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SUMMARY
Bonemarrowmesenchymal stem cells (MSCs) are critical regulators of postnatal bone homeostasis. Osteoporosis is characterized by bone

volume and strength deterioration, partly due to MSC dysfunction. Cyclin-dependent kinase 8 (CDK8) belongs to the transcription-

related CDK family. Here, CDK8 inMSCswas identified as important for bone homeostasis.CDK8 level was increased in agedMSCs along

with the association with aging-related signals. Mouse genetic studies revealed that CDK8 inMSCs plays a crucial role in bone resorption

and homeostasis. Mechanistically, CDK8 in MSCs extrinsically controls osteoclastogenesis through the signal transducer and transcrip-

tion 1 (STAT1)-receptor activator of the nuclear factor k B ligand (RANKL) axis. Moreover, aged MSCs have high osteoclastogenesis-sup-

porting activity, partly through a CDK8-dependent manner. Finally, pharmacological inhibition of CDK8 effectively repressed MSC-

dependent osteoclastogenesis and prevented ovariectomy-induced osteoclastic activation and bone loss. These findings highlight that

the CDK8-STAT1-RANKL axis in MSCs could play a crucial role in bone resorption and homeostasis.
INTRODUCTION

Osteoporosis leads to increased bone fragility and risk of

bone fractures, which are often associated with morbidity,

prolonged hospitalization, and increased public health

burden (Cauley, 2013; Manolagas and Parfitt, 2010; Rach-

ner et al., 2011). The incidence of osteoporosis has signifi-

cantly increased due to a dramatic increase in the aging

population worldwide (Curtis and Safford, 2012). Bone

integrity and bone remodeling are coordinately regulated

by two different types of cells—bone-forming osteoblasts

and bone-resorbing osteoclasts in the bone marrow micro-

environment (Harada and Rodan, 2003; Teitelbaum and

Ross, 2003). Osteoblasts and osteoclasts are finely coupled

to maintain proper bone mass, quality, and strength in

the young or healthy bone marrow microenvironment,

whereas their sophisticated regulation is imbalanced in

the old or osteoporotic marrow microenvironment, result-

ing in osteoporosis pathogenesis and increased susceptibil-

ity to fracture (Feng and McDonald, 2011; Karsenty et al.,

2009).

Bone marrow mesenchymal stem cells (MSCs), types of

tissue-specific stem cells, are plastic adherent and multipo-

tent cells that can be differentiated into osteoblasts, adipo-

cytes, and chondrocytes in vitro (Kfoury and Scadden,

2015). MSCs are critical regulators of postnatal bone ho-
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meostasis, because they function as an osteoblast reservoir

throughout the lifespan (Zhou et al., 2014). Aging gradu-

ally decreases the proliferation potential and function of

MSCs, resulting in decreased osteoblast generation and

leading to bone loss and reduced regenerative potential of

the bone over time (Ambrosi et al., 2017; Zhou et al.,

2008). MSCs from postmenopausal women with osteopo-

rosis had a weaker osteogenic potential (Dalle Carbonare

et al., 2009; Shen et al., 2020; You et al., 2016). In addition,

an increased commitment of MSCs to adipogenic lineages

by various factors, such as aging, menopause, and ovariec-

tomy, also contributes to decreased osteoblast generation

and bone loss (Ambrosi et al., 2017; Tokuzawa et al.,

2010; Yu et al., 2018).

Cyclin-dependent kinases (CDKs) are a family of 20

serine/threonine kinases, which are broadly divided into

two major subclasses: cell-cycle- and transcription-related

CDKs (Lim and Kaldis, 2013). CDK8 belongs to the tran-

scription-related CDKs, which comprise 5 subfamilies rep-

resented by CDK7, CDK8, CDK9, CDK12, and CDK13

and are involved in modulating transcriptional processes

(Malumbres, 2014). Although chemical CDK8/19 kinase

inhibitor has been reported to suppress osteoclastogenesis

and promote osteoblastogenesis (Amirhosseini et al.,

2019), the functional role and underlying mechanisms of

CDK8 expressed in MSCs on bone homeostasis under
uthor(s).
ns.org/licenses/by/4.0/).
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physiological and pathological conditions remain un-

known both in vitro and in vivo.

Here, we found that the CDK8 level was increased in aged

MSCs, osteoprogenitors, and osteoblasts. Mouse genetic

studies revealed that CDK8 played a crucial role in bone

resorption and homeostasis through its expression in

MSCs rather than in osteoprogenitors or osteoblasts. Subse-

quent analyses revealed that CDK8 in MSCs regulates non-

cell-autonomous osteoclastogenesis through signal trans-

ducers and transcription 1 (STAT1)-receptor activator of

nuclear factork-B (NF-kB) ligand(RANKL) axis. Furthermore,

CDK8 in MSCs contributed to the age-associated increase

in MSC-dependent non-cell-autonomous osteoclastogene-

sis. Finally, the pharmacological inhibition of CDK8 effec-

tively repressedMSC-dependent osteoclastogenesis without

affecting cell-autonomous osteoclastogenesis, preventing

ovariectomy-induced osteoclastic activation and bone loss.

Our findings demonstrated that the CDK8-STAT1-RANKL

axis in MSCs could play a crucial role in maintaining bone

resorption and homeostasis, indicating that targeting

MSCs through CDK8 inhibition could be a promising strat-

egy against various metabolic bone diseases associated

with abnormal osteoclastogenesis, including age-related

osteoporosis and postmenopausal osteoporosis.
RESULTS

Aging increases CDK8 expression level in MSCs

and their progeny

To investigate the CDK8 level in MSCs and their progeny

that contribute to skeletal homeostasis, a single-cell RNA

sequencing (scRNA-seq) dataset deposited on the Gene

Expression Omnibus (GEO) database was analyzed (Zhong

et al., 2020). Five clusterswere successfully identified:MSCs

(cluster 1; Prx1+, Lepr+) and their descendants (osteoblast

progenitors [cluster 2; Hey1+, Wif1+], osteoblasts [cluster

3; Sp7+, Col1a1+], osteocytes [cluster 4; Dmp1+, Bglap+]

and chondrocytes [cluster 5; Sox9+, Acan+]) after removing

hematopoietic, endothelial, adipogenic cells and pericytes

through t-distributed stochastic neighbor embedding

(t-SNE) cluster analysis (Figure 1A). CDK8 expression level

was significantly higher in aged MSCs, osteoprogenitors,

and osteoblasts obtained from 16-month-old mice than

that of young cells obtained from 1-, 1.5-, and 3-month-

old mice; however, their levels were comparable among

all age groups (1-, 1.5-, 3-, and 16-month-old mice) in oste-

ocytes and chondrocytes (Figure 1B). In transcription-

related CDKs, the expression levels of CDK12, CDK13,

and CDK19, the paralog of CDK8, were also significantly

higher in aged MSCs than in young MSCs, whereas the

CDK8 level was the highest among the transcription-

related CDKs in MSCs (Figures 1C and 1D). A scRNA-seq
data analysis also revealed that CDK8 expression level

was the highest in MSCs among 5 clusters (clusters 1–5)

(Figure 1E). We confirmed that the CDK8 protein level

was significantly higher inMSCs compared with that in os-

teoblasts and chondrocytes, along with significant higher

phosphorylation levels of STAT1Ser727 and STAT3Ser727,

known direct targets of CDK8 (Bancerek et al., 2013; Marti-

nez-Fabregas et al., 2020), in MSCs (Figure 1F). Moreover, a

gene set enrichment analysis (GSEA) revealed that cell ag-

ing/cellular senescence-related pathway signature genes

were significantly enriched in CDK8high MSCs, CDK8high

osteoprogenitors, and CDK8high osteoblasts (Figures 1G

and 1H). In addition, a significantly higher CDK8 expres-

sion level was confirmed in aged MSCs (PDGFRa+ Sca1+

cells) obtained from 2-year-old mice than in juvenile

MSCs obtained from 2-week-old mice in a publicly avail-

able bulk RNA-seq dataset (Helbling et al., 2019) (Figure 1I).

The CDK8 protein level was significantly higher in aged

MSCs obtained from 16-month-old mice than that in

young MSCs from 3-month-old mice (Figure 1J). Aged

MSCs increased in size, but the CDK8 protein level was

significantly increased in aged MSCs even though its level

was normalized by cell size (Figure 1K).

These analyses suggest that CDK8may have a possible as-

sociationwith skeletal aging through its expression inMSCs

and their progeny (osteoprogenitors and osteoblasts).

CDK8 deletion in MSCs decreases osteoclastic activity,

leading to high bone mass

To evaluate the importance of CDK8 in MSCs and their

progeny on skeletal homeostasis in vivo, MSC-specific,

osteoblast-specific, and osteoprogenitor-specific CDK8-

knockout mice were generated by crossing CDK8-floxed

mice with either Paired-related homeobox 1 (Prx1-Cre),

Collagen type 1 alpha 1 (Col1a1)-Cre or Osterix (Osx)-Cre

transgenic mice (Dacquin et al., 2002; Logan et al., 2002;

Menzl et al., 2019; Rodda and McMahon, 2006)

(Figures 2A and S1G). MSC-specific CDK8-knockout mice,

called Prx1-Cre;CDK8fl/flmice, showed no overt phenotypic

abnormalities, such as the physical appearance, body

weight, and naso-anal length (data not shown). A marked

Cre-mediated excision was confirmed in the long bone of

Prx1-Cre;CDK8fl/fl mice at the genomic DNA and mRNA

levels (Figure 2B). Prx1-Cre;CDK8fl/flmice displayed a signif-

icantly higher bone volume/tissue volume (BV/TV) and

trabecular thickness (Tb.Th) in the femur than that of the

control mice according to both micro-computed tomogra-

phy (mCT) and histological analyses (Figures 2C, 2D, and

S1A–S1C). Bone histomorphometric analyses revealed

that bone formation indices, osteoblast number (N.Ob/

T.Ar), and bone formation rate (BFR) were not more signif-

icantly changed in Prx1-Cre;CDK8fl/fl mice than that in the

control mice (Figures 2E and 2F). Conversely, osteoclast
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Figure 1. CDK8 expression level is increased in MSCs and their progeny with aging
(A) The t-SNE plot of color-coded clustering of 1-, 1.5-, 3-, and 16-month cells (top, n = 8,753 cells) and the violin plots of cell-specific
marker gene expression (bottom).
(B) CDK8 expression levels of each cluster by age (***p < 0.001).
(C) Expression levels of transcription-related CDKs at the indicated time points of MSCs (***p < 0.001).
(D) Expression levels of transcription-related CDKs expressed in 1-, 1.5-, 3-, and 16-month MSCs (***p < 0.001).
(E) CDK8 expression levels of 1-, 1.5-, 3-, and 16-month datasets among each cluster (***p < 0.001).
(F) Protein levels of CDK8, p-STAT1Ser727, STAT1, p-STAT3Ser727 and STAT3 in MSCs, OBs, and CHs. b-Actin served as a loading control (n = 3
independent replicates, *p < 0.05, **p < 0.01, ***p < 0.001).
(G and H) The enrichment plots for aging-related gene sets in MSCs, OBPs, and OBs.
(I) CDK8 expression levels in PaS MSCs compared with juvenile (2-week-old) and aged (2-year-old) mice (n = 4, *p < 0.05).
(J) Protein levels of CDK8 in aged MSCs. b-Actin served as a loading control (n = 4 independent replicates, **p < 0.01).
(K) Flow cytometric analysis of cell size in aged MSCs (n = 4 independent replicates, ***p < 0.001) and protein levels of CDK8 normalized by
cell size (n = 4 independent replicates, **p < 0.01). Statistical significance was detected using the Steel test in (D).
t-SNE, t-distributed stochastic neighbor embedding; MSC, mesenchymal stem cell; OBP, osteoblast progenitor; OB, osteoblast; OCYs,
osteocytes; CHs, chondrocytes; PaS, PDGFRa+ Sca-1+; FSC, forward scatter.
surface (Oc.S/BS) and osteoclast number (N.Oc/B.Pm),

bone resorption indices, were significantly lower in Prx1-

Cre;CDK8fl/fl mice than that in the control mice (Fig-

ure 2G), concomitant with a significant decreased circu-

lating tartrate-resistant acid phosphatase (TRAP) level

(Figure 2H). On the contrary, neither osteoblast-specific

nor osteoprogenitor-specific CDK8-knockout mice, called

Col1a1-Cre;CDK8fl/fl and Osx-Cre;CDK8fl/fl mice, respec-
1578 Stem Cell Reports j Vol. 17 j 1576–1588 j July 12, 2022
tively, showed significant changes in any bone phenotypes

such as bone volume, trabecular parameters, and osteo-

blastic and osteoclastic parameters (Figures 2I–2O and

S2D–S2Q).

Collectively, these results indicate that CDK8 may play a

pivotal role in bone resorption andhomeostasis through its

expression in MSCs rather than osteoprogenitors or osteo-

blasts in vivo.



Figure 2. CDK8 deficiency in MSCs suppresses osteoclastic activities, leading to high bone mass
(A) Schematic diagram of generation of tissue-specific CDK8 knockout mice. Black arrows represent primer binding sites.
(B) Deletion efficiency of CDK8 in the marrow-flushed bone of Prx1-Cre;CDK8fl/fl at the genomic DNA and mRNA levels (n = 4 independent
replicates, *p < 0.05).
(C and D) mCT (C) and von Kossa staining (D) and BV/TV measured by each method of femurs from CDK8fl/fl and Prx1-Cre;CDK8fl/fl mice
(n = 6–7, *p < 0.05).
(E) Toluidine blue staining (left) and N.Ob/T.Ar of femurs from CDK8fl/fl and Prx1-Cre;CDK8fl/fl mice (n = 6–7). Arrowheads indicate
osteoblasts.
(F) Calcein labeling (left) and BFR/BS of femurs from CDK8fl/fl and Prx1-Cre;CDK8fl/fl mice (n = 6–7).
(G) TRAP staining (left) and Oc.S/BS of femurs from CDK8fl/fl and Prx1-Cre;CDK8fl/fl mice (n = 6–7, **p < 0.01). Arrowheads indicate TRAP-
positive osteoclasts.
(H) TRAP serum level in CDK8fl/fl and Prx1-Cre;CDK8fl/fl mice (n = 6–8, *p < 0.05).
(I) Deletion efficiency of CDK8 in the marrow-flushed bone of Col1a1-Cre;CDK8fl/fl at the genomic DNA level and the mRNA level (n = 4,
*p < 0.05).
(J) mCT analysis and BV/TV measurement of femurs from CDK8fl/fl and Col1a1-Cre;CDK8fl/fl mice (n = 6–7).
(K–O) BV/TV measured by von Kossa staining (K), N.Ob/T.Ar (L), BFR/BS (M), Oc.S/BS (N), and N.Oc/B. Pm of femur from CDK8fl/fl and
Col1a1-Cre;CDK8fl/fl mice (n = 6–7) (O).
All of the mice used in this study were female. Scale bars, 1 mm (C, D, J, and K), 50 mm (G), and 10 mm (E and F). mCT, micro-computed
tomography; BV/TV, bone volume/tissue volume; N.Ob/T.Ar, number of osteoblasts/tissue area; BFR/BS, bone formation rate/bone sur-
face; TRAP, tartrate-resistant acid phosphatase; Oc.S/BS, osteoclast surface/bone surface; N.Oc/B.Pm, number of osteoclasts/bone perim-
eter; N.S., not significant.
CDK8 deficiency in MSCs represses osteoclastogenesis

via the downregulation of the STAT1-RANKL axis

Figure 2 shows that CDK8 deficiency in MSCs leads to

decreased bone resorption without affecting bone forma-
tion in vivo, and MSCs have been reported to also support

osteoclastogenesis, as extensively demonstrated in osteo-

blasts and osteocytes (Mbalaviele et al., 1999). Therefore,

co-culture experiments were subsequently performed to
Stem Cell Reports j Vol. 17 j 1576–1588 j July 12, 2022 1579



Figure 3. CDK8 deficiency in MSCs attenuates osteoclastogenesis through STAT1-RANKL axis
(A) Protein levels of CDK8, p-STAT1Ser727, and STAT1 in MSCs infected with shCDK8. b-Actin served as a loading control.
(B) BMMs prepared from WT mice were co-cultured with MSCs infected with shCDK8, followed by TRAP staining (n = 4 independent rep-
licates, ***p < 0.001).
(C) mRNA levels of Tnfsf11 and Tnfrsf11b and Tnfsf11/Tnfrsf11b ratio in MSCs infected with shCDK8 (n = 4 independent replicates,
**p < 0.01, ***p < 0.001).
(D) BMMs prepared from WT mice were co-cultured with MSCs infected with shCDK8 in combination with STAT1 expression vector, followed
by TRAP staining (n = 5 independent replicates, **p < 0.01 [shCtrl + E.V. versus shCDK8 + E.V.], #p < 0.05 [shCDK8 + E.V. versus shCDK8 +
STAT1]).
(E and F) MSCs were infected with shCDK8 in combination with STAT1 expression vector, followed by determination of mRNA levels of
Tnfsf11 (E) and Tnfrsf11b (F) (n = 4 independent replicates, ***p < 0.001 [shCtrl + E.V. versus shCDK8 + E.V.], #p < 0.05, ###p < 0.001
[shCDK8 + E.V. versus shCDK8 + STAT1]).
(G) mRNA levels of STAT1-targeted genes in MSCs were infected with shCDK8 (n = 4 independent replicates, *p < 0.05, **p < 0.01).
(H) Tnfsf11 expression in CDK8low (n = 1,185) and CDK8high (n = 845) MSCs (*p < 0.05).
(I) mRNA levels of STAT1-targeted genes of CDK8low (n = 1,788) and CDK8high (n = 1,164) MSCs (*p < 0.05, ***p < 0.001).
(J) MSCs were infected with shCDK8, followed by determination of CFU-Fs and CFU-Obs (n = 3 independent replicates). Scale bars, 800 mm
(B and D) and 2 mm (J).
BMM, bone marrow macrophage; CFU-F, colony-forming unit fibroblast; CFU-Ob, colony-forming unit osteoblast; shCtrl, shControl; E.V.,
empty vector.
establish the MSC-autonomous nature of the bone resorp-

tion phenotype due to the manipulation of CDK8 expres-

sion in MSCs. The CDK8 protein level was markedly

reduced by targeting CDK8 expression using lentiviral

shRNA (shCDK8) in MSCs, along with reduced
1580 Stem Cell Reports j Vol. 17 j 1576–1588 j July 12, 2022
STAT1Ser727 phosphorylation levels (Figure 3A). Co-culture

of shCDK8-infected MSCs and wild-type (WT) mice-

derived bone marrow-derived macrophages (WT-BMMs)

generated fewer multinucleated osteoclasts than the co-

culture of shControl-infected MSCs and WT-BMMs



(Figure 3B). We confirmed that the repression of osteoclas-

togenesis was also observed by co-culture of MSCs

isolated from Prx1-Cre;CDK8fl/fl mice and WT-BMMs (Fig-

ure S2A). The level of Tnfsf11, encoding pro-osteoclasto-

genic cytokine RANKL, was markedly decreased in

CDK8-deficient MSCs, whereas Tnfrsf11b, encoding the

anti-osteoclastogenic cytokine osteoprotegerin, was sig-

nificantly increased, concomitant with a significant

decrease in the Tnfsf11/Tnfrsf11b ratio (Figure 3C). Previ-

ous reports demonstrated that STAT1, a direct target of

CDK8, transcriptionally controls Tnfsf11 expression (Sun-

daram et al., 2009); thus, whether STAT1 may contribute

to the mechanisms underlying the extrinsic regulation

of osteoclastogenesis by CDK8 in MSCs remains to be

elucidated. STAT1 overexpression significantly attenuated

the osteoclastogenesis suppression by CDK8 deficiency in

MSCs, with the correction of changes in Tnfsf11 and

Tnfrsf11b levels by CDK8 deficiency (Figures 3D–3F and

S2B). We confirmed the augmentation of STAT1-depen-

dent signal (STAT1Ser727 phosphorylation and STAT1-

dependent transcription) by STAT1 overexpression in

MSCs irrespective of CDK19 deficiency (Figures S2C and

S2D). The expression levels of STAT1-targeted genes such

as Cdkn1a, Icam1, Ifi204, and Smad7 were significantly

decreased by CDK8 deficiency in MSCs (Figure 3G), but

the expression level of Spi1 (encoding PU.1), which is

controlled by CDK8 (Amirhosseini et al., 2019), was not

significantly altered by CDK8 deficiency (Figure S2E). In

line with our in vitro studies, an analysis of the scRNA-

seq dataset revealed that the levels of Tnfsf11 and

STAT1-targeted genes such as Bcl2, Icam1, Ifi204, Smad7,

and Irf1 were significantly higher in CDK8high MSCs

than in CDK8low MSCs (Figures 3H and 3I). Conversely,

CDK8 deficiency did not significantly affect colony-form-

ing unit fibroblasts (CFU-Fs) and CFU osteoblasts (CFU-

Obs) in MSCs (Figure 3J).

Collectively, these results indicate that the CDK8-STAT1

axis in MSCs could be a critical pathway for the extrinsic

regulation of osteoclastogenesis rather than the intrinsic

regulation of their stemness or osteogenic potential.

CDK8 deficiency in MSCs corrects age-associated

enhancement of their osteoclastogenesis-supporting

activity

The fact that aging increases the CDK8 level in MSCs in as-

sociation with aging-related signals (Figure 1) and CDK8-

deficient MSCs are less supportive of osteoclastogenesis

(Figures 2 and 3) led us to investigate whether aged MSCs

could have high osteoclastogenesis-supporting activity by

a CDK8-dependent manner. To understand the properties

of aged MSCs, their senescence, stemness, and osteogenic

potential in vitro should be examined. As anticipated, the

number of senescence-associated b-galactosidase-positive
cells was significantly higher in aged MSCs obtained from

16-month-old mice than young MSCs from 3-month-old

mice (Figure 4A). Moreover, both CFU-Fs and CFU-Obs

were more significantly reduced in aged MSCs than that

in young MSCs (Figure 4B). Together, aged MSCs showed

increased senescence and decreased stemness and osteo-

genic potential under our experimental conditions. WT-

BMM co-culture with aged MSCs generated significantly

greater multinucleated osteoclasts than that with

young MSCs, along with significant increases in the

level of Tnfsf11 and the Tnfsf11/Tnfrsf11b ratio, indicating

that aged MSCs have a higher ability to support osteoclas-

togenesis rather than that of young MSCs (Figures 4C and

4D). Furthermore, CDK8 silencing in aged MSCs signifi-

cantly repressed the age-associated increase in the genera-

tion of multinucleated osteoclasts, along with marked

decreases in STAT1Ser727 phosphorylation and CDK8 levels

(Figures 4E and 4F).

These results indicate that CDK8 inMSCs could be impli-

cated in their high osteoclastogenesis-supporting activity

associated with aging.

Pharmacological inhibition of CDK8 represses MSC-

dependent osteoclastogenesis and prevents

ovariectomy-induced osteoclastic activation and bone

loss

We recently identified 4-acetyl-3-{4-[2-(tetrahydropyran-

4-yloxy)ethoxy]phenoxy}benzamide (hereafter referred

to as KY-065) as a novel potential CDK8 inhibitor, which

inhibits the stemness and tumorigenicity of glioma stem

cells, thus exerting anti-glioblastoma potential in vivo (Fu-

kasawa et al., 2021). KY-065 did not significantly affect

the osteoclastogenesis of BMMs and the expression of

osteoclastic marker genes (Spi1, Ctsk, Acp5, and Mmp9),

irrespective of a marked decrease in the STAT1Ser727 phos-

phorylation level (Figures 5A, 5B, and S3A), indicating

that pharmacological inhibition of CDK8 by KY-065 had

no inhibitory effect on intrinsic osteoclastogenesis. As

observed by the genetic inhibition of CDK8 in MSCs (Fig-

ure 3), neither the stemness nor the osteogenic potential

of MSCs was changed by the KY-065 treatment, irrespec-

tive of the marked decrease in the phosphorylation level

of STAT1Ser727 (Figures 5C–5E). Given that genetic inhibi-

tion of CDK8 in MSCs increased the bone mass due to

suppressed osteoclastic activity in vivo (Figure 2), whether

the pharmacological inhibition of CDK8 in MSCs by KY-

065 could prevent osteoclastic activation and bone loss

was examined next. KY-065 treatment significantly

decreased extrinsic osteoclastogenesis derived from the

co-culture system using WT mice-derived MSCs (WT-

MSCs) and WT-BMMs, along with decreases in the Tnfsf11

level and the Tnfsf11/Tnfrsf11b ratio in WT-MSCs

(Figures 5F and 5G), indicating that KY-065 could inhibit
Stem Cell Reports j Vol. 17 j 1576–1588 j July 12, 2022 1581



Figure 4. CDK8 deficiency in MSCs corrects higher osteoclastogenesis-supporting activity associated with aging
(A and B) Aged MSCs were cultured, followed by determination of (A) SA-b-gal activity (n = 4 independent replicates, ***p < 0.001) and
(B) CFU-Fs and CFU-Obs (n = 3 independent replicates, **p < 0.01).
(C) BMMs prepared from WT mice were co-cultured with aged MSCs, followed by TRAP staining (n = 4 independent replicates, *p < 0.05).
(D) mRNA levels of Tnfsf11 and Tnfrsf11b and Tnfsf11/Tnfrsf11b ratio in aged MSCs (n = 4 independent replicates, *p < 0.05, ***p < 0.001).
(E) Protein levels of CDK8, p-STAT1Ser727, and STAT1 in aged MSCs infected with shCDK8. b-Actin served as a loading control.
(F) BMMs prepared from WT mice were co-cultured with aged MSCs infected with shCDK8, followed by TRAP staining (n = 4 independent
replicates, ***p < 0.001).
Scale bars, 800 mm (A, C, and F) and 2 mm (B). MSC, mesenchymal stem cell; SA-b-gal, senescence-associated b-galactosidase; CFU-F,
colony-forming unit fibroblast; CFU-Ob, colony-forming unit osteoblast; BMM, bone marrow macrophage; shCtrl, shControl.
the osteoclastogenesis-supporting activity of MSCs. Next,

whether KY-065 could prevent the ovariectomy-induced

osteoclastic activation and bone loss in vivo was deter-

mined. KY-065 was subcutaneously administered to

ovariectomized mice for 28 consecutive days. KY-065 did

not significantly affect the ovariectomy-induced loss

of uterine weight (data not shown). KY-065 administra-

tion significantly suppressed the reduction in bone

volume in the cancellous bone of ovariectomized mice

(Figure 5H). Furthermore, histomorphometric analysis re-

vealed that KY-065 administration significantly inhibited

the ovariectomy-induced increases in the bone resorption
1582 Stem Cell Reports j Vol. 17 j 1576–1588 j July 12, 2022
parameters (osteoclast surface and number) without

affecting the bone formation parameters (Figure 5I). In

accordance with pharmacological inhibition by KY-065,

ovariectomy-induced bone loss and osteoclast activation

were significantly repressed in Prx1-Cre;CDK8fl/fl mice

(Figures S3B and S3C).

Collectively, these results demonstrate that KY-065, a

small-molecule CDK8 inhibitor, could inhibit osteoclastic

activation and bone loss possibly in a non-cell-auto-

nomousmanner (acting onMSCs) rather than a cell-auton-

omous manner (acting on BMMs or osteoclasts), thus

producing an anti-osteoporotic potential in vivo.



Figure 5. Pharmacological inhibition of CDK8 in MSCs decreases their osteoclastogenesis-supporting activity and protects against
OVX-mediated bone loss
(A and B) BMMs prepared from WT mice were stimulated with RANKL in the presence of 30 nM KY-065, followed by (A) TRAP staining (n = 3
independent replicates) and (B) determination of protein levels of p-STAT1Ser727 and STAT1. b-Actin served as a loading control.
(C–E) MSCs were treated with 30 nM KY-065, followed by determination of (C) CFU-Fs (n = 3 independent replicates), (D) CFU-Obs (n = 3
independent replicates), and (E) protein levels of p-STAT1Ser727 and STAT1. b-Actin served as a loading control.
(F) mRNA levels of Tnfsf11 and Tnfrsf11b and Tnfsf11/Tnfrsf11b ratio in MSCs treated with 30 nM KY-065 (n = 4 independent replicates,
**p < 0.01, ***p < 0.001).
(G) BMMs prepared from WT mice were co-cultured with MSCs in the presence of 30 nM KY-065, followed by TRAP staining (n = 4 inde-
pendent replicates, ***p < 0.001).
(H) BV/TV measured by von Kossa staining, N.Ob/T. Ar determined by toluidine blue staining and BFR/BS determined by calcein labeling of
vertebrae (n = 10, *p < 0.05 [sham + vehicle versus OVX + vehicle], #p < 0.05 [OVX + vehicle vs OVX + KY-065]).
(I) Oc.S/BS and N.Oc/B.Pm determined by TRAP staining of femur (n = 10, **p < 0.01 [sham + vehicle versus OVX + vehicle], #p < 0.05
[OVX + vehicle versus OVX + KY-065]). Arrowheads indicate TRAP-positive osteoclasts.
Scale bars, 800 mm (A and G), 2 mm (C and D), 500 mm (H), and 50 mm (I). OVX, ovariectomy.
DISCUSSION

MSCs are known to function as a reservoir of osteoblasts

that regulate postnatal bone homeostasis throughout

the lifespan, with functions that gradually decreased

with aging, leading to osteoporosis and susceptible to frac-

ture over time (Rachner et al., 2011; Zhou et al., 2014). Ag-

ing has been reported to significantly increase MSC/

osteoblastic cell-dependent osteoclastogenesis (Cao et al.,
2005) and exosomal miR-31a-5p derived from aged MSCs

increasing osteoclastogenesis in aging bone tissue (Xu

et al., 2018), although molecular mechanisms underlying

the communication between osteoclasts and MSCs are

not yet fully understood. The main relevance of our find-

ings is that CDK8, a transcription-related CDK, is highly ex-

pressed in agedMSCs and is functionally essential for bone

remodeling by controlling bone resorption, at least in part

in trabecular bone in youngmice, through its expression in
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MSCs. Further examination is required to investigate the

role of CDK8 in cortical bone as well as in trabecular

bone of aged mice, because previous studies showed that

osteoclasts increase in the endocortical surfaces of long

bones but not in trabecular bone in aged mice, and

RANKL from osteoblasts/osteocytes is indispensable for

the increase in osteoclasts and loss of cortical bone with

age (Almeida et al., 2007; Farr et al., 2017; Kim et al.,

2020; Piemontese et al., 2017). Although omics analyses

may reveal the additional molecular bases by which

CDK8 in MSCs influence bone homeostasis, to the best of

our knowledge, this is the first study to show that CDK8

in MSCs acts non-autonomously to regulate osteoclasto-

genesis and bone resorption, without affecting the cell-

autonomous function of MSCs such as their stemness

and osteogenic potential.

CDK8 deficiency in MSCs (Prx1-Cre;CDK8fl/fl mice)

leads to high bone mass with lower bone resorption

indices, while CDK8 deficiency in osteoprogenitors (Osx-

Cre;CDK8fl/fl mice) and osteoblasts (Col1a1-Cre;CDK8fl/fl

mice) showed normal bone mass with normal osteoclasts.

CDK8 should be ablated in MSCs and their descendants

of Prx1-Cre;CDK8fl/fl mice. On the contrary, CDK8 should

be deleted in osteoprogenitors and their descendants of

Osx-Cre;CDK8fl/flmice, and in osteoblasts and their descen-

dants of Col1a1-Cre;CDK8fl/fl mice. Accordingly, CDK8

deficiency in MSCs should be observed only in Prx1-

Cre;CDK8fl/fl mice, among the mutant mice generated in

this study, suggesting that CDK8 may have a pivotal role

in bone resorption and homeostasis through its expression

inMSCs rather than osteoprogenitors or osteoblasts in vivo,

although immunostaining comparing the loss of CDK8

protein in these cell types of these mutant mice should

be performed.

Osteoporosis is an enormous public health problem

that will only increase in scope with the aging population

(Curtis and Safford, 2012). Regarding the treatment of oste-

oporosis, bisphosphonates and recombinant human para-

thyroid hormone produce their therapeutic effects via

either anabolic or anti-resorptive function, with limitation

of long-term treatment due to their adverse effects (Kennel

and Drake, 2009; Ponnapakkam et al., 2014; Reid, 2015).

We found that the pharmacological inhibition of CDK8,

the novel small-molecule CDK8 inhibitor KY-065, effec-

tively attenuates the MSC-autonomous nature of the

bone resorption phenotype, which was consistent with

the data obtained from the genetic inhibition of CDK8

in vitro and in vivo. Because ovariectomy decreases the

apoptosis of osteoclasts, which contributes to the enhance-

ment of bone resorption (Feng and Teitelbaum, 2013), the

present data that KY-065 prevents ovariectomy-induced in-

creases in both osteoclast surface and osteoclast number

may indicate that the pharmacological inhibition of
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CDK8 could accelerate osteoclastic apoptosis as well as

inhibit osteoclastic differentiation. Previous studies have

shown that the conditional inducible deletion of CDK8

in adult mice exhibits no gross or histopathological defects

in many tissues (McCleland et al., 2015), although a global

CDK8 knockout leads to embryonic lethality due to a pre-

implantation defect (Westerling et al., 2007), suggesting

that KY-065 treatment will not necessarily cause severe

side effects during osteoporosis therapy in adults. Collec-

tively, our findings suggest that CDK8 may be considered

an attractive treatable target against various metabolic

bone diseases relevant to abnormal osteoclastogenesis,

including age-related osteoporosis and postmenopausal

osteoporosis.
EXPERIMENTAL PROCEDURES

Mice
CDK8-floxed line was obtained from the EUCOMM Consortium.

CDK8fl/fl mice were crossed with either Prx1-Cre, Col1a1-Cre, or

Osx-Cre mice (Dacquin et al., 2002; Logan et al., 2002; Menzl

et al., 2019; Rodda and McMahon, 2006). These mutant mice

were backcrossed more than five generations with C57BL/6J

mice. Genotyping was performed by PCR using tail genomic

DNA with specific primers (Table S1). Genomic deletions were de-

tected by PCR with specific primers (Table S2). Mice were bred

under standard animal housing conditions at 23�C ± 1�C with a

relative humidity of 55% and a light/dark cycle of 12 h, with free

access to food and water. The study protocol meets the guidelines

of the Japanese Pharmacological Society and was approved by the

Committee for the Ethical Use of Experimental Animals at Gifu

Pharmaceutical University and Gifu University. The number of an-

imals used per experiment is stated in the figure legends.
Ovariectomy and KY-065 treatment
Female ddYmice were purchased from Japan SLC. Thesemice were

subjected to ovariectomy or sham operation under aseptic envi-

ronments using three types of mixed anesthetic agents at 8 weeks

old, as previously described (Hinoi et al., 2007). Ovariectomized

ddY mice were also subjected to subcutaneous injection of KY-

065, dissolved in saline with 8.4% hydroxypropyl b-cyclodextrin,

twice per day for 28 consecutive days at a dose of 30 mg/kg. Hy-

droxypropyl b-cyclodextrin is a solubilizer for KY-065 and was

used as a vehicle. The mice were killed by decapitation at 28 days

after the operation, followed by dissection of their vertebra and

femur.
Bone histomorphometric and mCT analysis
Bone histomorphometric analyses were performed on femurs and

vertebrae (Yamamoto et al., 2012). Briefly, the vertebrae were fixed

with 70% ethanol, followed by dehydration in an ethanol series

and subsequent embedding in methyl methacrylate resin. The fe-

murs were fixed with 4% paraformaldehyde, followed by infiltra-

tion in sucrose gradient and subsequent embedding in O.C.T.

Compound (Tissue-Tek). BV/TV was measured by von Kossa



staining. Osteoblast and osteoclast parameters were analyzed by

toluidine blue staining and TRAP staining, respectively. Calcein

was intraperitoneally injected twice with an interval of 3 days,

and then, mice were killed 2 days after the last injection. Quantifi-

cation was performed using the OsteoMeasure analysis system

(OsteoMetrics). Trabecular architecture of femurwas assessed using

a mCT system (Comscan Techno) at 90 kV and 45 mA, and BV/TV

was measured using TRI/3D-BON software (RATOC) (Ozaki et al.,

2019).
Measurement of serum TRAP activity
The serumwasmixed with TRAP assay buffer (17.6mg/mL L-ascor-

bic acid, 9.2 mg/mL sodium tartrate dihydrate, 3.6 mg/mL p-nitro-

phenyl phosphoric acid disodium salt, 0.3% Triton X-100, 6 mM

EDTA, 600 mM NaCl, 600 mM sodium acetate, pH 5.5). Samples

were then incubated at 37�C for 30min, followed bymeasurement

of the absorbance at 405 nm using the GloMax-Multi Detection

System (Promega).
Cell culture
HEK293T cells were purchased from RIKEN Cell Bank. These cells

were cultured at 37�C in 5% CO2 and maintained in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 10% fetal

bovine serum (FBS) and 1% penicillin/streptomycin.

Primary bone marrow MSCs were isolated as follows. Briefly,

the femur and tibia were isolated and soft tissue was removed.

The epiphyses were removed and bone marrow cells were

collected by centrifugation. Red blood cells were lysed with

ammonium chloride. Cells were cultured at a density of

4 3 106 cells/well in 6-well plates with a-MEM supplemented

with 20% FBS and 1% penicillin/streptomycin at 37�C in 5%

CO2. For CFU-F assays, after 14 days in culture, CFU-F colonies

were stained by crystal violet solution and counted. For CFU-

Ob assays, after 5 days in culture, osteoblast differentiation was

initiated by replacing the medium with a-MEM supplemented

with 10% FBS, 50 mg/mL ascorbic acid, 10 mM b-glycerophos-

phate, and 1% penicillin/streptomycin for 14 days. CFU-Ob col-

onies were assessed by alizarin red staining. Aged MSCs and

young MSCs were isolated from 18-month-old mice and

4-week-old mice, respectively.

Bone marrow cells obtained from the long bones were stimu-

lated with 100 ng/mL macrophage colony-stimulating factor

(M-CSF) for 3 days in a-MEM supplemented with 10% FBS and

1% penicillin/streptomycin; we used these cells as bone marrow

macrophages (BMMs). BMMs were cultured in a-MEM supple-

mented with 10% FBS, 20 ng/mL M-CSF, 20 ng/mL RANKL,

and 1% penicillin/streptomycin for 5 days, followed by TRAP

staining, as previously described (Fukasawa et al., 2016). For co-

culture, MSCs were cultured with BMMs in a-MEM supplemented

with 10% FBS, 10 nM 1,25-dihydroxycholecalciferol (vitamin

D3), and 1% penicillin/streptomycin for 8 days, followed by

TRAP staining. Senescence-associated b-galactosidase (SA-b-gal)

activity was detected with a Senescent Cells Histochemical Stain-

ing Kit (#CS0030, Sigma-Aldrich) according to the manufacturer’s

instructions. Cell size was determined by measuring mean for-

ward scatter area (FSC-A) using flow cytometer CytoFLEX S (Beck-

man Coulter).
Lentiviral transfection
Vectors were transfected into HEK293T cells using the calcium

phosphate method. Virus supernatants were collected 48 h after

transfection and then cells were infected with virus supernatants

for 24 h in the presence of 2 mg/mL polybrene (Iezaki et al.,

2018a). Cells were then subjected to selection by culture with

1 mg/mL puromycin for 3 days before usage for experiments. Plas-

mids pLKO.1.shCDK8 #1 (#19760, deposited by William Hahn),

pLKO.1 puro (#8453, deposited by Bob Weinberg), and FLAG-

STAT1 (#71454, deposited by George Stark) were obtained from

Addgene. pLKO.1.shCDK19 (#TRCN0000003140) was purchased

from Sigma-Aldrich.

Immunoblotting analysis
Cultured cells were solubilized in lysis buffer (10 mM Tris-HCl,

150 mM NaCl, 0.5 mM EDTA, 10 mM NaF, 1% Nonidet P-40, pH

7.4) containing protease inhibitor cocktail. Samples were then sub-

jected to SDS-PAGE, followed by transfer to polyvinylidene fluo-

ride (PVDF) membranes and subsequent immunoblotting assay

(Iezaki et al., 2018b). The primary antibodies used were anti-

CDK8 (1:1,000, #4101), anti-Stat1 (1:1,000, #9172), anti-phos-

pho-Stat1 (S727) (1:1,000, #9177), anti-Stat3 (1:1,000, #9132),

and anti-phospho-Stat3 (S727) (1:1,000, #9134) (all from Cell

Signaling Technologies), and anti-b-actin (1:2,000, #4778, Santa

Cruz Biotechnology). Primary antibodies were diluted with block-

ing solution (5% skim milk). Quantification was performed by

densitometry using ImageJ (NIH).

Quantitative real-time-PCR
Total RNAwas extracted from cells, followed by synthesis of cDNA

with reverse transcriptase and oligo-dT primer. The cDNA samples

were then used as templates for real-time PCR analyses, whichwere

performed on an MX3005P instrument (Agilent Technologies), by

using specific primers for each gene (Table S3). Expression levels of

the genes examined were normalized by using the Gapdh expres-

sion levels as an internal control for each sample (Iezaki et al.,

2016).

Luciferase assay
Cells were transfected with gamma-activated sequence (GAS) re-

porter vector using the lipofectionmethod, as previously described

(Horie et al., 2022), followed by the preparation of cell lysates and

subsequent determination of luciferase activity using specific sub-

strates in a GloMax-Multi Detection System (Promega).

scRNA-seq data analysis
We obtained expression data of scRNA-seq (Database: GSE145477)

(Zhong et al., 2020) from GEO (https://www.ncbi.nlm.nih.gov/

geo/) and used the Seurat R package. Cells expressing more than

6,000 or less than 200 genes and more than 5% of mitochondrial

genes were defined as poor-quality data and these data were

excluded. After normalization and scaling, we performed dimen-

sionality reduction by principal-component analysis (PCA) and

visualized using t-SNE.We used the Leiden algorithm for clustering

and assigned cell labels based on well-known cell-specific marker

genes. During clustering, blood cells, endothelial cells, pericytes,

and adipocytes were removed. Differential expressed genes were
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determined by the Wilcoxon rank-sum test. For GSEA, we im-

ported scRNA-seq data (Seurat object) into the Presto R package

and calculated area under the receiver operator curve (AUC) to

generate the gene list. GSEA was performed using the clusterPro-

filer R package.

Bulk RNA-seq data analysis
Raw RNA-seq data (Database: GSE133922) (Helbling et al., 2019)

were downloaded from GEO using the SRA Toolkit (version

2.10.4). Quality check of fastq files and trimming of adaptors/

low-quality reads were performed using FastQC (version 0.11.8)

and Cutadapt (version 2.10), respectively. Then, we aligned

sequence reads with STAR (version 2.6.1c) against the mouse refer-

ence sequence (GRCm38) and calculated transcripts per million

(TPM) using RSEM (version 1.3.1). Gene expression levelswere rep-

resented as log2-transformed TPM values. Statistical analysis was

performed using the Wilcoxon rank-sum test.

Statistical analysis
Unless otherwise specified, the results are expressed as themeans ±

standard error (SE), and statistical significance was determined by

the two-tailed Student’s t test or Bonferroni test for multiple com-

parisons. p < 0.05 was considered statistically significant.
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