hematopoiesis, we describe here the effects of SPOCK2 
deficiency for these processes in a murine model. Overall, we find dif
ferences in bone density, mesenchymal stromal cell function and he
matopoiesis, suggesting that the ECM protein SPOCK2 may be involved.

2. Materials and methods

2.1. Mice

SPOCK2 knockout (KO) mice (C57BL/6NTac background) were 
generated using CRISPR/Cas9-mediated gene editing (deletion of exon 1 
and approximately 1.7 kb of sequence upstream of exon 1 (promoter 

region) to exon 4) of the Spock2 gene (Fig. 1). Two different guide RNAs 
(gRNA) were selected (proximal guide RNA: CAACTTGA
TATGTAGCTTGA; distal guide: GATGCCTAATATGTAAGGAC) (based 
on their position and a low number of predicted off-targets. The strategy 
for targeting was based on NCBI transcript NM_052994.2.

After administration of hormones, superovulated C57BL/6NTac fe
males were mated with C57BL/6NTac males. One cell-stage fertilized 
embryos were isolated from the oviducts at days post coitum (dpc) 0.5. 
For microinjection, the one cell-stage embryos were placed in a drop of 
M2 medium under mineral oil. A microinjection pipette with an 
approximate internal diameter of 0.5 mm (at tip) was used to inject the 
mixed nucleotide preparation, i.e. Cas9 protein along with the proximal 
and distal gRNAs, into C57BL/6NTac zygotes (the pronucleus of each 
embryo). After recovery, 25–35 injected one cell-stage embryos were 
transferred to one of the oviducts of 0.5 dpc, pseudopregnant NMRI 
females. A total of four animals were identified as valid founders (F0, 
KO/?). Identification of valid F0 included PCR amplification and sub
cloning of the PCR product for further characterization by sequencing, 
to allow assessment of the number of valid versus invalid modifications 
per animal. Two suitable males were selected for further breeding 
(Supplementary figs. 1 A-C).

For genotyping of the KO mice the following PCR primers were used: 
Forward primer: ACATTGTGGATAGCTTTGACTAGG, reverse primer 1: 
GTTACCACAGCACAAGGAACTG, reverse primer 2: CCACACATATA
TAGCATGCGATG. The KO band appears at 281 bp, while the WT band 
appears at 490 bp. Heterozygous animals (F1) were generated by using 
sperm of one of the F0 animals by in vitro fertilization (IVF). To allow 
the performing of IVF, F0 males were chosen as preferred sex. As two 
valid F0 males were identified in this model generation project, only one 
of them (male 2,180,680) was chosen to be used for the IVF based on 
sequencing and PCR data, in addition to health status.

The mice used for experiments were obtained by homozygous x 
homozygous HOM/HOM and WT (Wildtype) x WT matings. WT control 
mice (C57/BL6NTac) were obtained from Taconic. The age of the mice 
used for experiments varied between 7 and 12 weeks and female mice 
were used for the majority of experiments, unless stated otherwise. WT 
and SPOCK2 KO mice were age-matched per experiment. 4–5 mice were 
housed in one cage, and all mice were fed ad libitum with regular chow. 
All murine studies were approved by the local animal care committee 
(Regierungspräsidium Darmstadt) in Hessen, Germany.

2.2. Hematological analyses

SPOCK2 KO and WT C57/BL6 mice (7–12 weeks old) were sacrificed 
using CO2 asphyxiation. Peripheral blood (PB) was taken from the vena 
cava inferior, and bones (femora) and spleens were harvested. Periph
eral blood was analyzed using a Scil Vet animal blood counter (Scil 
Animal Care Company, Viernheim, Germany). Bones and spleens were 
crushed, and red blood cell lysis was performed using ACK lysis buffer 
(Cat. No. A1049201, Thermo Fisher Scientific, Waltham, MA, United 
States). Subsequently, samples were stained with the respective anti
bodies for flow cytometric analysis. The samples were analyzed on a BD 
Fortessa, Heidelberg, Germany. A list of all used antibodies can be found 
in Table 1.

2.2.1. Immunophenotypes

2.2.1.1. Hematopoietic stem and progenitor cells [22,23]. Lin- (lineage): 
B220− , Gr1− , CD5− , Ter119− , F4/80− .

LKS: Lin− , c-Kit+, Sca1+.
MPP: Lin− , c-Kit+, Sca1− , Flk2+, Thy1.1− .
MPP2: Lin− , c-Kit+, Sca1− , Flk2− , CD48+, CD150+, CD34+.
CLP: Lin− , cKitlow, Sca1− , IL7Rα− , Thy1.1− .
MEP: Lin− , cKit+, Sca1− , CD16/32− , IL7Rα− .

CMP: Lin− , cKit+, Sca1− , CD16/32− , IL7Rα+.
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GMP: Lin− , cKit+, Sca1− , CD16/32− , IL7Rα+.

2.2.1.2. B cell progenitors [24]. Pre/Pro-B: B220low, CD43High, BP1− , 
HSA− .

Pro–B: B220low, CD43High, BP1− , HSA+.
Pre–B: B220low, CD43High, BP1High, HSA+.
Small Pre–B: B220High, CD43− , IgM− .
Immature Pre–B: B220High, CD43− , IgMMid.
Mature Pre–B: B220High++, CD43− , IgMHigh/Mid.

2.3. Nanostring analysis

Primary mesenchymal stromal cells (MSC) (PDGFRα+, Sca1+, 
Ter119− , CD45− ) and HSC (Lin− , Sca1+, c-Kit+) were flow sorted from 
crushed femora, tibiae and pelvis from WT or SPOCK2 KO mice and 
frozen in TRIzol (Cat. No. 15596026, Thermo Fisher Scientific, Wal
tham, MA, USA). For nanostring analysis, RNA was extracted from 
frozen cells using the RNAqueous-4PCR Kit or PureLink® (Thermo 
Fisher Scientific, Waltham, MA, USA). Purified RNA was quantified 
using a Qubit® 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, 
MA, USA). Gene expression/amplification were tested using the multi
plex digital nCounter® platform and analyzed with the NanostringApp 
(Merck Healthcare KGaA) and nSolver v4.0 software according to the 
manufacturer's instructions (NanoString Technologies, Inc., Seattle, WA, 
USA). Gene expression was analyzed using 1.4–16.9 ng of input RNA 
using the PanCancer Pathways Panel (NanoString), which contains 779 
genes including the 29 customized genes from 13 canonical cancer- 
associated pathways. Raw counts in each sample were corrected by 

subtracting the mean + 2 standard deviations (SDs) from negative 
controls and then normalizing against the geometric means of both 
positive controls and reference genes. Expression levels were summa
rized as z-scores, which indicate the number of SDs by which the 
expression level differs from the mean.

Gene set enrichment analysis was performed on the differential gene 
expression results sorted according to the stat parameter calculated by 
DESeq2. We used mouse-specific pathway annotations from MsigDB 
[25] and the GSEA function of clusterProfiler [26].

2.4. TRAP staining

Femora were freshly isolated after sacrificing the WT and SPOCK2 
KO mice. The bones were fixed overnight in formalin and then decal
cified using 0.5 M EDTA for three weeks. The final step of decalcification 
was performed by shaking the bones at 37 ◦C for 24 h. Paraffin sections 
were subsequently prepared. Paraffin sections were initially deparaffi
nized and rehydrated with graded ethanol and finally with distilled 
water. Trap staining solution was prepared by using three components: 

1. TRAP basic incubation medium (sodium acetate anhydrous (Cat. No. 
S-2889, Sigma-Aldrich, Darmstadt, Germany), L-(+) tartaric acid 
(Cat. No. T-6521, Sigma-Aldrich, Darmstadt, Germany), glacial 
acetic acid (Cat. No. A6283, Sigma-Aldrich, Darmstadt, Germany)

2. Fast red violet LB salt (Cat. no. F-3381120, Sigma-Aldrich, Darm
stadt, Germany)

3. Napthol AS-MX phosphate substrate mix (Napthol AS-MX Phosphate 
(Cat. no. N-4875, Sigma-Aldrich, Darmstadt, Germany)) with 
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Fig. 1. A) Immunoblot showing the expression of SPOCK2 (55 kDa) and vinculin (125 kDa) as loading control in lysates of the respective organs of wildtype C57/BL6 
mice. The image is representative of three independent immunoblots. B) Schematic showing the gene locus and proximal and distal guide RNAs for the CRISPR-CAS- 
mediated knockout of Spock2 from the mouse genome. C-D) Immunoblots showing the expression of SPOCK2 (55 kDa) and vinculin (125 kDa) as loading control in 
lysates of MSC (C) and Lin- (hematopoietic) cells (D) from WT or SPOCK2 KO mice. The image is representative of three independent immunoblots per figure. E) 
Immunoblot showing the expression of SPOCK2 (55 kDa) and vinculin (125 kDa) as loading control in lysates of Lin- cells, MSC and adipocytes, which had been 
obtained by the in vitro differentiation of MSC, from WT mice. The image is representative of three independent immunoblots.
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ethylene glycol monoethyl ether (Cat. no. E-2632, Sigma-Aldrich, 
Darmstadt, Germany). Deparaffinized slides were then incubated 
with pre-warmed (37 ◦C) TRAP staining solution mix and incubated 
at 37 ◦C for 30–45 min. The slides were then washed with distilled 
water and counterstained using fast green (0.08 %) for 5 min. The 
slides were rinsed multiple times and finally air dried and mounted 
using mounting medium (Cat. No. 1.09016, Sigma-Aldrich, Darm
stadt, Germany). The slides were evaluated using a light microscope 
(ECLIPSE Ts2, NIKON, Minato City, Tokyo, Japan).

2.5. Flow cytometry for reactive oxygen species and DNA damage

Intracellular ROS levels were measured using CellROX™ Deep Red 
Reagent (Cat. No. C10422, Thermo Fisher Scientific, Waltham, MA, 
USA). Briefly, cells were incubated with 200 nM of CellROX and incu
bated at 37 ◦C for 30 min. The cells were then centrifuged and resus
pended in FACS buffer and detected using flow cytometry.

For measuring DNA damage the cells were centrifuged and per
meabilized using 4 % paraformaldehyde (Cat. No. CAS30525–89-4, 
Santa Cruz Biotechnology, Dallas, Texas, United States) for 20 min. After 
washing the cells with FACS buffer, the cells were stained with the 
γH2AX antibody for one hour. The cells were then washed and stained 
with the secondary antibody against γH2AX (anti-Rabbit Alexa Fluor™ 
647, Table 1). After one hour of incubation, cells were washed again and 
DNA damage was detected using flow cytometry.

2.6. Isolation of mesenchymal stromal cells (MSC)

MSC (PDGFRα+, Sca1+, Ter119− , CD45− ) were isolated from the 
femora, tibiae and pelvis of WT and SPOCK2 KO mice, as previously 
described [27]. Briefly, long bones from mice were cut into fine pieces 
and treated with 0.1 % collagenase type I (Cat. No. 05172969103, 
Roche, Basel, Switzerland) for one hour at 37 ◦C. Samples were then 
crushed again. The supernatant was collected and centrifuged. The cell 
pellet was resuspended in HBSS and stained with the respective anti
bodies for 1 h. Subsequently, samples were flow sorted and cultured in 
alpha-minimum essential medium (MEM) (20 % fetal calf serum (FCS), 
1 % penicillin/streptomycin, 1 % L- glutamine).

2.7. Immunofluorescence staining

30,000 MSC were plated on round 15 mm diameter coverslips for at 
least 24 h. Cells were then washed with PBS and subsequently fixed in 4 
% paraformaldehyde (Cat. No. CAS 50–00-0, Santa Cruz Biotechnology, 
Dallas, Texas, United States) for 10 min at room temperature. 
Paraformaldehyde-fixed cells were permeabilized with 0.25 % Triton in 
PBS for 3 min. Prior to incubation with primary antibodies, cells were 
blocked in 2 % BSA in PBS for 2 h at room temperature. Cells were then 
stained overnight with phalloidin primary antibody (Table 1). The next 
day, the cells were washed twice with PBS and the nuclei were coun
terstained with 5 μg/mL DAPI (D9542, Merck, Darmstadt, Germany). 
Cells were washed in PBS and briefly in water and mounted with Flu
orMount plus 50 μg/mL DABCO (Cat. No. D27802, Sigma-Aldrich, 
Munich, Germany). Specimens were analyzed using a confocal laser 
scanning microscope (Leica SP5, Wetzlar, Germany) and pictures were 

Table 1 
Antibodies used in the study.

Antibody Fluorochrome Company Catalogue 
number

Phalloidin AlexaFluor 647 Life Technologies A22287
Streptavidin APC-Cy7 Biolegend, San Diego, CA 405208
CD48 Pacific blue Biolegend, San Diego, CA 103413
CD150 Phycoerythrin 

(PE)
BD Biosciences, San José, 
CA

562651

Sca-1 Phycoerythrin 
-Cy7

Biolegend, San Diego, CA 108114

c-Kit Allophycocyanin BD Biosciences, San José, 
CA

553356

CD5-Biotin BD Biosciences, San José, 
CA

553019

B220-Biotin BD Biosciences, San José, 
CA

553086

F4/80-Biotin eBiosciences, San Diego, 
CA

13–4801-82

Ly6G- and 
Ly6C-Biotin

BD Biosciences, San José, 
CA

553125

Ter119-Biotin BD Biosciences, San José, 
CA

553672

Vinculin Cell Signaling 
Technology, Danvers, 
Massachusetts, United 
States

4650

Gr-1 Allophycocyanin- 
Cy7

BD Biosciences, San José, 
CA

557661

CD11b Allophycocyanin BD Biosciences, San José, 
CA

553312

CD45R/B220 Pacific blue Biolegend, San Diego, CA 103227
CD43 Phycoerythrin- 

Cy7
Biolegend, San Diego, CA 143210

CD24 (HSA) APC Biolegend, San Diego, CA 138506
CD49(BP-1) FITC eBIOSCIENCE, Frankfurt, 

Germany
11–5891-82

IgM PerCP/ 
Cyanine5.5

Biolegend, San Diego, CA 406512

γH2AX 
antibody

Cell Signaling 
Technology, Danvers, 
Massachusetts, United 
States

9718

Alexa Fluor™ 
647

Thermo Fisher Scientific, 
Waltham, MA, USA

A-21245

CD127 (IL7R 
α)

BV421 BD Biosciences, San José, 
CA

566377

CD90 PerCP BD Biosciences, San José, 
CA

557266

FLK (CD135) PE Biolegend, San Diego, CA 135306
CD34 PE Biolegend, San Diego, CA 119307
SPOCK2 Novus Biologicals, 

Centennial, CO
NBP1–92442

PE = Phycoerythrin; FITC = Fluorescein Isothiocyanate; BV=Brilliant Violet; 
APC = Allophycocyanin; Cy = Cyanine; PB=Pacific Blue, PerCP = Peridinin- 
Chlorophyll-Protein, Phycoerythrin-Cy7 = PE-Cy7.

Table 2 
Primers used in the study.

Primer Sequence

Bglap (osteocalcin) fwd 5́-CCGGGAGCAGTGTGAGCTTA-3′
Bglap (osteocalcin) rev 5′- TAGATGCGTTTGTAGGCGGTC-3′
Tnfsf11 (TNF Superfamily Member 11; 

RANKL) fwd
5′- CACAGCGCTTCTCAGGAGCTC-3́

Tnfsf11 (TNF Superfamily Member 11; 
RANKL) rev

5′- GAGATCTTGGCCCAGCCTCGA-3́

Tnfrsf11b (osteoprotegerin) fwd 5′- AGGTTTAAACTCTCAAAGCTCCTG- 
3́

Tnfrsf11b (osteoprotegerin) rev 5′- GCCAGGAGCACATTTGTCAC-3́
Adipoq (adiponectin) fwd 5′- GGGAACTTGTGCAGGTTGGAT-3́
Adipoq (adiponectin) rev 5′- 

CTTAGGACCAAGAAGACCTGCATC-3́
Plin5 (perilipin 5) fwd 5′- CCAGGAACAGCATCAGTGTG-3́
Plin5 (perilipin 5) rev 5′- CTGCTGTCTCTTTGGCCATC-3́
Pparg (PPAR gamma) fwd 5′ -GGGGATGTCTCACAATGCCA-3́
Pparg (PPAR gamma) rev 5′ -ATCTCCGCCAACAGCTTCTC-3́
Pdk1 (pyruvate dehydrogenase kinase 1) 

fwd
5′ -CCACTGAGGAAGATCGACAGAC-3́

Pdk1 (pyruvate dehydrogenase kinase 1) 
rev

5′ -AGAGGCGTGATATGGGCAATCC-3́

Tnf (tumor necrosis factor) fwd 5′ -GATCGGTCCCCAAAGGGATG-3́
Tnf (tumor necrosis factor) rev 5′ -GGCTACAGGCTTCTCACTCG-3́
Gapdh (glyceraldehyde-3-phosphate 

dehydrogenase) fwd
5′ -AGGTCGGTGTGAACGGATTTG-3́

Gapdh (glyceraldehyde-3-phosphate 
dehydrogenase) rev

5′ -GGGGTCGTTGATGGCAACA-3́

fwd = forward; rev = reverse.
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quantified using ImageJ.

2.8. Adipocyte and osteoblastic differentiation of MSC

For the differentiation assays MSC were plated in a 48-well plate (104 

cells per well). Osteoblastic differentiation was initiated, when the cells 
reached a confluence of 60 %, while adipogenic differentiation was 
initiated at a confluence of approximately 90 %. MSC were differenti
ated into osteoblastic cells for approximately 10 days using osteogenic 
medium (α- MEM containing 20 % fetal bovine serum (FBS), 1 % peni
cillin/streptomycin and 1 % L-glutamine supplemented with 50 μg/mL 
ascorbic acid (Cat. no. A5960, Sigma-Aldrich, Darmstadt, Germany), 10 
mM β-glycerophosphate (Cat. no. G9422, Sigma-Aldrich, Darmstadt, 
Germany) and 10 mM dexamethasone (Cat. no. 50022, Merck, Darm
stadt, Germany). To test osteoblastic differentiation, cells were stained 
with alizarin red S (Cat. No. TMS-008, Sigma-Aldrich, Darmstadt, Ger
many) solution after 10–14 days of culture. Briefly, cells were fixed 
using 4 % paraformaldehyde (Cat. No. CAS30525–89-4, Santa Cruz 
Biotechnology, Dallas, Texas, United States), and subsequently washed 
and stained with alizarin red S stain. The cells were thoroughly washed 
with water before pictures were acquired.

Adipogenic differentiation was performed using commercially 
available differentiation and maintenance medium (Cat. no. PT3102A, 
PT3102B, Lonza, Cologne, Germany).

Staining of adipocytes was performed using Oil Red O dye (Cat. No. 
1.02419, Sigma-Aldrich, Darmstadt, Germany). Briefly, cells were fixed 
using 4 % paraformaldehyde (Cat. No. CAS30525–89-4, Santa Cruz 
Biotechnology, Dallas, Texas, United States) and subsequently washed 
and stained with Oil Red O. The cells were thoroughly washed with 
water before pictures were acquired.

2.9. Colony forming units – fibroblast (CFU-F)

CFU-F assays were performed by seeding 103 MSC in a 6 cm dish. 
MSC culture medium was used for maintenance and was changed every 
5 days. Two weeks after seeding the colonies were enumerated following 
staining with crystal violet dye (Cat. no. V5265, Sigma-Aldrich, Darm
stadt, Germany).

Crystal violet staining was performed after fixing the cells with 
paraformaldehyde. The cells were washed twice with PBS, before the 
crystal violet stain (Cat. No. HT901 – 8FOZ, Sigma-Aldrich, Darmstadt, 
Germany) was added. The slides were stained for 20 min at room tem
perature. Subsequently, the slides were washed twice with PBS, the 
plates were dried and the colonies were counted.

2.10. Colony-forming unit (CFU) assays for hematopoietic cells

Colony forming unit assays for hematopoietic cells were performed 
in methylcellulose (MethoCult™ GF M3434, STEMCELL Technologies, 
Vancouver, Canada) following the manufacturer's instructions. Briefly, 
cells were collected from the total bone marrow of WT or SPOCK2 KO 
mice. The cells were ACK (ammonium-chloride‑potassium) lysed (Cat. 
No. A1049201, Thermo Fisher Scientific, Waltham, MA, United States) 
and enumerated. We plated 104 cells per plate in duplicate, and colonies 
were counted 7 days after plating.

2.11. Colony forming unit – osteoblasts (CFU-Ob) and alkaline 
phosphatase (ALP) staining

Bone marrow was flushed, and total bone marrow cells were resus
pended in complete α-MEM medium at a final density of 106 cells/mL. A 
total of 2 mL of the cell suspension was plated into each well of a 6-well 
culture plate. To induce osteoblast colony formation, mineralization 
medium containing 50 μg/mL L-ascorbic acid (AA) and 10 mM β-glyc
erophosphate (β-GP) was added. Working concentrations were prepared 
fresh for each medium change by diluting the stocks into complete 

α-MEM, followed by sterile filtration. The culture medium was replaced 
three times per week for two weeks. After the induction period, cells 
were fixed and stained for alkaline phosphatase (ALP) activity. Colonies 
with a diameter >2 mm were counted and recorded as CFU-Ob.

Cells were fixed using 3.7 % paraformaldehyde (PFA) for 20–30 min 
at room temperature. Following fixation, cells were washed with 
phosphate-buffered saline (PBS) prior to staining. The ALP staining so
lution was prepared as follows: 5 mg of naphtol AS-MX phosphate 
(Sigma, N-4875, St Louis, MO) was first dissolved in 0.25 mL of N,N- 
dimethylformamide. To this, 50 mL of 0.1 M Tris buffer (pH 8.5) was 
added, followed by the addition of 30 mg of Fast Blue BB salt (Sigma, F- 
0250, St Louis, MO). ALP stain was then added for 45 min at room 
temperature in the dark. Cells were subsequently washed three times 
with PBS, and colonies were then quantified.

2.12. Enzyme-linked immunosorbent assay (ELISA)

The samples for ELISA were collected by flushing the femora of WT 
or SPOCK2 KO mice using PBS (300 μl). This was followed by centri
fugation at 1200 rpm. The supernatant was collected and stored at 
− 80 ◦C until the assay was performed. ELISA for C-telopeptide of type I 
collagen (CTX–I, Cat. no.: MBS703094, Mybiosource.inc. Vancouver, 
Canada) and procollagen I N-terminal propeptide (PINP, Cat. no. 
MBS2500076, Mybiosource.inc. Vancouver, Canada) were performed 
following the manufacturer's instructions.

2.13. Seahorse metabolic flux analysis

The cellular oxygen consumption rate (OCR) and the extracellular 
acidification rate (ECAR) were analyzed using a Seahorse XFe96 extra
cellular flux analyzer (Agilent, Santa Clara, USA). WT and SPOCK KO 
MSC (10,000 cells/ well) were plated on a Seahorse 96-well cell culture 
plate two days prior to measurement and equilibrated for 45 min before 
measurement in MSC medium. Data were analyzed using Wave desktop, 
Microsoft Excel, and Graph Pad Prism.

2.14. Microcomputed tomography (microCT)

Assessment of bone morphology and microarchitecture of SPOCK2 
KO and C57/BL6 mice was performed using micro-computed tomogra
phy (μCT40, Scanco Medical, Brüttisellen, Switzerland). Briefly, the 
right femora were isolated, freed of muscle and soft tissue and scanned 
(10μm3 voxel size, 70 kVp peak potential, 113 μA current, and 200 msec 
integration time) to assess both trabecular and cortical bone micro
architecture. Trabecular bone was analyzed in a 1.5 mm long region of 
the distal metaphysis, segmented with a threshold of 400 mgHA/cm3, 
beginning 200 μm above the growth plate and extending proximally. 
The analysis was performed in the Scanco Evaluation program to mea
sure trabecular bone volume fraction (Tb.BV/TV, %), bone mineral 
density (Tb.BMD, mgHA/cm3), trabecular thickness (Tb.Th, μm), 
trabecular number (Tb.N, mm− 1), trabecular separation (Tb.Sp, μm) and 
connectivity density (Conn.D, mm− 3). The cortical region was assessed 
in a 0.5 mm long region of the mid-diaphysis of the femur, with out
comes including cortical thickness (Ct.Th, μm), cortical tissue mineral 
density (Ct.TMD, mgHA/cm3), bone area fraction (bone area (Ct.Ar)/ 
total area (Tt.Ar, %)) and polar moment of inertia (pMOI, mm4).

2.15. Histological analysis

2.15.1. H&E staining
Femora were collected from mice after sacrifice and fixed in 10 % 

formalin at room temperature. Decalcification of bone was performed by 
placing the bones in 0.5 M EDTA solution at 37 degrees. After decalci
fication for 3 weeks the bones were mounted in paraffin and sectioned. 
Immunohistochemistry or H&E staining of bone sections from mice was 
performed following standard procedures.
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2.16. CellTiter-Glo® assay for ATP measurement

The CellTiter-Glo® 2.0 Reagent (Promega: G9241, Madison, WI) was 
used for the comparison of ATP production by WT versus SPOCK2 KO 
MSC. The MSC were seeded into opaque-walled, white multi-well plates 
at optimized densities in complete culture medium. Ten thousand cells 
were cultured (96 well plate) under standard culture conditions (37 ◦C, 
5 % CO₂) in complete MEM-α medium. For background controls, wells 
containing medium without cells were prepared. Twenty-four hours 
later the cells were used for ATP measurement. CellTiter-Glo® 2.0 re
agent was equilibrated to room temperature for approximately 30 min. 
An equal volume of CellTiter-Glo® 2.0 reagent was added to each well 
(e.g., 100 μL reagent to 100 μL medium in a 96-well plate). The plate was 
then shaken on an orbital shaker for 2 min to induce cell lysis. Following 
mixing, the plate was incubated at room temperature to allow lumi
nescent signal stabilization, according to the manufacturer's in
structions. Luminescence was measured using a compatible microplate 
luminometer. Background signal from control wells (medium only) was 
subtracted from experimental readings.

2.17. Immunoblotting

RIPA buffer (50 mM Tris HCl pH 7.4, 150 mM NaCl, 1 % Triton X- 
100, 1 % Na DOC, 0.1 % SDS, 1 mM EDTA) was used to lyse primary 
samples or cultured cells. It was freshy supplemented with protease and 
phosphatase inhibitor cocktails (Cat. No. 04693159001, Sigma-Aldrich, 
Darmstadt, Germany). The lysates were kept on ice for 20 min followed 
by centrifugation (4 ◦C for 20 min at 14000 rpm). The Bradford protein 
assay (Bio-Rad, Hercules, CA, USA) was used to quantify the proteins. 
Quantified protein was denatured using 4× Laemmli buffer, supple
mented with β-mercaptoethanol, and denatured at 95 ◦C for 5 min. The 
samples were then run on 4–12 % Bis-Tris polyacrylamide gels (Cat. No. 
NP0321BOX, ThermoFisher Scientific, Darmstadt, Germany). The pro
teins were blotted on PVDF membranes (Cat. No. 88518, ThermoFisher 
Scientific, Darmstadt, Germany), and overnight staining with the 
respective antibodies (1:500 dilution) at 4 ◦C was then performed. On 
the following day the secondary antibody was added for 2 h at room 
temperature and the blots were subsequently developed.

2.18. Statistics

GraphPad (Prism 8.0 and higher) was used for all statistical analyses. 
For every experiment, there were three to eight distinct biological rep
licates. In case of normal distribution, a two-tailed t-test was used, when 
the means of two groups were being compared. When multiple hy
potheses were tested, one-way or two-way ANOVA and Tukey or Sidak 
tests (the latter for multiple comparisons) were used as post-hoc tests. P 
values <0.05 were regarded as significant. The data were shown as 
mean ± s.d.

3. Results

3.1. Generation of SPOCK2 KO mice

Initially, we tested expression of SPOCK2 protein in different murine 
tissues. Western blot analysis confirmed the variability in expression of 
SPOCK2 in different tissues, with higher expression of SPOCK2 being 
found in spleen, liver and bone marrow (Fig. 1A). As these three tissues 
in the murine system are involved in (extramedullary) hematopoiesis, 
we investigated the role of SPOCK2 in hematopoiesis and skeletal ho
meostasis. To test this, we generated SPOCK2 knockout (KO) mice by 
CRISPR-CAS in a C57BL/6NTac background (Fig. 1B, Supplementary 
figs. 1A-C). The mice were bred as both heterozygous x heterozygous 
(HETxHET) and homozygous x homozygous (HOMxHOM), but only 
homozygous KO mice were used in our experiments. The loss of SPOCK2 
in mesenchymal stromal cells (MSC) (Fig. 1C), an important population 

of the BMM, and lineage-negative (Lin-) (CD5− (T cells), B220− (B cells), 
Gr-1− (myeloid cells), F4/80 (macrophages), Ter119− (erythroid cells)) 
hematopoietic cells (Fig. 1D) in wildtype (WT) versus SPOCK2 KO mice 
was confirmed using Western blotting. In WT mice, SPOCK2 is expressed 
in Lin- cells and MSC, but not in adipocytes, differentiated from MSC 
(Fig. 1E). Taken together, SPOCK2 expression is highest in hematopoi
etic tissues, and SPOCK2 KO mice, which are viable and fertile, were 
successfully generated.

3.2. SPOCK2 deficiency leads to differences in bone density and 
mineralization

To test, if the loss of SPOCK2 leads to alterations in bone architecture 
and mineralization, we performed a microCT analysis of femora from 10 
to 14 week-old female WT vs SPOCK2 KO mice (Fig. 2A). This revealed a 
significant decrease in trabecular bone volume over total tissue volume 
(BV/TV %) (P = 0.0007; Figs. 2B), trabecular bone mineral density 
(BMD) (Tb. BMD) (P = 0.0035; Fig. 2C), trabecular thickness (Tb. Th (P 
= 0.0378; Fig. 2D), and connectivity density (ConnD (P = 0.0405); 
Fig. 2E) in bones from SPOCK2 KO compared to WT mice. Other pa
rameters such as trabecular number (Tb.N) (Fig. 2F) or trabecular sep
aration (Tb.Sp) (Fig. 2G) showed no differences between SPOCK2 KO 
and WT bones. The cortical area, as assessed by analysis of the femur 
midshaft, showed a significant increase in total mineral density (Ct. 
TMD) in SPOCK2 KO compared to WT bones (P = 0.0015; Figs. 2H-I). 
Cortical area (Ct.Ar) (Fig. 2J), medullary (or marrow) area (Ma.Ar) 
(Fig. 2K), cortical porosity (Fig. 2L) or cortical bone area fraction (CtAr/ 
TtAr) (Fig. 2M) did not differ between SPOCK2 KO and WT bones. Taken 
together, these results suggest that, in female mice, SPOCK2 exerts 
opposite effects in the two bone compartments. In the absence of 
SPOCK2 there is trabecular bone loss which is associated with an in
crease in cortical mineral density.

3.3. Osteoclast number and bone resorption is increased in trabecular 
bone of SPOCK2 KO mice

To investigate the cellular mechanisms driving trabecular bone loss, 
we analyzed osteoclast number and activity in the bone marrow, by 
performing tartrate-resistant acid phosphatase (TRAP) staining of bone 
sections and found a significant increase in the number of TRAP+ cells in 
bones isolated from SPOCK2 KO compared to WT mice (P < 0.0001; 
Figs. 3A-B). In addition, the ratio of the number of TRAP+ osteoclasts to 
the bone surface (P = 0.0064; Fig. 3C) and the ratio of the osteoclast 
surface to bone surface (P = 0.0138; Fig. 3D) were significantly higher in 
SPOCK2 KO mice. In enzyme-linked immunosorbent assays to detect the 
amount of C-terminal telopeptide of type I collagen (CTX) (to test bone 
resorption) and procollagen type I N-propeptide (P1NP) (to test bone 
formation) in the bone marrow supernatant of bones from WT or 
SPOCK2 KO mice we found, that, compared to WT mice, there was a 
significant increase in the amount of CTX-1 in the BM of female (P =
0.0182; Fig. 3E), but not male (Supplementary fig. 2 A) SPOCK2 KO 
mice. No differences were observed in the serum level of CTX-1 (Sup
plementary fig. 2B). Similarly, the ratio of RANKL/OPG (receptor acti
vator of NF-κB ligand / osteoprotegerin) was unchanged in the mRNA 
from flushed SPOCK2 KO bones, compared to WT (Fig. 3F). Assessing 
osteoblasts, we found that expression of Bglap (bone γ-carboxyglutamate 
protein; osteocalcin) was increased in mRNA isolated from flushed and 
crushed bones of SPOCK2 KO mice (Fig. 3G, Table 2), but P1NP did not 
show any differences (Supplementary fig. 2C). Taken together, these 
data suggest that in the absence of SPOCK2 expression there is a sig
nificant decrease in trabecular bone and bone density, likely driven by 
increased bone resorption in female mice, as suggested by the increase in 
osteoclasts in SPOCK2-deficient bones. In contrast, the cortical 
compartment is slightly increased, as demonstrated by a significant in
crease in cortical mineral density, which is also associated with an in
crease in osteocalcin mRNA expression.
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3.4. Mesenchymal stromal cells from SPOCK2 KO mice show altered 
morphology and differentiation capacity

MSC are important constituents of the BMM, as they differentiate 

into chondrocytes, adipocytes and osteoblasts [27]. As MSC are known 
to control hematopoietic stem and progenitor cells (HSPC) [2], we 
investigated whether these cells were affected by the absence of 
SPOCK2. Indeed, MSC were significantly decreased in SPOCK2 KO 

Fig. 2. A) Representative images of longitudinal sections with their respective magnified (3x) images as insets of femoral bones from WT versus SPOCK2 KO mice, as 
visualized by μCT analysis. B-G) Percentage of trabecular bone volume of total bone volume (BV/TV (bone volume/total volume) in percent (B) (P = 0.0007, t-test, n 
= 5), trabecular bone mineral density/cm3 (C) (BMD) (Tb.BMD) (P = 0.0035, t-test, n = 5), trabecular thickness in mm (D) (Tb.Th (P = 0.0378, t-test, n = 5), 
connectivity density/mm3 (E) (ConnD (P = 0.0405, t-test, n = 5), trabecular bone number (TbN) per mm (n = 5) (F), trabecular bone separation (G) (Tb.Sp) (n = 5), 
quantified by μCT in bones from WT or SPOCK2 KO mice. H) Representative images (cross section) of femoral bones of WT versus SPOCK2 KO mice, as visualized by 
μCT analysis. I-M) Cortical bone mineral density (I) (Ct.Total mineral density/cm3 (TMD) P = 0.0015, t-test, n = 5), cortical area (Ct.Ar/mm2) (J), medullary area 
(Ma.Ar/mm2) (K), cortical porosity in percent (L), and the ratio of the cortical area of the total area in percent (Ct.Ar/Tt.Ar) (M) in bones from WT versus SPOCK2 KO 
mice, as visualized by μCT analysis (n = 5).
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compared to WT mice (P = 0.0354, Fig. 4A). Furthermore, colony- 
forming fibroblast (CFU-F) ability of SPOCK2 KO MSC was signifi
cantly reduced compared to WT MSC from female and male mice (P =
0.0388, Figs. 4B-C, Supplementary fig. 3 A). Additionally, the 
morphology and size of MSC derived from female and male SPOCK2 KO 
mice differed significantly from WT MSC, as SPOCK2 KO MSC were 
significantly smaller (P < 0.0001, Figs. 4D-E, Supplementary figs. 
3B–C). Testing the differentiation ability of MSC, we observed that MSC 
derived from SPOCK2 KO mice had reduced propensity to differentiate 
into adipocytes (P = 0.0144, Figs. 4F-G), as demonstrated by a reduced 
number of oil-red positive adipocytes and reduced expression of the 
adipocyte-associates genes Adipoq (adiponectin) (P = 0.0097, Fig. 4H) 
and Plin5 (perilipin) (P = 0.0194, Figs. 4I) in MSC differentiated into 
adipocytes from SPOCK2 KO compared to WT mice. Pparg (Peroxisome 
Proliferator Activated Receptor Gamma; PPAR γ) expression was 
reduced, although this did not reach significance (P = 0.0698, Fig. 4J). 
H&E staining of bone sections also revealed a reduction in the overall 
number of adipocytes (P = 0.0143, Figs. 4K-L), but no difference was 
found in the inguinal or perirenal fat mass between WT and SPOCK2 KO 
mice (Supplementary figs. 3D-E). Expression of Adipoq, Plin5 and Pparg 
also did not differ in inguinal or perirenal fat tissue in WT or SPOCK2 KO 
mice (Supplementary figs. 3F–K).

MSC from SPOCK2 KO mice demonstrated higher osteogenic differ
entiation than their WT counterparts, as shown by increased colony- 
forming units osteoblasts (CFU-Ob) (P = 0.0341, Figs. 4M-N) and 
increased alizarin red staining (P < 0.0001, Figs. 4O-P).

Consistently, gene expression analysis of MSC from SPOCK2 KO 
versus WT mice revealed significant alterations in pathways associated 
with stemness, inflammation and cell migration (Fig. 4Q, Supplemen
tary fig. 4 A). Reactive oxygen species, DNA damage and metabolic 
activity (extracellular acidification rate (ECAR), oxygen consumption 
rate (OCR), ATP-coupled respiration, maximal respiration and levels of 
ATP in MSC from SPOCK2 KO versus WT mice did not differ significantly 
(Supplementary figs. 4B–H). In summary, in mice lacking SPOCK2 MSC 
are decreased in number, and they demonstrate altered differentiation 
capacity and an inflammatory genetic signature. Importantly, in the 
absence of SPOCK2, the osteogenic differentiation of MSC is increased, 
whereas adipogenic differentiation is reduced. The increase in CFU-Ob 
present in SPOCK2 KO mice can partially explain the increased 
cortical bone mineral density (Fig. 2I) and the increased osteocalcin 
gene expression (Fig. 3G) present in these mice.
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3.5. SPOCK2 KO mice differ from WT mice with regards to hematopoietic 
stem and progenitor cells

To examine any alterations in the hematopoietic compartment, we 
performed a hematological analysis of peripheral blood, bone marrow 
and spleen from SPOCK2 KO versus WT mice. While no differences were 
observed in peripheral blood with regards to white blood cells (WBC), 
red blood cells (RBC) and hemoglobin (Figs. 5A-C), a significant 
reduction in the number of platelets was observed in SPOCK2 KO mice 
(P = 0.0245, Fig. 5D), although we found an increase of megakaryocytes 
in the femora of SPOCK2 KO mice (P = 0.0006, Figs. 4K, 5E). Levels of 
thrombopoietin, however, were similar in WT versus SPOCK2 KO mice 
(Supplementary fig. 5A). Myeloid cells (CD11b+), T cells (CD5+), B cells 
(B220+) and erythroid precursors (Ter119+) in peripheral blood, bone 
marrow and spleen did not differ between WT and SPOCK2 KO mice 
(Supplementary figs. 5B–D). As the ECM and specifically SPARC have 
been associated with alterations of B cell number [28,29], we tested B 
cell subsets, but these did not differ between both cohorts (Supple
mentary fig. 5E). Additionally, no differences were found between 
common myeloid progenitors (CMP), granulocyte monocyte progenitors 
(GMP), megakaryocyte- erythrocyte progenitors (MEP) and multipotent 
progenitors (MPP) in bone marrow or spleen of SPOCK2 KO compared to 
WT mice (Supplementary figs. 5F-G). Common lymphoid progenitors 
(CLP) were significantly increased in the BM, but not the spleen of 
SPOCK2 KO compared to WT mice (P = 0.0387, Supplementary figs. 
5H–I). We found trends towards a reduction of myeloid-biased MPP2 
(Fig. 5F) and CD41+ cells (myeloid-biased long-term HSC) (Fig. 5G). 
Additionally, a significant increase of the number (normalized) (P =
0.0262, Fig. 5H) and a strong trend towards an increase in the per
centage of LKS per femur (normalized) (P = 0.056, Fig. 5I) were 
observed for Lin− c-Kit+ Sca1+ (LKS) cells in the bone marrow of 
SPOCK2 KO compared to WT mice. The number of LKS cells in the spleen 
did not differ (Supplementary fig. 5J). A colony-forming unit (CFU) 
assay revealed an increase in colony-forming ability of total bone 
marrow (hematopoetic) cells derived from SPOCK2 KO mice (Figs. 5J- 
K). We next performed differential gene expression analysis to compare 
the gene expression profiles of LKS cells derived from WT or SPOCK2 KO 
bone marrow. We identified 29 significantly differentially expressed 
genes, amongst which we identified genes associated with inflamma
tion, chemotaxis, differentiation and migration (Fig. 6A). Gene set 
enrichment analysis of differential gene expression results also sug
gested a downregulation of targets/genes associated with inflammation 
and TNF signaling pathways (Figs. 6B-C, Supplementary fig. 6A) and 
upregulation of genes involved in interferon signaling, lymphocyte and 
B cell activation pathways (Figs. 6D-F) in LKS cells from SPOCK2 KO 
compared to WT mice. Taken together, LKS cells may be increased in the 

bone marrow of SPOCK2 KO mice, possibly due to increased interferon 
signaling, and may reveal a gene signature associated with altered 
inflammation and chemotactic activity. The increase in lymphocyte 
activation pathways may underlie the increase in CLP in the bone 
marrow.

4. Discussion

MSC represent an important population of the BMM, influencing HSC 
maintenance and function [2,30–32], as well as controlling skeletal 
homeostasis by differentiating into osteoblasts and other cells. However, 
the question of how MSC themselves are regulated has not been suffi
ciently addressed. Different components of the ECM like fibronectin, 
collagen, hyaluronan and others are known to interact with membrane 
receptors of MSC, determining their differentiation and function [33].

In the current manuscript, we have identified SPOCK2 as a regulator 
of MSC number, phenotype and function. Our data suggest that loss of 
SPOCK2 alters MSC phenotype, lineage commitment, as well as colony- 
forming ability. Loss of SPOCK2 favors osteogenic differentiation of MSC 
while reducing the number of adipogenic progenitors, as shown by 
significant changes in CFU-Ob, increased osteocalcin expression, 
reduced adipocytic differentiation of SPOCK2 KO MSC and reduced 
adipocytes in the bone marrow of SPOCK2 KO mice. Interestingly, the 
increase in osteoprogenitors is associated with an increase in cortical 
mineral density and a decrease in trabecular bone volume, suggesting 
that the different skeletal compartments are differentially regulated by 
SPOCK2. Indeed, the increase in CFU-Ob is linked with an increase in 
osteocalcin mRNA expression, partially explaining the increased cortical 
density. On the other hand, SPOCK2 mice also develop trabecular bone 
loss driven by increased osteoclast number and activity. Further studies 
will be needed to delineate the molecular mechanisms involved.

Other studies have suggested that in vitro maintenance [34] or dif
ferentiation of MSC into different lineages is dependent on the presence 
of the ECM [35,36]. For example, interaction of integrins (α2β1 and 
α11β1) on human MSC with collagen I promotes MSC survival, as well as 
osteogenic differentiation [37]. Similarly, activation of integrin α5 
signaling led to activation of the focal adhesion kinase (FAK)-ERK1/2- 
dependent pathway and osteogenic differentiation of human BM MSC 
[38]. Furthermore, our nanostring data reveal significant alterations in 
expression of genes involved in stemness and inflammation in SPOCK2 
KO versus WT MSC.

Our microCT analysis of bone revealed that deficiency of SPOCK2 
has a profound effect on trabecular bone, with decreased trabecular 
bone mineral density and thickness, whereas cortical bone is not 
affected. This effect may be attributed to differential localization of 
SPOCK2 or SPOCK2-generating MSC, osteoblastic cells or osteoclasts in 

Fig. 4. A) Percentage of MSC (PDGFRα+, Sca1+, CD45− , Ter119− ) of all cells in the bone marrow of WT versus SPOCK2 KO mice (P = 0.0354, t-test, n = 7–8). B–C) 
Representative image of colony forming units - fibroblast (CFU-F) (B) and number of colonies (normalized to WT mice) using WT versus SPOCK2 KO MSC (P =
0.0388, t-test, n = 4). The assay was performed by culturing 103 MSC (WT vs SPOCK2 KO) in a 3 cm dish for two weeks in complete MSC medium, leading to the 
formation of fibroblastic colonies by MSC. D-E) Representative image (D) and average size in μm2 (E) of MSC from WT versus SPOCK2 KO MSC (P < 0.0001, t-test). 
For quantification, four biological replicates of MSC were used per group and multiple [3–6] images per replicate (technical replicates) were included in the analysis. 
Each dot represents the average area of the cells in each image (technical replicate). F-G) Representative images (F) and quantification (G) of oil O red-positive 
staining performed on adipocytes differentiated from WT versus SPOCK2 KO MSC (P = 0.0144, t-test). For quantification, three biological replicates were used 
per group and multiple [3–7] images per mouse (technical replicates) were included in the analysis. Each dot represents the average percentage of positively stained 
colonies of adipocytes in each image (technical replicates) of all colonies. H-J) Gene expression of Adipoq (H) (P = 0.0097, t-test, n = 5), Plin5 (I) (P = 0.0194, t-test, 
n = 5) and Pparg (J) (P = 0.0698, t-test, n = 5) in WT or SPOCK2 KO MSC, which had been differentiated into adipocytes. Gene expression, as measured by qPCR, was 
normalized to Gapdh (Glyceraldehyde 3-phosphate dehydrogenase). K-L) Representative images (K), and number of adipocytes (L) (P = 0.0143, t-test, n = 5–6) 
visualized in the field of view of hematoxylin and eosin (H&E) stained sections of bones of WT versus SPOCK2 KO mice. M-N) Representative images of colony 
forming unit- osteoblast (CFU-Ob) (M) and number of colonies (N) (normalized to total crystal violet+ colonies) (P = 0.0341, t-test, n = 4). O–P) Representative 
images of alizarin red staining (O) and its quantification (P) performed on osteoblastic cells differentiated from WT versus SPOCK2 KO MSC (P < 0.0001, t-test). For 
quantification of differentiation, three biological replicates were used per group and multiple [3–7] images per mouse (technical replicates) were included in the 
analysis. Each dot represents the average percentage of positively stained osteoblastic cells in each image (technical replicates) of all colonies. Q) Volcano plot 
displaying the differences in fold change (log2FC) of mRNA expression between WT and SPOCK2 KO bone marrow-derived MSC. The x-axis shows differences in 
log2FC, and the y-axis indicates the -log10 p-value. The dashed lines represent the thresholds for differential gene expression (horizontal for probability of differential 
expression p < 0.05; vertical for absolute logarithmic fold change >0.5). DE = Differentially expressed; Not-DE = Non-significantly differentially expressed. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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trabecular versus cortical SPOCK2 KO bone. Differential contributions of 
trabecular versus cortical bone to bone physiology, particularly in fe
male versus male mice, may, therefore, nullify overall parameters of 
bone turnover, such as the RANKL/OPG ratio or may be due to differ
ences between measured RNA versus protein levels. Regardless, the 
bone loss in female SPOCK2 KO mice is likely driven by increased bone 
resorption which is associated with a significant decrease in MSC 
number. The lack of an increase of the RANKL/OPG ratio in SPOCK2 KO 
mice may suggest that other contributors to osteoclastogenesis such as 
tumor necrosis factor (TNF)α [39,40] and/or interleukin-1β [41] may, 
respectively, be at stake.

Our observations that MSC progenitor cell function was reduced in 
SPOCK2 KO mice, but that these cells displayed increased osteogenic 

ability, was unexpected. But MSC-intrinsic alterations leading to 
reduced CFU-F formation by SPOCK2-deficient MSC or an altered 
composition of the ECM may explain the aberrant phenotype. In fact, the 
ECM is beginning to be recognized as a vital component of the BMM, 
regulating bone formation, as well as the function of hematopoietic 
cells, for example via the release of growth factors stored in the ECM, in 
physiological conditions, but also in the hematological malignancies 
[42]. Although collagen type I is a major contributor to the minerali
zation of bone and bone turnover, non-collagenous proteins also play a 
vital role in bone physiology [43]. For instance, absence of circulating 
fibronectin led to a reduced matrix-to-mineral ratio and altered 
biomechanical properties of bone in the murine system [44]. Addi
tionally, loss of osteonectin, another SPARC family member, led to a 
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n = 10). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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bone phenotype similar to that in SPOCK2 KO mice, namely osteopenia 
and shortened femora [45]. Deficiency of tenascin-X (TNX), another 
glycoprotein of the ECM, was also associated with reduced bone density 
and increased osteoclast activity [46]. In hematopoiesis, laminins, for 
example, have been shown to regulate the homing and cycling ability of 
hematopoietic stem and progenitor cells, and, thereby, the reconstitu
tion of bone marrow post irradiation [47]. Similarly, laminin can 
regulate the adhesion and migration of hematopoietic progenitor cells 
[48], and fibronectin also plays a role in hematopoiesis via its binding to 
several receptors [49]. SPARC, a member of the same superfamily to 
which also SPOCK2 belongs, plays a role in HSC maintenance post 5- 
fluorouracil-induced stress by regulating niche function [50]. While 
SPARC has been shown to be dispensable for HSC number and murine 
hematopoiesis [51], our data, in contrast, suggest a regulation of HSC 
number by SPOCK2 with an increase in the number of LKS cells in bone 
marrow. However, the increase in megakaryocytes in the bone marrow 
of SPOCK2 KO mice remains unclear.

We also observed an alteration of the colony-forming ability of 
SPOCK2 KO hematopoietic cells, as well as an increase in the number of 
common lymphoid progenitors suggesting that lack of another ECM 
protein, SPOCK2, may lead to altered differentiation capacity of HSC. 
However, these differences may lie in the SPOCK2-deficient HSPC, the 
BMM or both, but HSC function would need to be addressed in trans
plantation assays for a definitive answer.

5. Conclusion

Taken together our data suggest that deficiency of SPOCK2 leads to 
differences in the bone phenotype, MSC physiology, as well as HSC 
number, inflammation and possible lymphocyte activation. However, 
the lack of mechanistic details underlying the bone and hematological 
phenotypes, the discrepancy of some of our bone-associated findings 
between female and male mice, the possible compensation by other 
SPOCK molecules to the observed findings, and the lack of verification of 
our findings with MSC- or HSC-specific KO of Spock2 limit our study and 
will need to addressed in further studies.
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Glossary

Bone marrow microenvironment (BMM): The complex network of cellular and acellular 
components inside the bone marrow that regulates normal and malignant hematopoiesis.: 
Hematopoiesis: The process by which the hematopoietic stem cells inside the bone marrow 
produce and replenish different cellular components of the blood.: 
Mesenchymal stromal cells (MSC): Vital components of the BMM, which can differentiate into 
adipocytes, chondrocytes and osteoblasts.: 
Extracellular matrix (ECM): A network of bioactive components, including proteins such as 
fibronectin or SPOCK2. This network is essential for the adhesion, migration and signaling be
tween cells.: 
Hematological phenotyping: The examination of different cell types in the peripheral blood, 
bone marrow and spleen. These blood cells include, amongst others, hematopoietic stem cells, 
multipotent progenitors, megakaryocytes, B cells, T cells, myeloid cells etc.: 
Colony formation: The property of hematopoietic stem cells (HSC) or MSC to produce viable 
colonies when cultured in methylcellulose with appropriate cytokine supplementation. This is a 
measure of the clonogenic potential of cells.: 
Microcomputed tomography: An imaging method that uses X-rays to reveal the architecture of 
bone. This method can also be used to quantify the bone volume and bone thickness.: 
Tartrate-Resistant Acid Phosphatase (TRAP) staining: A staining method to detect tartrate- 
resistant acid phosphatase-positive cells which represent bone-resorbing cells, osteoclasts.: 
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