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Osteocytes directly regulate osteolysis via
MYD88 signaling in bacterial bone infection

Tetsuya Yoshimoto1,2, Mizuho Kittaka1,2, Andrew Anh Phuong Doan1,2,
Rina Urata 1,2, Matthew Prideaux2,3, Roxana E. Rojas4, Clifford V. Harding 5,
W. Henry Boom5,6,7, Lynda F. Bonewald 2,3, Edward M. Greenfield2,3,8 &
Yasuyoshi Ueki 1,2

The impact of bone cell activation on bacterially-induced osteolysis remains
elusive. Here, we show that matrix-embedded osteocytes stimulated with
bacterial pathogen-associatedmolecular patterns (PAMPs) directly drive bone
resorption through an MYD88-regulated signaling pathway. Mice lacking
MYD88, primarily in osteocytes, protect against osteolysis caused by calvarial
injections of bacterial PAMPs and resist alveolar bone resorption induced by
oral Porphyromonas gingivalis (Pg) infection. In contrast, mice with targeted
MYD88 restoration in osteocytes exhibit osteolysis with inflammatory cell
infiltration. In vitro, bacterial PAMPs induce significantly higher expression of
the cytokine RANKL in osteocytes than osteoblasts.Mechanistically, activation
of the osteocyteMYD88pathway up-regulates RANKL by increasing binding of
the transcription factors CREB and STAT3 to Rankl enhancers and by sup-
pressing K48-ubiquitination of CREB/CREB binding protein and STAT3. Sys-
temic administrationof anMYD88 inhibitor prevents jawbone loss inPg-driven
periodontitis. These findings reveal that osteocytes directly regulate inflam-
matory osteolysis in bone infection, suggesting that MYD88 and downstream
RANKL regulators in osteocytes are therapeutic targets for osteolysis in peri-
odontitis and osteomyelitis.

Host-microbiota interactions play fundamental roles in the activation
of the innate immune systems. However, while dysregulation of the
interaction is responsible for a wide range of immune-mediated
diseases1, the impact of bone cell-microbiota interaction on the ske-
leton and immune cell activation is poorly understood. Osteocytes are
long-lived, multifunctional, and the most abundant bone cells
embedded in the bone matrix. They are terminally differentiated cells
derived from bone-forming osteoblasts on the bone surface2. In

osteomyelitis, it is reported that Staphylococcus aureus (S. aureus)
colonizes in the osteocyte lacunar-canalicular system of murine and
human bones3–5, implying that bacteria could directly interact with
osteocytes within the bone infected by bacteria. It remains unknown,
however, whether bacterial pathogens directly stimulate osteocytes
in vivo and, if so, what type of innate immune receptors on osteocytes
are used to respond to the specific bacterial pathogen-associated
molecular patterns (PAMPs). Furthermore, while osteocytes are known
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to produce a variety of cytokines and signaling molecules in response
to outside stimuli6,7, the in vivo impact of osteocyte-derived inflam-
matory mediators on bone homeostasis and immune cell regulation
remains largely unidentified. On the other hand, previous studies of
osteocyte-selective receptor-activator of nuclear factor-κB ligand
(RANKL, encoded by the Tnfsf11 gene)-deficient mice demonstrated
that one of the essential features of osteocytes is the capacity to
control osteoclastogenesis by directly providing RANKL to osteoclast
precursors on the bone surface during the process of bone
remodeling8–10. The importance of osteocyte-derived RANKL for bone
destruction has also been suggested in a murine model of
periodontitis11, but the receptors on osteocytes and downstream sig-
naling pathways throughwhichoral bacteria induceRANKL expression
to cause alveolar bone osteolysis have never been identified.

Toll-like receptors (TLRs) are a family of pattern recognition
receptors involved in the initial phase of host defense against invading
bacterial pathogens12. Myeloid differentiation primary response 88
(MYD88) is an essential adaptor protein for the downstream signaling
of all TLRs except for TLR3. Activation of the TLR-MYD88 pathway
signals the downstream NF-kB and MAPK pathways, resulting in the
production of pro-inflammatory cytokines13. Previous cell culture stu-
dies showed that stimulation of TLR2 and TLR4 by bacterial PAMPs
induces RANKL expression in osteoblastic cells14–17. However, the
in vivo role of the TLR-MYD88 signaling pathway in osteoblast lineage
cells for the regulation of osteoclast formation and bone resorption
remains undetermined. As a result, pathological consequences of
osteocyte activation in bone infections have never been studied
in vivo. In addition, underlying molecular mechanisms by which the
TLR-MYD88 pathway regulates RANKL expression in osteocytes are
poorly understood. Therefore, revealing the impact of bacterially-
activated osteocytes on the skeleton and identifying the molecular
pathway of bacterially-activated osteocytes leading to RANKL expres-
sion could provide significant implications for treating osteolysis
associated with bone infections such as periodontitis and osteomye-
litis because osteocytes are the most abundant bone cells pre-
dominantly producing RANKL8–10. Furthermore, discovering the novel
molecules regulating RANKL expression in osteocytes might lead to
new treatment strategies for excessive bone resorption resulting from
increased osteoclastogenesis, as occurs in osteoporosis and rheuma-
toid arthritis.

Here, we show that targeted deletion of MYD88, predominantly
in osteocytes, fully protects against bone destruction in PAMPs-
driven osteolysis models in mice. Remarkably, selective restoration
of MYD88 in osteocytes is sufficient to cause osteolysis and
inflammation in the models. In vitro, osteocytes have a significantly
greater capacity to express RANKL than their precursor cells,
osteoblasts, when stimulated with TLR2 and TLR4 agonists. Activa-
tion of theMYD88 pathway induces RANKL expression in osteocytes
by activating cAMP responsive element binding protein (CREB) and
signal transducer and activator of transcription 3 (STAT3) and
enhancing the protein stability of these transcription factors. The E3
ubiquitin ligases F-box and leucine-rich repeat protein 19 (FBXL19)
and PDZ and LIM domain 2 (PDLIM2) are involved in the mechanism
of CREB/CREB binding protein (CBP) and STAT3 protein degrada-
tion, respectively. Translationally, administration of an MYD88
inhibitor protects against alveolar bone loss in mice orally infected
with Porphyromonas gingivalis (Pg). These findings indicate that
osteocytes are critical bacterial sensors in the bone and directly
regulate osteolysis by integrating the MYD88 signaling into the
RANKL regulatory mechanism in bone infection. Thus, the current
study reveals a function of the MYD88 pathway in the skeletal sys-
tem and provides a genetic basis for developing new approaches for
treating infectious osteolysis, which target the MYD88 and down-
stream RANKL-regulating molecules in osteocytes.

Results
Targeted deletion of MYD88 in osteocytes and mature osteo-
blasts protects against calvarial osteolysis induced by PAMPs
To determine if activation of the TLR2/4-MYD88 signaling in osteo-
cytes and mature osteoblasts impacts bone resorption caused by
PAMPs, we generated osteocyte/mature osteoblast-selective MYD88
knockout mice using the dentinmatrix protein 1 (Dmp1)-Cre promoter
following the confirmation of TLR2, TLR4, and MYD88 expression in
these cells (Supplementary Fig. 1). We also confirmed that Dmp1-Cre
causes no obvious off-target Myd88 gene deletion in immune and
hematopoietic tissues that can be the source of RANKL and inflam-
matory mediators (Supplementary Fig. 2).

To induce osteolysis, Pam3CSK4 (hereafter referred as Pam3) or
Escherichia coli (E. coli)-derived lipopolysaccharides (LPS) were injec-
ted onto the calvaria of Dmp1-Cre;Myd88fl/fl mice. MicroCT analysis
revealed that the Dmp1-Cre;Myd88fl/fl mice exhibited a significant
decrease in osteolysis compared to Myd88fl/fl mice in both sexes
(Fig. 1a, b and Supplementary Fig. 3a, b). TRAP staining showed a
decrease in osteoclast numbers in Dmp1-Cre;Myd88fl/fl mice (Fig. 1c, d
and Supplementary Fig. 3c, d). Expression levels of Rankl were down-
regulated in the bone tissue from Dmp1-Cre;Myd88fl/fl mice, while
osteoprotegerin (OPG, encoded by the Tnfrsf11b gene) levels were
comparable, resulting in the decrease of Rankl/Opg ratio, a parameter
for assessing osteoclastogenesis in the bone (Fig. 1e and Supplemen-
tary Fig. 3e). Pam3 decreased Opg levels in the bone regardless of the
presence or absence of MYD88 deletion (Fig. 1e). Moreover, Dmp1-
Cre;Myd88fl/fl mice were protected against osteolysis with reduced
osteoclastogenesis when they were challenged with S. aureus-derived
lipoteichoic acid (LTA), Pg-derived LPS, or live Pg (Supplementary
Fig. 4a−h, Supplementary Fig. 5a−d). RANKLdeletion in osteocytes and
mature osteoblasts of Dmp1-Cre;Ranklfl/fl mice blocked bone erosion
and osteoclast formation in calvarial injectionmodels (Supplementary
Fig. 6a–h). In contrast, deletion of interleukin-1 receptor (IL-1R) in
Dmp1-Cre;Il1r1fl/fl mice did not rescue bone erosion or increased
osteoclastogenesis and Rankl expression (Supplementary Fig. 7a–j).
Collectively, these results show that activation of the TLR2/4-MYD88-
RANKL axis in osteocytes and mature osteoblasts is responsible for
osteolysis induced by PAMPs. No significant changes in bone proper-
ties of the femur of Dmp1-Cre;Myd88fl/fl mice under physiological
conditions (Supplementary Fig. 8) indicated that the osteocyte/mature
osteoblastMYD88 pathway is important for bone resorption when the
pathway is bacterially activated.

Targeted deletion of MYD88 in osteocytes and mature osteo-
blasts protects against alveolar bone resorption in periodontitis
T and B lymphocytes are well-known cellular sources of RANKL in
periodontitis18,19. Therefore, the role of these cells in alveolar bone loss
induced by oral Pg infection was investigated. Remarkably, RAG1-
deficient mice (Rag1−/−) that lack T/B lymphocytes showed no sig-
nificant protection against alveolar bone loss (Fig. 2a). We next
examined if the TLR2-MYD88 axis in osteocytes and mature osteo-
blasts directly controls Pg-induced alveolar bone loss because
TLR2 signaling is known to be activated in the Pg periodontitis
model20,21 and alveolar bone osteocytes/mature osteoblasts express
TLR2 and MYD88 (Supplementary Fig. 9a). We found that both Dmp1-
Cre;Tlr2fl/fl and Dmp1-Cre;Myd88fl/fl mice infected with Pg exhibited
decreases in the distance between cementoenamel junction (CEJ) and
alveolar bone crest (ABC) and alveolar loss compared to Pg-infected
Tlr2fl/fl andMyd88fl/fl mice, respectively (Fig. 2b, c). The decreases were
accompaniedby suppressedosteoclast formationon the alveolarbone
surface (Fig. 2d, e). Also, Rankl levels in alveolar bone tissue were
decreased in Pg-infectedDmp1-Cre;Tlr2fl/fl andDmp1-Cre;Myd88fl/fl mice
(Supplementary Fig. 9b, c). Supporting a previous report11, alveolar
bone loss and increased osteoclast formation were blocked in
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Pg-infected Dmp1-Cre;Ranklfl/fl mice (Supplementary Fig. 9d, e). The
Dmp1-Cre;Myd88fl/fl mice on the Rag1−/− background showed alveolar
bone protection (Fig. 2f), but lack of IL-1R signaling had no impact on
alveolar bone loss (Supplementary Fig. 9f). Together, these results
show that activation of the TLR2-MYD88-RANKL axis in osteocytes and
mature osteoblasts is responsible for alveolar bone resorption in
periodontitis due to Pg. Further, the data indicate that osteocytes and

mature osteoblasts are the primary source of RANKL in Pg-induced
periodontitis and thatRANKL fromT/B lymphocytes has little effect on
osteoclastogenesis in the periodontitis model. Importantly, a Pg
component was identified in the osteocyte lacunar-canalicular system
of alveolar bone (Fig. 2g), suggesting that the TLR2-MYD88 axis in
osteocytes is directly activated by Pg-derived PAMPs to induce RANKL
expression responsible for causing alveolar bone resorption.

Fig. 1 | Lack of MYD88 in osteocytes and mature osteoblasts rescues calvarial
osteolysis induced by Pam3CSK4 injection. a MicroCT images of the calvaria.
Representative images from each group ofmalemice (n ≥ 5/group). b Erosion area,
BS/BV, and BV/TV of the calvaria (n = 5, 5, 5, 5, 8, 7, 11 inmale, n = 4, 6, 4, 4, 7, 9, 10 in
female). c TRAP staining of the calvarial bone. Representative images from each
group of male mice (n ≥ 4/group). Scale bar = 100μm. d Histomorphometric ana-
lysis of osteoclasts on the calvarial bone surface (n = 4, 7, 7, 10 inmale, n = 4, 6, 9, 10

in female). e qPCR analysis of Rankl (n = 6, 3, 7, 5, 4, 4, 7, 5 inmale, n = 6, 3, 6, 5, 6, 3,
7, 6 in female), Opg (n = 7, 6, 7, 5, 7, 6, 7, 5 in male, n = 6, 3, 7, 6, 6, 3, 7, 6 in female),
and their ratio (n = 6, 3, 7, 5, 4, 4, 7, 5 inmale, n = 6, 3, 6, 5, 6, 3, 7, 6 in female) in skin
and calvarial bone tissues. a–e Pam3= Pam3CSK4. b, d, e Data are presented as
mean ± SD. *p <0.05 with one-way ANOVA with Tukey–Kramer test. ns = not sig-
nificant. Each data point represents a biologically independentmouse. Source data
are provided as a Source Data file.
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Targeted restoration of MYD88 in osteocytes and mature
osteoblasts is sufficient to cause osteolysis
Osteocytes and osteoblasts are known to express inflammatory
cytokines4,6,17,22–28. Therefore, we hypothesized that bacterial activation
of theMYD88 pathway in these cells alonemight be sufficient to cause
inflammatory osteolysis. We employed the Myd88lsl/lsl mice, where
MYD88 becomes functionally active only after Cre exposure29 and

confirmed thatDmp1-Cre shows no detectableMyd88 gene restoration
in immune cells and hematopoietic tissues (Supplementary Fig. 10).
The Dmp1-Cre;Myd88lsl/lsl mice injected with Pam3 or infected with Pg
showed osteolysis comparable to Myd88+/+ mice (Fig. 3a, b). In both
osteolysis models, osteoclast induction and Rankl elevation were
observed in bone tissues from Dmp1-Cre;Myd88lsl/lsl mice (Fig. 3c, d).
H&E staining revealed considerable infiltration of inflammatory cells
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Fig. 2 | The TLR2-MYD88 axis in osteocytes and mature osteoblasts regulates
osteolysis in periodontitis induced by Porphyromonas gingivalis infection.
a–c, f Top: MicroCT images of the right maxilla. Representative images from each
group of male mice (n ≥ 5/group). Buccal side view. Bottom: The total CEJ-ABC
distance of the right maxillary molars and alveolar BV/TV underneath the second
molar of the rightmaxilla.a n = 8, 5, 5, 6 inmale.n = 5, 5, 8, 6 in female.bn = 5, 5, 7, 6
in male. n = 4, 6, 7, 7 in female. c CEJ-ABC: n = 7, 9, 17, 13 in male. n = 5, 8, 4, 11 in
female. BV/TV: n = 7, 8, 16, 10 in male. n = 5, 8, 4, 11 in female. f n = 5, 5, 5, 7 in male.
n = 3, 6, 3, 8 in female. d, e Top: TRAP staining of the alveolar bone. Representative
images from each group of male mice (n ≥ 4/group). Scale bar = 100μm. Bottom:

Histomorphometric analysis of osteoclasts on the alveolar bone surface. d n = 4, 5,
7, 6 in male. n = 4, 7, 7, 7 in female. e n = 5, 6, 15, 11 in male. n = 5, 6, 4, 9 in female.
g Immunofluorescence images of the Pg component detected in the alveolar bone
(green, indicated by arrows). Nuclei: DAPI (blue). AB = Alveolar bone. PDL = Peri-
odontal ligament. Representative images from three independent experiments.
Scale bar = 100 µm. a–g Pg = Porphyromonas gingivalis. a–f Data are presented as
mean ± SD. *p <0.05 with one-way ANOVA with Tukey–Kramer test. ns = not sig-
nificant. Each data point represents a biologically independentmouse. Source data
are provided as a Source Data file.
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on the calvaria of Pam3-injected Dmp1-Cre;Myd88lsl/lsl mice (Fig. 3e).
Expression levels of inflammatory cytokines were increased in skin
lesions overlying the calvaria of Pam3-injected Dmp1-Cre;Myd88lsl/lsl

mice and gingiva of Pg-infectedDmp1-Cre;Myd88lsl/lslmice compared to
Myd88lsl/lsl mice treated with Pam3 or Pg, respectively (Fig. 3f). Immu-
nohistochemical staining and qPCR analysis of skin lesions revealed
that calvarial lesions of Pam3-injected Dmp1-Cre;Myd88lsl/lsl mice con-
tain largenumbers of immune cells positive for Ly6Gor F4/80 (Fig. 3g).
These results suggest that specific activation of theMYD88 pathway in
osteocytes and mature osteoblasts is sufficient to trigger bone
resorption by osteoclasts and progress inflammation on the bone
surface by recruiting inflammatory cells, primarily neutrophils and
macrophages.

Osteocytes express significantly greater amounts of RANKL
than osteoblasts in response to PAMPs
Both osteocytes and osteoblasts are the cellular sources of RANKL for
osteoclastogenesis30. To examine whether the RANKL induction
capacity of osteocytes is different from that of osteoblasts, the
osteocyte-enriched cell population (Ocy) and the osteoblast-enriched
cell population (Ob) were differentially isolated from calvariae of
10-week-old mice by serial digestion with collagenase and EDTA31 fol-
lowed by the depletion of hematopoietic cells (Supplementary
Fig. 11a–c). The percentage of sclerostin-positive cells equivalent to
that in osteocytes in vivo32–34, little contamination of keratocan-
positive cells in Ocy, and much higher expression of osteocyte marker
genes and sclerostin in Ocy than in Ob showed that osteocytes are
highly enriched in Ocy (Supplementary Fig. 11d–f). Likewise, osteo-
blasts were highly enriched in Ob. Remarkably, while Dmp1-Cre has
been shown to be active in both osteocytes and osteoblasts in reporter
mice35–38, we found that it depletes MYD88, TLR2, and RANKL and
restores MYD88 with significant specificity to Ocy (Supplementary
Fig. 11g).

Ocy stimulated with Pam3, E. coli LPS, Pam2CSK4, heat-killed Pg,
or Pg culture supernatant, but not flagellin from Salmonella typhi-
murium (FLA-ST) or single-stranded RNA, expressed significantlymore
RANKL protein or mRNA than Ob, while basal Rankl levels were higher
in Ocy as reported9 (Fig. 4a, b and Supplementary Fig. 12a). The Rankl
induction was faster in Ocy than in Ob. Of note is that stimulation with
Pam3, E. coli LPS, or Pam2CSK4provokedbiphasicRankl elevation that
peaked at 8 and 48 h. Genetic depletion and pharmacological blocking
of MYD88 abrogated the RANKL mRNA and protein induction in Ocy
(Supplementary Fig. 12b–d). Co-culture of Ocy with bone marrow-
derived osteoclast precursors from Myd88−/− mice in the presence of
Pam3 or E. coli LPS caused more significant osteoclast formation than
Ob in a RANKL-dependent manner (Fig. 4c–f). Increased expression of
osteoclast-associated genes in the Ocy co-culture was suppressed
when RANKL was blocked by neutralizing antibodies (Supplementary

Fig. 12e). The soluble form of RANKL was not induced by these sti-
mulations (Supplementary Fig. 12f). These data show that osteocytes
have amuch greater capacity to support osteoclastogenesis than their
precursors, osteoblasts, in the presence of bacterial PAMPs and sug-
gest that activation of the osteocyte MYD88 pathway drives bone
resorption via inducing the membrane-bound form of RANKL. Con-
sidering the finding that Dmp1-Cre deletes and restores
MYD88 selectively in Ocy, it is conceivable that theMYD88 pathway in
osteocytes rather than that in osteoblasts is playing a major role in
regulating osteoclast formation induced by PAMPs in calvarial osteo-
lysis and Pg-driven periodontitis models.

TheMYD88-ERK pathway activates CREB and STAT3 to regulate
RANKL induction in osteocytes
TLR2 signaling is exclusivelymediatedbyMYD88,while TLR4 signaling
is mediated by both MYD88 and toll-like receptor adaptor molecule 1
(TICAM1, also known asTRIF)39. To examine themechanismof how the
MYD88 pathway induces RANKL in Ocy, Pam3 was used for Ocy acti-
vation. Pam3 stimulation increased the phosphorylation levels of the
ERK, JNK, p38, and NF-kB p65 inOcy (Fig. 5a) by 8 h. Treatment of non-
cytotoxic doses of the MEK inhibitor, but not the JNK, p38, or IKK
inhibitor, suppressed Rankl expression to the basal levels (PBS treat-
ment with no inhibitor) in Pam3-stimulated Ocy in a dose-dependent
manner (Fig. 5b), suggesting that the ERK signaling pathway dom-
inantly controlsRankl transcriptiondownstreamofMYD88 inOcy. The
specific impact of ERK signaling on Rankl induction was confirmed in
MLO-Y4 cells transfected with MEK1/2 siRNAs (Supplementary
Fig. 13a, b).

Rankl transcription is governed by the binding of multiple tran-
scription factors (TFs), including CREB, STAT3/5, c-Fos, and Runx2, to
the ten regulatory enhancers in stimulation- and cell type-specific
fashions40. Increased Rankl expression was blunted by the CREB and
STAT3 inhibitor, but not the STAT5, c-Fos, or Runx2 inhibitor (Fig. 5c),
suggesting that CREB and STAT3 are critical TFs for Rankl induction
downstream of MYD88 and ERK. The critical roles of CREB and STAT3
onRankl regulationwas verified inMLO-Y4 cells transfectedwithCREB
or STAT3 siRNAs (Supplementary Fig. 13c, d). Consistent with the
results, Pam3 treatment enhanced the phosphorylation levels of CREB
and STAT3 (Fig. 5d). Dose-dependent Rankl suppression by the CREB
inhibitor in the absence of Pam3 implied that constitutive activation of
CREB is important tomaintain the basal RANKL level in osteocytes.We
found that T6167923 or U0126 treatment and genetic ablation of the
MYD88 pathway blocked the phosphorylation of CREB and STAT3,
confirming that theMYD88-ERK pathway activates CREB and STAT3 in
Pam3-stimulated Ocy (Fig. 5e, f, Supplementary Fig. 13e). Finally, CUT
& RUN assays showed that Pam3 increased the binding of CREB and
STAT3 to theD2/D4/D5/T3 andD2/D5/D6 enhancers of theRanklgene,
respectively (Fig. 5g). Similarly, E. coli LPS activated the ERK-CREB/

Fig. 3 | Targeted activation of the MYD88 pathway in osteocytes and mature
osteoblasts is sufficient to trigger calvarial osteolysis and alveolar bone loss.
a Top: MicroCT images of the calvaria. Representative images from each group of
malemice injectedwith Pam3CSK4 (n ≥ 6/group). Bottom: Erosion area (n = 7, 10, 3,
8, 8, 6), BS/BV (n = 7, 9, 3, 8, 8, 6), andBV/TV (n = 7,9, 3, 8, 8, 6) of the calvaria.bTop:
MicroCT images of the right maxilla. Representative images from each group of
malemice inoculatedwith Pg (n ≥ 3/group). Buccal side view. Bottom:The total CEJ-
ABC distance of the right maxillary molars and alveolar BV/TV underneath the
second molar of the right maxilla. n = 4, 4, 3, 4, 3, 5. c Top: TRAP staining of the
calvarial bone. Representative images from each group of male mice injected with
Pam3CSK4 (n ≥ 5/group). Scale bar = 100μm. Bottom left: Histomorphometric
analysis of osteoclasts on the calvarial bone surface. n = 5, 7, 3, 7, 5, 6. Bottom right:
qPCR analysis of Rankl in calvarial bone tissue. n = 5, 7, 6, 8, 7, 7. d Top: TRAP
staining of the alveolar bone. Representative images from each group ofmalemice
inoculated with Pg (n ≥ 3/group). Scale bar = 100μm. Bottom left: Histomorpho-
metric analysis of osteoclasts on the alveolar bone surface.n = 3, 4, 3, 4, 3, 5. Bottom

right: qPCR analysis ofRankl in alveolar bone tissue. n= 4, 5, 6, 4, 3, 5. eH&E staining
of skin tissue on the intersection of the coronal and sagittal sutures. Representative
images from each group of male mice injected with Pam3CSK4 (n ≥ 3/group). Scale
bar = 100μm. fqPCRanalysis of inflammatory cytokines in skin tissueon the calvaria
and gingival tissue. Skin Tnf and Il1b (n = 5, 3, 3, 9, 3, 4). Skin Il6 (n= 4, 3, 3, 9, 3, 4).
Gingival Tnf, Il1b, and Il6 (n= 4, 3, 3, 4, 3, 3). g Left: Immunohistochemical staining of
neutrophils and macrophages in skin tissue on the calvaria. Representative images
from three independent experiments with similar results. Scale bar = 100μm. Right:
qPCR analysis of macrophage and neutrophil marker genes in skin tissue on the
calvaria. Ly6g (n= 4, 3, 3, 8, 3, 4).Adgre1 (n = 5, 3, 3, 8, 3, 4). a–gData frommalemice.
Female mice showed the similar results. Pam3 = Pam3CSK4. Pg = Porphyromonas
gingivalis. a–d, f, gData are presented asmean± SD. *p <0.05 with one-way ANOVA
with Tukey–Kramer test. #p <0.05when two-tailed unpaired t-test was used (f, g). ns
= not significantwith ANOVA. Each data point represents a biologically independent
mouse. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-022-34352-z

Nature Communications |         (2022) 13:6648 6



STAT3 pathways to increase Rankl expression (Supplementary
Fig. 14a–d). Together, these results indicate that CREB and STAT3
activation mediated by the MYD88-ERK pathway regulates early Rankl
induction by 8 h in Ocy stimulated with Pam3.

FBXL19 and PDLIM2 regulate RANKL expression via CREB/CBP
and STAT3 ubiquitination in osteocytes
Next, we sought to identify the mechanism by which Pam3 increases
Rankl transcription at later time points after 8 h. We discovered that
blocking the MYD88 pathway by T6167923 significantly decreased
CREB, CBP, and STAT3 proteins, but not mRNAs, in Ocy after 12 h
(Fig. 6a, b). Similarly, genetic deletion of MYD88 suppressed protein
levels of these TFs, but not mRNA, in Ocy (Fig. 6c, d). Restoration of
CREB, CBP, and STAT3protein levels in the presenceofMG132, but not

leupeptin, suggested that destabilization of these TFs is mediated by
the ubiquitin-proteasome pathway (Fig. 6e, f).

Oppositely, Pam3 activation increased the CREB, CBP, and
STAT3 protein stability with no changes in theirmRNA levels (Fig. 7a
and Supplementary Fig. 15). Decreased lysine (K) 48-ubiquitination
of CREB, CBP, and STAT3 after Pam3 stimulation confirmed that the
ubiquitin-proteasome pathway controls the stability of these TFs
downstream of MYD88 (Fig. 7b–d). Further, we investigated the
ubiquitin ligases of CREB, CBP, and STAT3 in Ocy. F-box and leucine-
rich repeat protein 19 (FBXL19) is an E3 ubiquitin ligase that ubi-
quitinates the CBP41. We found that FBXL19 protein, not mRNA, was
destabilized in Ocy after stimulation of the MYD88 pathway (Fig. 7e
and Supplementary Fig. 16a). Therefore, the impact of Pam3 on the
formation of molecular complexes containing FBXL19 and CREB/

Fig. 4 | PAMPs induce more robust RANKL expression in the osteocyte-
enriched cell population than the osteoblast-enriched cell population. a qPCR
analysis of Rankl in the osteoblast-enriched cell population (Ob) and osteocyte-
enriched cell population (Ocy) stimulated with Pam3CSK4 (100ng/mL), E. coli LPS
(100ng/mL), or PBS every 24 h. Average expression levels in Ob treated with PBS
for 0 h were set as 1. Representative data from five independent experiments with
similar results, each with three replicates (n = 3). bWestern blotting of RANKL with
cell lysates from Ob and Ocy stimulated with Pam3CSK4, E. coli LPS, or PBS.
Representative images from five independent experiments with similar results.
c–f Co-culture of bone marrow-derived M-CSF-dependent macrophages from
Myd88−/− male mice with Ob or Ocy isolated from wild-type (Myd88+/+) C57BL/6 J

male mice. Cells were stimulated with Pam3CSK4, E. coli LPS, or PBS for 7 days.
c, e Formation of TRAP+multinucleated cells (MNCs) and numbers of TRAP +
MNCs per well. Representative images and data (n = 6/group) from three inde-
pendent experiments with similar results. Scale bar = 100μm. d, f Numbers of
TRAP+MNCs per well in the presence and absence of RANKLneutralizing antibody
for 7 days. Representative data from three independent experiments with similar
results (n = 6/group). a–d Pam3 = Pam3CSK4. a, c–f Data are presented as mean±
SD. a #p <0.05 with two-tailed unpaired t-test. c, e #p <0.05 with two-tailed
unpaired t-test. *p <0.05 when one-way ANOVA with Tukey–Kramer test was used.
ns = not significant with t-test. d, f *p <0.05 with one-way ANOVA with
Tukey–Kramer test. Source data are provided as a Source Data file.
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CBP was examined. CREB and CBP formed molecular complexes
with FBXL19, and Pam3 stimulation decreased the complex forma-
tion (Fig. 7f). Lentiviral overexpression of FBXL19 in osteocytic IDG-
SW3 cells increased K48-ubiquitination of CREB and CBP and
decreased these protein levels (Fig. 7g). Indeed, FBXL19 over-
expression suppressed RANKL protein and mRNA levels in osteo-
cytic IDG-SW3 cells (Fig. 7h, i). Oppositely, knocking down Fbxl19
increased CREB and CBP proteins and upregulated RANKL protein

and mRNA with decreases in the ubiquitination of CREB and CBP
(Supplementary Fig. 16b–e).

PDLIM2 is an E3 ubiquitin ligase that regulates STAT3
degradation42. We found that stimulation of the MYD88 pathway
destabilizes PDLIM2 protein and mRNA in Ocy (Fig. 7j and Supple-
mentary Fig. 17a). STAT3 formed complexes with PDLIM2, and Pam3-
stimulation decreased the complex formation in Ocy (Fig. 7k).
Lentiviral overexpression of PDLIM2 increased K48-ubiquitination of
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STAT3 and decreased STAT3 protein level in osteocytic IDG-SW3 cells
(Fig. 7l). Protein and mRNA levels of RANKL were decreased in osteo-
cytic IDG-SW3 cells overexpressing PDLIM2 (Fig. 7m, n). In contrast,
Pdlim2 knockdown increased STAT3 protein and elevated RANKL
protein and mRNA, while it reduced the ubiquitination of STAT3
(Supplementary Fig. 17b–e).

Parathyroid hormone (PTH) stimulates the protein kinase A (PKA)
in osteocytes to induce CREB-mediated Rankl expression43,44. How-
ever, PKA inhibition did not suppress Rankl induction by Pam3 (Sup-
plementary Fig. 18a). Further, Pam3 stimulation did not increase the
binding of CRTC2, a co-activator of CREB critical for PTH-induced
RANKL expression43, to Rankl enhancers, suggesting that the
mechanism of Rankl induction by Pam3 is different from that by PTH
(Supplementary Fig. 18b). It is known that IL-6 and TNF-ɑ increase
RANKL expression in osteocytes23,45,46. Neutralization of IL-6, but not
TNF-ɑ, partially suppressed Rankl induction by Pam3 (Supplementary
Fig. 18c), suggesting that PAMPs-driven Rankl up-regulation in osteo-
cytes is primarily regulated by direct TLR activation, but osteocyte-
derived cytokines potentiate it in an autocrine or paracrine manner.
Thus, the results show that K48-ubiquitination of CREB, CBP, and
STAT3 is another key mechanism for inducing RANKL expression
downstream of MYD88 in Ocy, where FBXL19 and PDLIM2 play pivotal
roles in the ubiquitination process.

An MYD88 inhibitor protects against alveolar bone loss in
periodontitis
We tested the therapeutic impact of an MYD88-specific inhibitor on
periodontitis. We discovered that systemic administration of
T616792347,48 protected against the increase of the CEJ-ABC distance
and the decrease of BV/TV of alveolar bone in wild-type mice infected
with Pg (Fig. 8a, b). These protective effects were accompanied by
decreased osteoclast formation on the surface of alveolar bone and
reducedexpressionof osteoclast-associatedgenes in the alveolar bone
(Fig. 8c, d). The data show that pharmacological inhibition of
MYD88 suppresses osteoclast induction and alveolar bone resorption
caused by periodontitis in vivo, thereby suggesting thatMYD88 can be
a therapeutic target for bone loss due to bacterial infections, including
periodontitis.

Discussion
The mechanism responsible for osteolysis associated with bone
infection has been unclear. Moreover, it remains unknown whether
and how the MYD88-mediated host defense system of osteocytes
triggered by bacterial infection impacts the skeleton. The current
study demonstrates that osteocytes dominantly control bacterially-
induced osteolysis by directly integrating the MYD88 pathway
activation into the mechanism of RANKL induction responsible for
osteoclastogenesis. The pattern recognition receptors TLR2 and
TLR4 play a central role in the osteocyte recognition of bacterial

PAMPs. Through these receptors, the MYD88 pathway converts
infection signaling into bone-resorption signaling. Our data also
show that the impact of the osteocyte MYD88 pathway on bone
resorption emerges in pathological settings rather than physiolo-
gical settings. We established an improved method to separately
isolate osteocyte-enriched and osteoblast-enriched cell popula-
tions from the calvariae of adult mice. Using this method, we dis-
covered that osteocytes express significantly higher amounts of
RANKL than osteoblasts when stimulated with PAMPs, and the 10 kb
Dmp1 promoter is highly specific for osteocytes compared to
osteoblasts. Therefore, rescues from calvarial osteolysis and
alveolar bone loss in Dmp1-Cre;Myd88fl/fl mice were interpreted to
demonstrate that the TLR-MYD88 signaling axis in osteocytes
dominantly regulates osteolysis in bone infections in the oral and
craniofacial regions. Further, the Dmp1-Cre specificity to osteocytes
showed that osteocytes are the primary source of RANKL in the
mechanism of bacterially-induced bone resorption.

RANKL derived from osteocytes has been shown to play a critical
role in physiological and pathological bone resorption8–10,49–53. But its
role in bone infection is poorly understood. In addition, while bacterial
PAMPs have been shown to increase RANKL expression in mouse
neonatal calvarial osteoblasts and the osteocytic MLO-Y4 cell line
in vitro14,17, these studies have never compared the potential of RANKL
induction between osteocytes and osteoblasts directly. We discovered
that activation of the MYD88 pathway promotes the expression of
RANKL mRNA and protein much more robustly in the osteocyte-
enriched cell population than in the osteoblast-enriched cell popula-
tion. Considering the fact that osteocytes are the most abundant cells
in the bone, the much higher RANKL induction capacity of osteocyte-
enriched cells can be the rationale behind our conclusion that osteo-
cytes play a dominant role in osteoclast formation in bacterial bone
infection.

Osteocytes regulate hematopoiesis and secrete a wide range of
inflammatory factors when stimulated with bacterial
pathogens4,22,54,55. Nonetheless, the in vivo impact of such osteocyte-
derived factors on bone has been undetermined. To our surprise,
Dmp1-Cre;Myd88lsl/lsl mice revealed that osteocyte-selective restora-
tion of the MYD88 pathway is sufficient to trigger and develop
inflammation and osteolysis on the bone surface, suggesting that
osteocytes transform into powerful inflammatory cells that provide
not only RANKL but also pro-inflammatory “osteocytokines” and
“osteochemokines” when stimulated with bacterial PAMPs. There-
fore, “osteocyte inflammation” may regulate the migration of
immune and osteoclast progenitor cells to the bone surface in bone
infectious diseases. Cooperative activation of neutrophils and mac-
rophages is likely to be necessary to boost the development of
inflammatory lesions on the bone surface. It would be interesting to
determine what osteocyte-derived inflammatory mediators play key
roles in recruiting neutrophils and macrophages to the bone surface

Fig. 5 | Activation of the MYD88 pathway induces RANKL via the ERK-CREB/
STAT3 axes in the osteocyte-enriched cell population. a Western blotting of
phosphorylated (p) and total ERK, JNK, p38, and NF-kB p65 proteins in Ocy sti-
mulated with Pam3CSK4 or PBS. min. = minutes. b, c qPCR analysis of Rankl. Ocy
was pretreated with increasing concentrations of inhibitors or vehicle (DMSO) for
2 h before stimulation with Pam3CSK4 or PBS for 8 h. Representative data from
three independent experiments with similar results, each with three replicates
(n = 3). d Western blotting of phosphorylated (p) and total CREB and STAT3 pro-
teins in Ocy stimulated with Pam3CSK4 or PBS. min. = minutes. e Left: Western
blotting of phosphorylated (p) and total CREB and STAT3 proteins. Ocy was pre-
treated with the MYD88 inhibitor T6167923 (20 µM) or vehicle (DMSO) for 2 h
before stimulation with Pam3CSK4 or PBS for 8 h. Right: Densitometric analysis of
thep-CREB/CREB andp-STAT3/STAT3 ratiousing ImageJ. f Left:Westernblottingof
phosphorylated (p) and total CREB and STAT3 proteins. Ocy was pretreated with
the MEK1/2 inhibitor U0126 (20 µM) or vehicle (DMSO) for 2 h before stimulation

with Pam3CSK4 or PBS for 8 h. Right: Densitometric analysis of the p-CREB/CREB
and p-STAT3/STAT3 ratio using ImageJ. e, f Graphs were created from the data of
three independent experiments (n = 3). g CUT & RUN assays of CREB and STAT3 in
Ocy stimulated with Pam3CSK4 or PBS for 8 h. Inductions of CREB and STAT3
binding to the Rankl promoter and enhancerswere quantitated by qPCR relative to
the isotype control IgGs (fold enrichment). Representative data from three inde-
pendent experiments with similar results, each with three replicates (n = 3). The
diagram shows the mouse Rankl promoter and enhancer loci and the binding sites
of CREB and STAT3 in Ocy stimulated with Pam3CSK4. TSS = Transcription start
site. a–g Pam3 = Pam3CSK4. a, d, e, f Representative images frommore than three
independent experiments. b, c, e, f, g Data are presented as mean ± SD.
b, c, e, f *p <0.05with one-wayANOVAwith Tukey–Kramer test. ns = not significant.
g #p <0.05 with two-tailed unpaired t-test. Source data are provided as a Source
Data file.
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and whether inflamed osteocytes are involved in the mechanism of
osteocytic osteolysis. Detailed time-course studies with Dmp1-Cre;-
Myd88fl/fl and Dmp1-Cre;Myd88lsl/lsl mice will determine the inflam-
mation and bone resorption phases (e.g., initiation, progression, or
establishment) critically affected by osteocyte-derived inflammatory
mediators, including RANKL. Together, the current study provides
genetic evidence that osteocytes are the direct cellular mediators of
bone resorption and inflammation. As a result, osteocytes could be
the cellular target for blocking the migration of osteoclast pro-
genitor and inflammatory cells to the bone surface.

Mechanistically, activation of the MYD88 pathway increased the
phosphorylation levels of CREB and STAT3, and blocking these TFs
prevented the Rankl induction in osteocytic cells. These data show the
critical role of CREB and STAT3 in the Rankl regulation of osteocytes.
CREB is known to regulate Rankl transcription by binding to the D2,
D4, and D5 enhancers in the osteoblast-like MC3T3-E1 cells40. Our data
show that, in the osteocyte-enriched cell population, Pam3 promotes
the binding of CREB to the T3 enhancer in addition to the D2, D4, and
D5 enhancers. T3 was initially identified in the mechanism of T cell-
specific Rankl transcription56. CREB binding to the T3 is likely

Fig. 6 | The MYD88 pathway regulates CREB, CBP, and STAT3 protein stability
in the osteocyte-enriched cell population. aWestern blotting of CREB, CBP, and
STAT3 proteins in Ocy isolated from wild-type (Myd88+l+) male mice. Ocy was
treatedwith T6167923 or vehicle (DMSO) every 24h. Graphs show the intensities of
the protein bands relative to those of DMSO-treated Ocy at 0 h (%). Graphs were
created from the data of three independent experiments (n = 3). Normalized by β

-Actin.b qPCR analysis ofCreb1,Cbp, and Stat3 inmaleMyd88+l+Ocy treatedwith or
without T6167923 (20 µM) for 48h. T6167923 was added to the cultures every 24h.
Representative data from three independent experiments with similar results, each
with three replicates (n = 3). c Western blotting of the indicated proteins in Ocy
isolated from Dmp1-Cre;Myd88fl/fl and Myd88fl/fl male mice. Graphs show the inten-
sities of the protein bands from Dmp1-Cre;Myd88fl/fl mice relative to those from

Myd88fl/fl mice normalized by β-Actin (%). Graphs were created from the data of
three independent experiments (n = 3). d qPCR analysis of Creb1, Cbp, and Stat3 in
Ocy isolated from Dmp1-Cre;Myd88fl/fl andMyd88fl/fl male mice. Representative data
from three independent experiments, eachwith three replicates (n = 3). e,fWestern
blotting ofCREB,CBP, and STAT3 inOcy isolated fromMyd88+l+malemice.Ocywas
treated with a proteasomal inhibitor MG132 (1μM) or a lysosomal inhibitor leu-
peptin (100μM) for 3 h before treatment with T6167923 (20 μM) for 48 h. MG132,
leupeptin, and T6167923 were added to the cultures every 24 h. a, b, c, d Data are
presented as mean± SD. #p <0.05 with two-tailed unpaired t-test. ns = not sig-
nificant. a, c, e, f Representative images from more than three independent
experiments. Source data are provided as a Source Data file.
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important for the osteocyte-specific mechanism of Rankl induction.
Similarly, STAT3 plays a regulatory role for Rankl transcription by
binding to the D4, D5, and D6 enhancers in the ST2mouse stromal cell
line57,58. We showed that Pam3 stimulation provokes STAT3 binding to
the D2, D5, and D6 enhancers in the osteocyte-enriched cell popula-
tion. Thus, increased STAT3 binding to the D2 may be involved in the
mechanism of more robust Rankl induction in osteocytes than
osteoblasts. Genome-wide comparison of changes in CREB and STAT3
binding sites in response to Pam3 between osteocytes and other cell
types, including osteoblasts and T cells, will identify new osteocyte-
specific Rankl transcription mechanisms.

The greater Rankl induction capacity of osteocyte-enriched cells
may also be explained by increased CREB, CBP, and STAT3 protein

stability. We discovered that the MYD88 pathway regulates RANKL
expression via the K48-ubiquitination of CREB/CBP and STAT3 and
their proteasomal degradation. FBXL19 is an F-box protein that reg-
ulates the ubiquitination of CBP, Rac1/3, RhoA, and IL-33R in the Skp1-
Cul1-F-box protein (SCF) E3 ubiquitin ligase complex41,59–63. Our data
showed that CREB is a ubiquitination target of FBXL19 in osteocytes,
and FBXL19 regulates osteocyte RANKL production via CREB and CBP.
PDLIM2 is an E3 ubiquitin ligase for STAT3 and plays an important role
in T cell and macrophage functions42,64–66. However, its role in the
skeletal system remained unknown. We showed that a critical role of
PDLIM2 in the skeletal system is to control RANKL in osteocytes via
targeted ubiquitination of STAT3. Activation of the MYD88 pathway
reduced the formation of molecular complexes containing CREB/CBP

Article https://doi.org/10.1038/s41467-022-34352-z

Nature Communications |         (2022) 13:6648 11



Fig. 7 | Activation of the MYD88 pathway induces RANKL by decreasing CREB,
CBP, and STAT3 ubiquitination in the osteocyte-enriched cell population.
a Degradation kinetics of CREB, CBP, and STAT3 proteins in Ocy stimulated with
Pam3CSK4 or PBS. Ocy was treated with cycloheximide (CHX, 10μM) and
Pam3CSK4/PBS every 24 h. Graphs show the intensities of the protein bands rela-
tive to those at 0 h (%). Normalized by β-Actin. b–d Western blotting of K48-
ubiquitinated proteins after immunoprecipitation (IP) of CREB, CBP, and STAT3.
Ocywas stimulatedwith Pam3CSK4or PBS for 48h. eWestern blotting of FBXL19 in
Ocy stimulated with Pam3CSK4 or PBS. f IP of CREB and CBP followed by Western
blotting for FBXL19. 48h after Pam3CSK4 or PBS stimulation. gWestern blotting of
K48-ubiquitinated proteins after IP of CREB or CBP. Cell lysates of differentiated
IDG-SW3 cells overexpressing FLAG-taggedmouse FBXL19were used.Graphs show
the relative intensities of CREB, CBP, and FBXL19 protein bands against β-Actin in
whole cell lysates. h Left: Western blotting of RANKL using cell lysates from dif-
ferentiated IDG-SW3 cells overexpressing FLAG-tagged mouse FBXL19. Right:
Relative RANKL protein levels normalized by β-Actin. i qPCR analysis of Rankl in
differentiated IDG-SW3 cells overexpressing FLAG-tagged mouse

FBXL19 stimulatedwith Pam3CSK4 or PBS for 48h. jWestern blotting of PDLIM2 in
Ocy stimulated with Pam3CSK4 or PBS. k IP of STAT3 followed byWestern blotting
for PDLIM2. 48h after Pam3CSK4 or PBS stimulation. l Western blotting of K48-
ubiquitinatedproteins after IP of STAT3. Cell lysates of differentiated IDG-SW3 cells
overexpressing MYC-tagged mouse PDLIM2 were used. Graphs show the relative
intensities of STAT3 and PDLIM2protein bands againstβ-Actin inwhole cell lysates.
m Left: Western blotting of RANKL using cell lysates from differentiated IDG-SW3
cells overexpressing MYC-tagged mouse PDLIM2. Right: Relative RANKL protein
levels normalized by β-Actin. n qPCR analysis of Rankl in differentiated IDG-SW3
cells overexpressingMYC-taggedmouse FBXL19 stimulatedwith Pam3CSK4or PBS
for 48h. a–f, i–k, n Pam3 = Pam3CSK4. a, g, h, l, m Graphs were created from the
data of three independent experiments (n = 3). i, n Representative data from three
independent experiments with similar results, each with three replicates (n = 3).
a, g,h, i, l,m,nData are presented asmean± SD. #p <0.05with two-tailed unpaired
t-test. a–h, j–m Representative images from more than three independent
experiments. Source data are provided as a Source Data file.

Fig. 8 | Administration of an MYD88 inhibitor protects against alveolar bone
loss in periodontitis induced by Porphyromonas gingivalis infection. a Left:
MicroCT imagesof the rightmaxilla from Porphyromonas gingivalis (Pg)- or vehicle-
inoculated wild-type C57BL/6 J male mice administered with T6167923 or DMSO.
Buccal side view. Representative images from each group of male mice. Right: The
total CEJ-ABC distance at the right maxillary molars. b Alveolar BV/TV underneath
the right maxillary second molar. a, b Pg +DMSO (n = 5), Pg + T6167923 (n = 4),
Vehicle +DMSO (n = 4), Vehicle + T6167923 (n = 4). c Left: TRAP staining of the

alveolar bone. Representative images from each group of male mice (n = 5/group).
Scale bar = 100μm. Right: Histomorphometric analysis of osteoclasts on the
alveolar bone surface. d qPCR analysis of osteoclast-associated genes in the
alveolar bone (n = 5/group). a–d Data are presented as mean± SD. *p <0.05 with
one-way ANOVA with Tukey–Kramer test. ns = not significant. Each data point
represents a biologically independentmouse. Source data are provided as a Source
Data file.
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and FBXL19 in osteocyte-enriched cells while reducing the ubiquiti-
nation of CREB/CBP. Similarly, it decreased the interaction of PDLIM2
with STAT3 with decreased STAT3 ubiquitination. These results sug-
gest that reduced interactions of CREB/CBP and STAT3 to their ubi-
quitin ligases are a primary cause for promoting CREB/CBP and STAT3
protein stabilities responsible for RANKL induction in bacterially-
inflamed osteocytes. The down-regulation of FBXL19 and PDLIM2
protein levels following the MYD88 pathway activation may be an
underlying mechanism for decreasing these molecular interactions.
Because overexpression of FBXL19 or PDLIM2 suppresses RANKL in
osteocytic cells, preventing the reduction of FBXL19 and PDLIM2
proteins or increasing the stability of these ubiquitin ligases will be a
strategy for suppressing RANKL in osteocytes. FBXL19 degradation is
regulated by FBXW17-mediated ubiquitination and CBP-mediated
acetylation67,68. Manipulating these mechanisms of FBXL19 degrada-
tion may be an approach to suppress osteoclastogenesis in bone
infection. Regulatory mechanisms of PDLIM2 degradation and mRNA
transcription need to be revealed to identify strategies for suppressing
RANKL via PDLIM2. As MYD88 signaling activates the NF-kB pathway
andNF-kB p65 is another ubiquitination target of PDLIM265, itmight be
possible that PDLIM2-mediated p65 ubiquitination is also decreased in
Pam3-stimulated osteocytes to upregulate pro-inflammatory gene
expression. Together, our data show that FBXL19 and PDLIM2 regulate
RANKL induction downstream of MYD88 in osteocytes, suggesting
that these ubiquitin ligases are therapeutic targets for osteolysis in
bone infection.

Notably, activation of the MYD88 pathway with Pam3 increased
the stabilization of CREB, CBP, and STAT3 proteins after 12 h in the
osteocyte-enriched cell population. BecauseRankl expression peaks at
8 and 48 h after Pam3 stimulation, increased stability of CREB, CBP,
and STAT3 is likely to be involved in the Rankl induction at the late
phase. In contrast, increased phosphorylation of CREB and STAT3 by
8 h, which leads to their binding to Rankl enhancers, is likely respon-
sible for the Rankl induction at the early phase. Paracrine or autocrine
effects of osteocyte-derived inflammatory cytokines (e.g., IL-6) on the
stability of these TFs need to be investigated to determine if signaling
pathways other than the MYD88 pathway regulate the degradation of
CREB/CBP and STAT3 through FBXL19 and PDLIM2, respectively. Our
data showed that single inhibition of CREB or STAT3 by inhibitor or
siRNA treatment efficiently suppressed Pam3-induced Rankl expres-
sion, suggesting that CREB and STAT3 cooperatively regulate RANKL
transcription in osteocytes. Intriguingly, Pam3 injection decreased
Opg levels in bone regardless of the MYD88 deletion, indicating that
MYD88-independent mechanisms of OPG suppression, most likely in
osteoblasts69,70, contribute to promoting osteolysis in cooperation
with osteocyte RANKL when bones are infected. Ultimately, these
molecular mechanisms of inducing RANKL expression identified by
using Pam3will need to be validated in osteocytes stimulated with live
bacteria.

In Pg-associated periodontitis, T and B cells are potential sources
of RANKL19,71. However, no significant rescue from the alveolar bone
loss was detected in Pg-infected RAG1-deficient mice that lack both T
and B cells, suggesting that RANKL from these lymphocytes is not
critically important for osteoclast formation in the Pg-induced peri-
odontitis model. In contrast, both Rag1−/−; Dmp1-Cre; Myd88fl/fl and
Dmp1-Cre;Ranklfl/fl mice exhibited a significant rescue from alveolar
bone osteolysis, thereby confirming that osteocytes are the primary
source of RANKL in Pg-induced periodontitis. These findings suggest
that regardless of the immune cell types involved in the alveolar bone
loss, osteocytes are the predominant and direct source of RANKL
responsible for osteoclast formation driven by Pg infection. Impor-
tantly, our data from RAG1-deficient mice indicate that RANKL induc-
tion in osteocytes is independent of T and B cell activation in Pg
periodontitis. It would be of interest to investigate to what extent
osteocyte RANKL is required for osteoclastogenesis in the ligature-

induced periodontitis model where IL-17 from TH17 cells is critically
inducing RANKL expression on periodontal ligament cells and
osteoblasts72.

Previously, Pgwas shown to invade the epithelial and periodontal
ligament cells to stimulate inflammatory responses leading to peri-
odontitis in mice and humans73–75. Our study showed that the osteo-
cyte lacunar-canalicular system could harbor Pg components, and
heat-killed Pg and Pg culture supernatant increase Rankl expression in
osteocyte-enriched cells. These results indicate that Pg-derived
pathogens interact directly with osteocytes to stimulate Rankl
expression via the TLR2-MYD88 pathway in vivo. Pathogenic compo-
nents of Pg could reach the osteocytes through the local blood cir-
culation system in theoral cavity. Thus, itwill be interesting to examine
if live Pg invades and survives in the lacunar-canalicular space of the
alveolar bone. As Dmp1-Cre;Myd88fl/fl mice infected with Pg show a
rescue from alveolar bone loss and Dmp1-Cre;Myd88lsl/lsl mice infected
with Pg exhibit alveolar bone loss, we propose that direct activation of
the alveolar bone osteocytes by bacterial PAMPs is a pathological
mechanism of periodontal bone loss and the MYD88 pathway would
be a treatment and prevention target for periodontal diseases. Indeed,
in this study, MYD88 inhibitor treatment stopped the progression of
alveolar bone loss induced by Pg. Ultimately, osteocyte-specific drug
delivery systems would need to be developed because systemic
MYD88 inhibition will increase the host’s susceptibility to bacterial
infection and impair bacterial clearance by the host immune
system76–78.

While we have shown the critical roles of the osteocyte MYD88
pathway in bone infection, there are limitations in the current study.
Recent reports indicated that Dmp1-Cre is active in both osteocytes
andmature osteoblasts in Ai9/14 reportermice35–38. However, previous
studies have not directly compared the Dmp1-Cre-mediated recombi-
nation efficiency of targeted genes between primary osteocytes and
osteoblasts. We found that the Dmp1 promoter is highly specific to
osteocytes bydirectly comparing thedeletion/restoration efficiency of
MYD88, RANKL, and TLR2 proteins between Ocy and Ob. This dis-
crepancy could be due to the difference in assay sensitivity. The Ai9/14
mice may be extremely sensitive to trace amounts of Cre expression
that are insufficient to delete other floxed transgenes79. Alternatively,
Dmp1-Cre could exhibit the osteocyte specificity in a targeting con-
struct-, target gene-, bone type and location-, or ossification type-
dependent manner79. Given the marked selectivity of Dmp1-Cre for
calvarial osteocytes, Dmp1-Cre is the most reliable Cre driver for cur-
rent osteocyte studies involving osteoclasts and immune cells since,
unlike Sost-Cre10, it shows little or no off-target activity to hemato-
poietic progenitors differentiating into osteoclasts, T/B lymphocytes,
or myeloid cells. In the current study, 1) the greater RANKL induction
capacity of Ocy in response to bacterial PAMPs, which can be recapi-
tulated in IDG-SW3 cells (Supplementary Fig. 19), 2) the greater Dmp1-
Cre specificity to Ocy, and 3) the fact that osteocytes are the most
abundant cell type in bonemay serve as rationales for concluding that
it is the osteocytes that play critical roles in regulating osteolysis in
bone infection. However, our method for separating osteocytes from
osteoblasts is still suboptimal and imperfect, and Ocy and Ob popu-
lations isolated from the calvarial bone are obviously heterogeneous.
Therefore, our results can be interpreted to conclude that the MYD88
pathway in both osteocytes and mature osteoblasts, but dominantly
the pathway in osteocytes, is playing essential roles in the mechanism
of PAMPs-driven osteolysis in oral and craniofacial regions. This
interpretation is supported by the data that Osteocalcin-Cre;Myd88fl/fl

mice lacking MYD88 in both Ocy and Ob exhibit the suppression of
osteolysis comparable to that in Dmp1-Cre;Myd88fl/fl mice (Supple-
mentary Fig. 20). Future development of the definitive osteocyte-
specificCremicewill be needed. It is also conceivable that the extent to
which the osteocyte TLR-MYD88-RANKL axis affects osteolysis
depends on the pathogen and the site of bone infection. Our studywill
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not exclude the possible involvement of T/B cells or other cellular
RANKL sources, e.g., MALPs80, in the mechanism of bone resorption
triggered by bacteria. Importantly, the possible MYD88 deletion/
restoration in a subset of CAR cells, skeletal muscle cells, and trans-
cortical perivascular cells by Dmp1-Cre needs to be considered in the
interpretation of our findings35–37,81. Particularly, it would be of interest
to examine if CAR cells are a critical RANKL supplier for osteoclast
induction in bone infection.

In summary, our study identified a role of the MYD88 pathway in
the skeletal system and revealed that osteocytes are bacteria sensors
embedded in the bone that transform into inflammatory cells produ-
cing RANKL. We also discovered that the bacterially-stimulated
osteocytes, and likely also the bacterially-stimulated mature osteo-
blasts to some extent, have the capacity to trigger and develop
osteolysis directly and independently through RANKL induction and
inflammatory cell recruitment (Supplementary Fig. 21). These insights
into osteocytes establish the osteocyte as the central regulator of
osteoclastogenesis and bone resorption via RANKL. Since activation of
the osteocyte MYD88 pathway is a significant cause of inflammatory
osteolysis due to bacterial infection, targeting the MYD88 signaling
and downstream RANKL regulatory mechanisms in osteocytes would
be a treatment strategy for bone destruction in periodontitis and
osteomyelitis. Similarly, arthritis patients whose bone destruction is
caused by the gain-of-function MYD88 mutation82 might benefit from
the same therapeutic strategy.

Methods
Study approval
All mutant mouse lines and experimental procedures were approved
by the Institutional Animal Care and Use Committee (IACUC) of the
Indiana University School of Medicine and Institutional Biosafety
Committee (IBC) of the Indiana University.

Mice
C57BL/6 J,Myd88fl/fl,Myd88lsl/lsl, Ranklfl/fl, Il1r1fl/fl, Rag1−/−,Myd88−/−, Tlr2−/−,
and Tlr4lps-de/lps-del, Dmp1-Cre, Osteocalcin-Cre mice were obtained from
the Jackson Laboratory (Bar Harbor, ME, USA). Tlr2fl/fl mice were pro-
vided by Drs. Rojas, Harding, and Boom. All mice were bred and
housed under specific-pathogen-free (SPF) conditions exceptMyd88−/−

and Myd88lsl/lsl mice that were bred and housed under SPF conditions
with autoclaved feed and acidified water (pH 2.3 to 2.8).

Cre recombination analysis of Myd88 by genomic DNA PCR
Genomic DNA was isolated using the DNeasy Blood and Tissue Kit
(Qiagen). Ten ng of DNA was used for PCR reactions.

Calvarial injection of Pam3CSK4, E. coli LPS, S. aureus LTA, and
Pg LPS
Pam3CSK4, S. aureus LTA, and Pg LPS (100 µg in 20 µL PBS/mouse)
were injected onto the calvaria of 10 to 11-week-old mice every other
day for 3 times (the first day of injection = day 1). Gene expression was
examined by qPCR at day 6. Bones were examined by microCT and
histomorphometry at day 7. Hematoxylin and eosin (H&E) staining and
immunohistochemical staining were used to examine skin lesions on
the calvaria at day 7. Ultra-pure LPS from E. coli (100 µg in 20 µL PBS/
mouse) was injected every other day for 2 times. Mice were examined
at day 4 by qPCR and at day 5 bymicroCT and histomorphometry. The
intersection of the coronal and sagittal sutures was used as a reference
position of injections.

In vitro Pg cultures
Pg (ATCC 33277) was cultured on sheep blood agar plates and further
grown in trypticase soy broth supplemented with yeast extract (5 g/L),
hemin (5mg/L), and menadione (50mg/L) at 37 °C in an anaerobic
condition (AnaeroPack, Mitsubishi). The density of Pgwas determined

by the absorbance at 600 nm. After centrifugation, supernatants were
collected and filtered through a 0.2 µm filter. Pg was washed with PBS
then heat-killed at 70 °C for 1 h followed by the suspension in the
culture medium above. Absence of live Pg was confirmed by culturing
the heat-killed Pg. Pg supernatants and heat-killed Pg were freshly
prepared for every experiments.

Calvaria injection of live Pg
Pg (2 × 109 CFU in 20 µL growth media/mouse) was injected onto the
calvaria of 10 to 11-week-old mice daily for 5 times (the first day of
injection = day 1), and bone tissues were analyzed at day 6.

Oral inoculation of live Pg
Ten to eleven-week-old mice were pretreated with Sulfatrim (200mg
sulfamethoxazole and 40mg trimethoprim/5mL) in drinkingwater for
7 days to reduce the amount of commensal oral bacterial flora. After a
3-day interval with Sulfatrim-free water (day 10), 2 × 109 CFU of Pg
(ATCC 33277) in 50 µL of 2% carboxymethyl cellulose (CMC)/PBS were
inoculated onto the entire gingival tissue of the anesthetized mice
every other day for 5 times using a malleable 24G feeding needle.
Control mice were inoculated with vehicle alone (2% CMC). Mice were
examined by immunofluorescent staining for a Pg component at
3 days, qPCR and histomorphometry at 7 days, andmicroCT at 42 days
after the last inoculation.

MicroCT analysis
Calvarial bone tissue (day 7 for Pam3CSK4, S. aureus LTA, and Pg LPS.
Day 6 for live Pg. day 5 for E. coli LPS) were fixed with 4% paraf-
ormaldehyde (PFA) for 24 h and soaked in 70% ethanol for scanning
with the Skyscan1176 (Bruker) under the following conditions: 50 kV
X-ray energy, 8.43μmpixel size, and 0.3° rotation step with 926ms of
exposure time. Scanned data were reconstructed with NRecon soft-
ware (Bruker) with the 0 to 0.18 dynamic range. Three-dimensional
(3D) images were created by CTVox software (Bruker) based on the
volume rendering method. Bone erosion area including sutures in
6 × 6mm calvarial area centered at the intersection of the coronal and
sagittal sutures (approximately 713 slices) wasmeasured as pixels with
ImageJ (NIH) and divided by the total number of pixels. The 6 × 6mm
area was used for quantitating bone surface/bone volume (BS/BV) and
bone volume/tissue volume (BV/TV) by CTAnalyser (Bruker) with a
threshold value of 48. Maxillae (at 42 days after the last inoculation)
fixedwith 4%PFA/PBS for 24 hwere scannedwith the Skyscan1176with
the 0 to 0.22 dynamic range. 3D images were created and the occlusal
plane was aligned to parallel with the transverse plane using the
DataViewer (Bruker). The total distance between cementoenamel
junction (CEJ) and alveolar bone crest (ABC) at theunderneath 12 cusps
of the right maxillary three molars wasmeasured in the reconstructed
2D images with CTAnalyser. The alveolar bone between two buccal
roots underneath the second molar of the right maxilla that is com-
posed of 10 slices was used for quantitation of BV/TV with a threshold
value of 65. For in vivo microCT scanning of jawbones, mice
were anesthetized with isoflurane and CEJ-ABC distances were mea-
sured by CTAnalyser with a 0.6° rotation step and a threshold
value of 40.

H&E staining and histomorphometric analysis
Calvariae andmaxillae were fixed with 4% PFA for 24h, decalcified with
EDTA (0.5M, pH7.2), and embedded in paraffin. Six μm sections cut in
the coronal plane were subjected to H&E and tartrate-resistant acid
phosphatase (TRAP) staining. The number of osteoclasts/bone surface
(N.Oc/BS) and osteoclast surface/bone surface (Oc.S/BS) on the cal-
varial bone surface 3mm anterior and posterior to the intersection of
the coronal and sagittal sutures or on the alveolar bone surfacebetween
the mesial and buccal roots underneath the right maxillary first molar
were measured by Bioquant Osteo software in a blinded manner.
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Immunohistochemical and immunofluorescent staining
Paraffin sections were treated with 10μg/mL of proteinase K (Gold
Biotechnology) for 10min at 37 °C for antigen retrieval and endogen-
ous peroxidases were quenched with 3% H2O2/PBS solution. After
blocking with 2% serum from the animal species in which secondary
antibodies were raised, sections were incubated with antibodies
against MYD88 (LS-C357983, LSBio), TLR2 (NB100-56720, Novus),
TLR4 (ab13867, Abcam), F4/80 (Clone A3-1, Bio-Rad), Ly-6G (sc-53515,
Santa Cruz Biotechnology) or Pg (DMAB9447, Creative Diagnostics)
overnight at 4 °C. The M.O.M .kit (Vector Lab) was used for anti-Pg
antibody. After washing with PBS, sections were incubated with bio-
tinylated secondary antibodies (Vector Laboratories) for 60min at
room temperature and treated with VECTASTAIN® Elite ABC-HRP Kit
(Vector Lab). After color development by ImmPACT DAB (Vector Lab)
and sections were counter stained with methyl green or hematoxylin.
For Pg component detection, Alexa Fluor 488 conjugated secondary
antibody (Invitrogen)wasused and counterstainedwithDAPI (Thermo
Fisher).

Isolation of osteoblast- and osteocyte-enriched cell populations
Calvariae were aseptically dissected from 10 to 11-week-old
C57BL/6 J male mice and cut into 3 × 3mm pieces. Pooled bone
pieces were serially digested as described by ref. 31. using type I
collagenase (300 U/mL, Worthington Biochemical) in α-MEM
(Thermo Fisher) and EDTA (5mM, pH = 7.4; ACROS Organics) in
Ca- and Mg-free Hank’s balanced salt solution (HBSS, Thermo
Fisher) supplemented with 1% BSA (Research Product Interna-
tional). All digestion steps were performed in 3.5 mL solutions in
6-well plates rotated at 170 RPM under the condition of 5% CO2 at
37 °C. After each digestion, digestion solution was collected, bone
pieces were rinsed with HBSS for two times, then digestion
solution and HBSS were combined together as the single fraction
(F). The combined cell suspensions were spun down at 500 g for
5min, resuspended in α-MEM supplemented with 10 % FBS and 1%
penicillin/streptomycin (P/S) (Thermo Fisher), then each fraction
was cultured for 48 h. For mechanistic studies, hematopoietic
cells were removed from the pooled F1 − 4 cells and F6 − 9 cells
using CD45 + cell depletion kit (Invitrogen). F5 was excluded from
the experiments to better separate osteocytes from osteoblasts.
The purified CD45-negative cells from F1–4 and F6–9 were
regarded as
the osteoblast-enriched cell population (Ob) and osteocyte-
enriched cell population (Ocy), respectively. Ob and Ocy were
suspended in α-MEM above, seeded on the 100mm dishes. After
48 h, non-attached dead cells were removed, then Ob and Ocy
were re-seeded on 8-well chamber slides (1 × 104 cells per well),
6-well plates (1.0 × 105 cells per well) or 60mm dishes (5.0 × 105

cells) for further studies, including validation of the Ocy and Ob,
comparison of the Dmp1-Cre specificity between Ocy and Ob
(Supplementary Fig. 11d–g), and investigation of RANKL reg-
ulatory mechanisms in Ocy. Ocy was cultured on dishes coated
with rat tail type I collagen (Cell Applications).

Sclerostin and keratocan expression analysis in Ocy and Ob by
immunofluorescent staining
Ocy and Ob were seeded on 8-well chamber slides (Corning) coated
with orwithout type I collagen at a density of 1 × 104 cells perwell. Cells
were fixedwith 4%PFA in PBS for 10min at room temperature (RT) and
gently washed with PBS for 5min three times. After permeabilization
with 0.2% Triton X-100 in PBS at RT for 10min and washing with PBS
for 5min three times, cells were incubated with 2% BSA/PBS and 2%
donkey or goat serum (Sigma-Aldrich) for 30min at RT. Anti-sclerostin
antibody (R&D systems, AF1589) or Anti-keratocan antibody (Abcam,
ab128304) was applied for overnight at 4 °C with gentle shaking. After
washing with PBS, cells were incubated with Alexa Fluor® 594 donkey

anti-goat antibody or Alexa Fluor® 594 goat anti-rabbit antibody
(Thermo Fischer) for 1 h at RT. Normal goat or rabbit IgG was used for
negative control. F-actin was visualizedwith Alexa Fluor 488 phalloidin
(Invitrogen, A12379). Nuclei were stained with 4’,6-diamidino-2-phe-
nylindole (DAPI). Fluorescent images were acquired with BZ-X800
microscope (Keyence, Osaka, Japan). The percentages of sclerostin- or
keratocan-positive cells were calculated (the number of positive cells
divided by the total number of cells) and averaged across five random
fields per each well.

Stimulation of Ob and Ocy
Ob and Ocy were stimulated with Pam3CSK4 (100 ng/mL),
Pam2CSK4 (100 ng/mL), ultrapure LPS from E. coli (100 ng/mL),
FLA-ST (100 ng/mL), or single-strand RNA (100 ng/mL) (InvivoGen).

RNA isolation
RNA was extracted by RiboZol RNA extraction reagent (VWR). Cal-
varial bone tissue (6 × 6mm) and skin tissue on calvaria (6 × 6mm),
both of which are centered at the intersection of the coronal and
sagittal sutures, were used for RNA extraction. Maxillary gingival
tissue at the palatal side (1 x 3mm) and maxillary jawbone tissue
including molars were used for RNA extraction. Calvarial and jaw-
bone tissues were snap‐frozen in liquid nitrogen after removing soft
tissues, then crushed into powder using a tissue pulverizer (Cell-
crusher Limited). Gingival tissues were homogenized by a tissue
grinder (Thermo Fisher). Ob and Ocy were homogenized by
pipetting.

Reverse transcription‐quantitative PCR (qPCR) analysis
Total RNA was isolated with Ribozol (VWR) and 1 µg of RNA was
reverse transcribed using the High-Capacity cDNA reverse tran-
scription kit (Life Technologies). qPCR was performed using Pow-
erUp SYBR Green master mix and analyzed with the QuantStudio
design & analysis software (Thermo Fisher). qPCR primers used in
this study are listed in the Supplementary Table 1. Relative gene
expression levels were calculated using a relative‐standard curve
method. Each gene expression levels were normalized by the
expression levels of Gapdh except in Figure 9I and 9M, where by β-
actin was used for normalization.

In vitro osteoclastogenesis
Bone marrow cells were harvested from the femur and tibia of 10 to
12-week-old Myd88−/− mice. After the lysis of red blood cells with RBC
lysis buffer (eBioscience), bonemarrow cellswere incubated inα-MEM
supplemented with 10% FBS and P/S for 3 h on petri dishes to allow
stromal cells to adhere to the dishes. Non-adherent cells were col-
lected and seeded on 10-cm dishes and further incubated in the pre-
sence of M-CSF (25 ng/mL, PeproTech) for 2 days to obtain bone
marrow-derivedM-CSF-dependentmacrophages (BMMs) as osteoclast
precursor cells. Ob andOcy inα-MEM supplementedwith 10% FBS and
P/S were cultured on 48-well plates at a density of 2.0 × 103 cells/well
for 24 h, followedby the seeding of BMMsat a density of 2.0 × 104 cells/
well. After 8 h, co-cultured cells were stimulated with 100ng/mL
Pam3CSK4 or E. coli LPS in the presence of 25 ng/mL M-CSF (day 1).
Culture medium containing M-CSF was replaced every 48 h and
Pam3CSK4 or E. coli LPS were added to the cultures every 24 h. TRAP-
positive (+) cells were visualized with the TRAP staining kit (Sigma-
Aldrich) and TRAP + cells with more than 3 nuclei were counted as
osteoclasts (TRAP +MNCs) at day 7.

Inhibitor treatment of Ocy
U0126, SP600125, SB203580 (Cell Signaling Technology, CST), BMS-
345541 (Sigma-Aldrich), 666-15, C188-9, STAT5-IN-1, T-5224, CADD522,
H-89 (MedChemExpress), andT6167923 (Aobious)wereused toblock
specific molecules or kinases. Cycloheximide (APExBIO) was used to

Article https://doi.org/10.1038/s41467-022-34352-z

Nature Communications |         (2022) 13:6648 15



block protein synthesis. All inhibitors were added 2 h before the sti-
mulation with TLR agonists.

Western blotting
Cells were washed with ice-cold PBS and lysed with NP-40 lysis buffer
(150mM NaCl, 1% NP-40, 25mM Tris-HCl (pH7.4), 5mM EDTA, 10%
Glycerol, 2.5mM sodium pyrophosphate, 1mM β-glycerophosphate)
containing protease inhibitor cocktail (P8340, Sigma-Aldrich) and
phosphatase inhibitors (P0044 and P5726, Sigma-Aldrich) on ice.
Protein concentrations were measured by BCA Protein Assay Kit
(ThermoFisher). Proteins were boiled in Laemmli buffer for 5min. Ten
to Fifteen micrograms of protein per lane was separated on 7.5 or 10%
of polyacrylamide gels, transferred to nitrocellulose membrane for
Western blotting analysis. After blocking with 5 % non-fat skim milk in
Tris-buffered saline solution containing Tween-20 (TBST), membranes
were incubated with Can Get Signal solution (TOYOBO) containing a
primary antibody overnight at 4 °C, followed by incubation with a
correspondingHRP‐conjugated secondaryantibody (CST). Bandswere
detected using SuperSignal West Dura or Femto chemiluminescent
substrate (Thermo Fisher) and visualized by the Celvin S 320+ Che-
miluminescence Imager (Biostep). For quantitative comparisons, the
samples were derived from the same experiment and blots were pro-
cessed in parallel. Primary antibodies used in this study are listed in the
Supplementary Table 2.

Transduction of IDG-SW3 cells with lentivirus
IDG-SW3 cells (provided by Lynda Bonewald, Indiana University)
were cultured at 33 oC in the presence of IFN-γ (50 U/mL, Gibco).
Lentivirus containing mouse Fbxl19, mouse Pdlim2, mouse Fbxl19
shRNA, or mouse Pdlim2 shRNA and negative control lentiviruses
were purchased from GeneCopoeia. 1.0 × 105 IDG-SW3 cells were
seeded on the 60mm dishes coated with rat tail type I collagen
and infected with lentiviruses at a multiplicity of infection (MOI)
of 5 in the presence of polybrene (8 µg/mL). After 72 h, puromycin
selection (5 µg/mL) was started. IDG-SW3 cells resistant to pur-
omycin were expanded and cultured at 37 oC for 28 days in the
absence of IFN-γ to differentiate into mature osteocyte-like cells,
then stimulated with Pam3CSK4.

siRNA transfection into MLO-Y4 cells
MLO-Y4 cells (provided by Lynda Bonewald, Indiana University) were
seeded on 6-well plates coated with rat tail type I collagen (5 × 104 cells
perwell) and cultured inα-MEM supplementedwith 2.5% FBS, 2.5% calf
serum, and 1% P/S at 37 °C under 5% CO2. TransIT-X2® Dynamic
Delivery System (Mirus) were used for the transfection of siRNAs
(25 nM each). After 24 h, medium was replaced with antibiotics-free
medium. Complexes of siRNAs or control siRNAs in TransIT-X2 were
added to the medium. After 48 h of siRNA transfection, cells were
harvested for qPCR analyses.

Immuno-coprecipitation
Cells were washed twice with ice-cold PBS and lysed with NP-40 lysis
buffer. After pre-clearing with protein A/G-Plus-Agarose (Santa Cruz
Biotechnology), 300 µg of total protein was incubatedwith 1 µg of anti-
CBP antibody (#7389, CST), anti-CREB antibody (#9197, CST), and anti-
STAT3 antibody (#12640, CST) at 4 °C overnight, then incubated with
20 µL of protein A/G-Plus-Agarose for additional 3 h. After washing
three times with lysis buffer, precipitated agarose was resuspended in
Laemmli buffer and boiled for 5min. Samples were subjected to SDS-
PAGE followed by Western blotting.

Cleavage under targets and release using nuclease (CUT &
RUN) assay
All procedures were performed according to the manufacturer’s pro-
tocol (CUT & RUN assay kit, CST). Briefly, 2 × 105 cells from Ocy were

resuspended in wash buffer (20mM HEPES-NaOH pH 7.5, 150mM
NaCl, 0.5mM spermidine, and protease inhibitor cocktail), con-
canavalin A-magnetic beads added, then rotated for 10min at room
temperature. Cell-bead conjugates were resuspended in 200 µL of
digitonin buffer (wash buffer with 2.5% digitonin solution) containing
2 µg of anti-CBP (#7389, CST), anti-CREB (#9197, CST), anti-STAT3
(#12640, CST), anti-CRTC2 (MAB6338, R&D) primary antibody, or
rabbit IgG (# 66362, CST), rotated overnight at 4 °C, resuspended in
250 µL of antibody buffer and 7.5 µL of pAG-MNase enzyme (# 57813,
CST), followed by the rotation at 4 °C for 1 h. After washing with digi-
tonin buffer, ice-cold 150 µL of digitonin buffer containing CaCl2 was
added, and incubated on ice for 30min followed by the addition of
150 µL of stop buffer containing 5 ng S. cerevisiae spike-in DNAused for
sample normalization. After incubation at 37 °C for 15min, samples
were centrifuged at 16,000g for 2min at 4 °C. Tubes were placed on
themagnetic rack, then supernatants were collected. DNAwas purified
using the DNA purification buffers and spin columns (#14209, CST).
qPCR was conducted using primer sets in the Supplementary Table 3
to quantitate the amount of DNA at the Rankl promoter and enhancer
regions. Data were calculated using the % input method for each
antibody and represented as the fold enrichment relative to the iso-
type control (rabbit IgG).

ELISA
Soluble-formRANKL levels in cell culture supernatants weremeasured
by using a murine sRANKL pre-coated ELISA kit (Biogems). Fluores-
cence intensities were acquired with SpectroMax i3 and analyzed with
SoftMax Pro6 (Molecular Devices).

In vivo MYD88 inhibitor administration
Mice were intraperitoneally administered with T6167923 (40mg/kg)
every other day starting from the day of last Pg inoculation until the
day of analysis.

Statistics
The two-tailed Student’s t-test was used to compare means between
two groups. One-way ANOVA with the Tukey–Kramer post-hoc test
wasused to comparemeans among three ormoregroups.p <0.05was
considered significant. GraphPad Prism software was used for statis-
tical analysis. Male and female groups were analyzed independently to
detect sexual dimorphisms.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within this
article and its supplementary information file. Source data are pro-
vided with this paper.

References
1. Ruff, W. E., Greiling, T. M. & Kriegel, M. A. Host-microbiota inter-

actions in immune-mediated diseases. Nat. Rev. Microbiol. 18,
521–538 (2020).

2. Robling, A. G. & Bonewald, L. F. The osteocyte: new insights. Annu
Rev. Physiol. 82, 485–506 (2020).

3. de Mesy Bentley, K. L. et al. Evidence of staphylococcus aureus
deformation, proliferation, and migration in canaliculi of live cor-
tical bone in murine models of osteomyelitis. J. Bone Miner. Res.:
Off. J. Am. Soc. Bone Miner. Res. 32, 985–990
(2017).

4. Yang, D. Q. et al. Novel insights into staphylococcus aureus deep
bone infections: the involvement of osteocytes. Mbio 9,
e00415–e00418 (2018).

Article https://doi.org/10.1038/s41467-022-34352-z

Nature Communications |         (2022) 13:6648 16



5. de Mesy Bentley, K. L., MacDonald, A., Schwarz, E. M. & Oh, I.
Chronic osteomyelitis with staphylococcus aureus deformation in
submicron canaliculi of osteocytes: a case report. JBJS Case Con-
nect 8, e8 (2018).

6. Zhou, M., Li, S. & Pathak, J. L. Pro-inflammatory cytokines and
osteocytes. Curr. Osteoporos. Rep. 17, 97–104 (2019).

7. Kitaura, H. et al. Osteocyte-related cytokines regulate osteoclast
formation and bone resorption. Int. J. Mol. Sci. 21, 5169 (2020).

8. Xiong, J. et al. Matrix-embedded cells control osteoclast formation.
Nat. Med. 17, 1235–1241 (2011).

9. Nakashima, T. et al. Evidence for osteocyte regulation of bone
homeostasis through RANKL expression. Nat. Med. 17,
1231–1234 (2011).

10. Xiong, J. et al. Osteocytes, not osteoblasts or lining cells, are the
main source of the RANKL required for osteoclast formation in
remodeling bone. PloS One 10, e0138189 (2015).

11. Graves, D. T. et al. Osteocytes play an important role in experi-
mental periodontitis in healthy and diabetic mice through expres-
sion of RANKL. J. Clin. Periodontol. 45, 285–292 (2018).

12. Kawai, T. & Akira, S. The role of pattern-recognition receptors in
innate immunity: update on Toll-like receptors. Nat. Immunol. 11,
373–384 (2010).

13. O’Neill, L. A. & Bowie, A. G. The family of five: TIR-domain-
containing adaptors in Toll-like receptor signalling. Nat. Rev.
Immunol. 7, 353–364 (2007).

14. Kassem, A. et al. Porphyromonas gingivalis stimulates bone
resorption by enhancing RANKL (Receptor activator of NF-kappaB
ligand) through activation of toll-like receptor 2 in osteoblasts. J.
Biol. Chem. 290, 20147–20158 (2015).

15. Sato, N. et al.MyD88but not TRIF is essential for osteoclastogenesis
induced by lipopolysaccharide, diacyl lipopeptide, and IL-1alpha. J.
Exp. Med. 200, 601–611 (2004).

16. Tang, Y. et al. Porphyromonas endodontalis lipopolysaccharides
induce RANKL by mouse osteoblast in a way different from that of
Escherichia coli lipopolysaccharide. J. Endod. 37, 1653–1658 (2011).

17. Yu, K. et al. Lipopolysaccharide increases IL-6 secretion via activa-
tion of the ERK1/2 signaling pathway to up-regulate RANKL gene
expression in MLO-Y4 cells. Cell Biol. Int 41, 84–92 (2017).

18. Malcolm, J. et al. IL-33 exacerbates periodontal disease through
induction of RANKL. J. Dent. Res. 94, 968–975 (2015).

19. Han, X. et al. Porphyromonas gingivalis infection-associated peri-
odontal bone resorption is dependent on receptor activator of NF-
kappaB ligand. Infect. Immun. 81, 1502–1509 (2013).

20. Burns, E., Bachrach, G., Shapira, L. & Nussbaum, G. Cutting edge:
TLR2 is required for the innate response to Porphyromonas gingi-
valis: activation leads to bacterial persistence and TLR2 deficiency
attenuates induced alveolar bone resorption. J. Immunol. 177,
8296–8300 (2006).

21. Papadopoulos, G. et al. Macrophage-specific TLR2 signaling med-
iates pathogen-induced TNF-dependent inflammatory oral bone
loss. J. Immunol. 190, 1148–1157 (2013).

22. Pesce Viglietti, A. I. et al. Brucella abortus invasion of osteocytes
modulates connexin 43 and integrin expression and induces
osteoclastogenesis via receptor activator of NF-kappaB ligand and
tumor necrosis factor alpha secretion. Infect. Immun. 84,
11–20 (2016).

23. Takagi, R. et al. S100A9 Increases IL-6 and RANKL expressions
through MAPKs and STAT3 signaling pathways in osteocyte-like
cells. Biomed. Res Int. 2020, 7149408 (2020).

24. Bost, K. L. et al. Staphylococcus aureus infection of mouse or
human osteoblasts induces high levels of interleukin-6 and
interleukin-12 production. J. Infect. Dis. 180, 1912–1920 (1999).

25. Marriott, I. et al. Osteoblasts express the inflammatory cytokine
interleukin-6 in a murine model of Staphylococcus aureus

osteomyelitis and infected human bone tissue. Am. J. Pathol. 164,
1399–1406 (2004).

26. Marriott, I. Osteoblast responses to bacterial pathogens: a pre-
viously unappreciated role for bone-forming cells in host defense
and disease progression. Immunol. Res. 30, 291–308 (2004).

27. Shi, S. & Zhang, X. Interaction of Staphylococcus aureus with
osteoblasts (Review). Exp. Ther. Med 3, 367–370 (2012).

28. Marriott, I. et al. Osteoblasts produce monocyte chemoattractant
protein-1 in amurinemodel of Staphylococcus aureus osteomyelitis
and infected human bone tissue. Bone 37, 504–512 (2005).

29. Gais, P. et al. Cutting edge: Divergent cell-specific functions of
MyD88 for inflammatory responses and organ injury in septic
peritonitis. J. Immunol. 188, 5833–5837 (2012).

30. Ono, T., Hayashi,M., Sasaki, F. &Nakashima, T. RANKLbiology: bone
metabolism, the immune system, and beyond. Inflamm. Regen.40,
2 (2020).

31. Stern, A. R. et al. Isolation and culture of primary osteocytes from
the long bones of skeletally mature and aged mice. Biotechniques
52, 361–373 (2012).

32. Moustafa, A. et al. The mouse fibula as a suitable bone for the
study of functional adaptation to mechanical loading. Bone 44,
930–935 (2009).

33. Thompson,M. L., Jimenez-Andrade, J. M. &Mantyh, P.W. Sclerostin
immunoreactivity increases in cortical bone osteocytes and
decreases in articular cartilage chondrocytes in aging mice. J.
Histochem Cytochem 64, 179–189 (2016).

34. Koide, M. et al. Sclerostin expression in trabecular bone is down-
regulated by osteoclasts. Sci. Rep. 10, 13751 (2020).

35. Lim, J., Burclaff, J., He, G., Mills, J. C. & Long, F. Unintended tar-
geting of Dmp1-Cre reveals a critical role for Bmpr1a signaling in
the gastrointestinal mesenchyme of adult mice. Bone Res. 5,
16049 (2017).

36. Zhang, J. & Link, D. C. Targeting of mesenchymal stromal cells by
cre-recombinase transgenes commonly used to target osteoblast
lineage cells. J. Bone Miner. Res.: Off. J. Am. Soc. Bone Miner. Res.
31, 2001–2007 (2016).

37. Kalajzic, I. et al. In vitro and in vivo approaches to study osteocyte
biology. Bone 54, 296–306 (2013).

38. Wang, J. S. et al. Control of osteocyte dendrite formation by Sp7
and its target gene osteocrin. Nat. Commun. 12, 6271 (2021).

39. Akira, S., Uematsu, S. & Takeuchi, O. Pathogen recognition and
innate immunity. Cell 124, 783–801 (2006).

40. Onal, M., St John, H. C., Danielson, A. L. & Pike, J. W. Deletion of the
distal Tnfsf11 RL-D2 enhancer that contributes to PTH-Mediated
RANKL expression in osteoblast lineage cells results in a high bone
mass phenotype in mice. J. Bone Miner. Res.: Off. J. Am. Soc. Bone
Miner. Res. 31, 416–429 (2016).

41. Wei, J. et al. Regulation of the ubiquitylation and deubiquitylation of
CREB-binding protein modulates histone acetylation and lung
inflammation. Sci Signal 10 (2017).

42. Tanaka, T. et al. PDLIM2 inhibits T helper 17 cell development and
granulomatous inflammation through degradation of STAT3. Sci.
Signal 4, ra85 (2011).

43. Wein, M. N. et al. SIKs control osteocyte responses to parathyroid
hormone. Nat. Commun. 7, 13176 (2016).

44. Fu, Q., Jilka, R. L., Manolagas, S. C. & O’Brien, C. A. Parathyroid
hormone stimulates receptor activator of NFkappa B ligand and
inhibits osteoprotegerin expression via protein kinase A activation
of cAMP-response element-binding protein. J. Biol. Chem. 277,
48868–48875 (2002).

45. Wu, Q., Zhou, X., Huang, D., Ji, Y. & Kang, F. IL-6 enhances
osteocyte-mediated osteoclastogenesis by promoting JAK2
and RANKL activity in vitro. Cell Physiol. Biochem 41,
1360–1369 (2017).

Article https://doi.org/10.1038/s41467-022-34352-z

Nature Communications |         (2022) 13:6648 17



46. Marahleh, A. et al. TNF-alpha directly enhances osteocyte RANKL
expression and promotes osteoclast formation. Front Immunol. 10,
2925 (2019).

47. Olson, M. A. et al. Discovery of small molecule inhibitors of MyD88-
dependent signaling pathways using a computational screen. Sci.
Rep. 5, 14246 (2015).

48. Meriwether, D. et al. Apolipoprotein A-I mimeticsmitigate intestinal
inflammation in COX2-dependent inflammatory bowel disease
model. J. Clin. Invest 129, 3670–3685 (2019).

49. Shoji-Matsunaga, A. et al. Osteocyte regulation of orthodontic
force-mediated toothmovement via RANKL expression. Sci. Rep. 7,
8753 (2017).

50. Fujiwara, Y. et al. RANKL (Receptor Activator of NFkappaB Ligand)
produced by osteocytes is required for the increase in B cells and
bone loss causedby estrogendeficiency inmice. J. Biol. Chem. 291,
24838–24850 (2016).

51. Piemontese, M., Xiong, J., Fujiwara, Y., Thostenson, J. D. & O’Brien,
C. A. Cortical bone loss caused by glucocorticoid excess requires
RANKL production by osteocytes and is associated with reduced
OPG expression in mice. Am. J. Physiol. Endocrinol. Metab. 311,
E587–E593 (2016).

52. Xiong, J. et al. Osteocyte-derived RANKL is a criticalmediator of the
increased bone resorption caused by dietary calcium deficiency.
Bone 66, 146–154 (2014).

53. Kim, H. N. et al. Osteocyte RANKL is required for cortical bone loss
with age and is inducedby senescence. JCI Insight5, e138815 (2020).

54. Xiao,M. et al. Osteocytes regulateneutrophil development through
IL-19: a potent cytokine for neutropenia treatment. Blood 137,
3533–3547 (2021).

55. Sato, M. et al. Osteocytes regulate primary lymphoid organs and fat
metabolism. Cell Metab. 18, 749–758 (2013).

56. Bishop, K. A., Coy, H. M., Nerenz, R. D., Meyer, M. B. & Pike, J. W.
Mouse Rankl expression is regulated in T cells by c-Fos through a
cluster of distal regulatory enhancers designated the T cell control
region. J. Biol. Chem. 286, 20880–20891 (2011).

57. Kim, S., Yamazaki, M., Shevde, N. K. & Pike, J. W. Transcriptional
control of receptor activator of nuclear factor-kappaB ligand by the
protein kinase A activator forskolin and the transmembrane glyco-
protein 130-activating cytokine, oncostatin M, is exerted through
multiple distal enhancers. Mol. Endocrinol. 21, 197–214
(2007).

58. Bishop, K. A., Meyer, M. B. & Pike, J. W. A novel distal enhancer
mediates cytokine induction ofmouse RANKl gene expression.Mol.
Endocrinol. 23, 2095–2110 (2009).

59. Zhao, J. et al. F-box protein FBXL19-mediated ubiquitination and
degradation of the receptor for IL-33 limits pulmonary inflamma-
tion. Nat. Immunol. 13, 651–658 (2012).

60. Zhao, J. et al. SCF E3 ligase F-box protein complex SCF(FBXL19)
regulates cell migration by mediating Rac1 ubiquitination and
degradation. FASEB J. 27, 2611–2619 (2013).

61. Wei, J. et al. A new mechanism of RhoA ubiquitination and degra-
dation: roles of SCF(FBXL19) E3 ligase and Erk2. Biochim Biophys.
Acta 1833, 2757–2764 (2013).

62. Dong, S. et al. F-box protein complex FBXL19 regulates TGFbeta1-
induced E-cadherin down-regulation by mediating Rac3 ubiquiti-
nation and degradation. Mol. Cancer 13, 76 (2014).

63. Skaar, J. R., Pagan, J. K. & Pagano, M. SCF ubiquitin ligase-targeted
therapies. Nat. Rev. Drug Disco. 13, 889–903 (2014).

64. Li, L. et al. PDLIM2 repression by ROS in alveolar macrophages
promotes lung tumorigenesis. JCI Insight 6, e144394
(2021).

65. Tanaka, T., Grusby, M. J. & Kaisho, T. PDLIM2-mediated termination
of transcription factor NF-kappaB activation by intranuclear
sequestration and degradation of the p65 subunit.Nat. Immunol. 8,
584–591 (2007).

66. Tanaka, T., Soriano, M. A. & Grusby, M. J. SLIM is a nuclear ubiquitin
E3 ligase that negatively regulates STAT signaling. Immunity 22,
729–736 (2005).

67. Wei, J. et al. Histone acetyltransferase CBP promotes function of
SCF FBXL19 ubiquitin E3 ligase by acetylation and stabilization of its
F-box protein subunit. FASEB J. 32, 4284–4292 (2018).

68. Dong, S. et al. SCF FBXW17 E3 ubiquitin ligase regulates
FBXL19 stability and cell migration. J. Cell Biochem 122,
326–334 (2021).

69. Tsukasaki, M. et al. OPG Production Matters Where It Happened.
Cell Rep. 32, 108124 (2020).

70. Cawley, K. M. et al. Local production of osteoprotegerin by osteo-
blasts suppresses bone resorption. Cell Rep. 32, 108052 (2020).

71. Belibasakis, G. N., Reddi, D. & Bostanci, N. Porphyromonas gingi-
valis induces RANKL in T-cells. Inflammation 34, 133–138 (2011).

72. Tsukasaki, M. et al. Host defense against oral microbiota by bone-
damaging T cells. Nat. Commun. 9, 701 (2018).

73. Colombo, A. V., da Silva, C. M., Haffajee, A. & Colombo, A. P. V.
Identification of intracellular oral species within human crevicular
epithelial cells from subjects with chronic periodontitis by fluores-
cence in situ hybridization. J. Periodontal Res. 42, 236–243
(2007).

74. Rudney, J. D., Chen, R. & Sedgewick, G. J. Actinobacillus actino-
mycetemcomitans, Porphyromonas gingivalis, and Tannerella for-
sythensis are components of a polymicrobial intracellular flora
within human buccal cells. J. Dent. Res. 84, 59–63 (2005).

75. Zhang, W., Ju, J., Rigney, T. & Tribble, G. Porphyromonas gingivalis
infection increases osteoclastic bone resorption and osteoblastic
bone formation in a periodontitis mouse model. BMC Oral. Health
14, 89 (2014).

76. Maekawa, T. et al. Porphyromonas gingivalis manipulates comple-
ment and TLR signaling to uncouple bacterial clearance from
inflammation and promote dysbiosis. Cell Host Microbe 15,
768–778 (2014).

77. Burns, E., Eliyahu, T., Uematsu, S., Akira, S. & Nussbaum, G. TLR2-
dependent inflammatory response to porphyromonas gingivalis Is
MyD88 independent, whereasMyD88 is required to clear infection.
J. Immunol. 184, 1455–1462 (2010).

78. Takeuchi, O., Hoshino, K. & Akira, S. Cutting edge: TLR2-deficient
and MyD88-deficient mice are highly susceptible to Staphylo-
coccus aureus infection. J. Immunol. 165, 5392–5396 (2000).

79. Dallas, S. L., Xie, Y., Shiflett, L. A. &Ueki, Y.Mouse cremodels for the
study of bone diseases. Curr. Osteoporos. Rep. 16, 466–477
(2018).

80. Yu, W. et al. Bone marrow adipogenic lineage precursors promote
osteoclastogenesis in bone remodeling and pathologic bone loss.
J. Clin. Invest. 131, e140214 (2021).

81. Root, S. H. et al. Perivascular osteoprogenitors are associated with
transcortical channels of long bones. StemCells 38, 769–781 (2020).

82. Sikora, K. A. et al. Germline gain-of-functionmyeloid differentiation
primary response gene-88 (MYD88) mutation in a child with severe
arthritis. J. allergy Clin. Immunol. 141, 1943–1947 e1949 (2018).

Acknowledgements
T.Y., M.K., and Y.U. thank Tianli Zhu at the histology core of Indiana
University School of Dentistry for assistingwith sample preparation. This
workwas supportedby theNational Instituteof Aging (P01AG039355) to
L.F.B. and National Institute of Dental and Craniofacial Research
(R01DE025870, R01DE025870-06S1, R21DE030561) to Y.U.

Author contributions
T.Y. and Y.U. conceived the overall hypothesis and designed the
experimental plans. T.Y., M.K., A.A.P.D., R.U., and Y.U. performed the
experiments. M.P. and L.F.B. contributed to establishing a method for
separately isolating primary osteoblast-enriched and osteocyte-

Article https://doi.org/10.1038/s41467-022-34352-z

Nature Communications |         (2022) 13:6648 18



enriched cell populations. E.M.G. contributed to evaluating the data
quality and reproducibility. R.E.R., C.V.H., and W.H.B. created and pro-
vided the TLR2 conditional knockoutmice. T.Y., M.K., M.P., L.F.B., E.M.G.,
and Y.U. interpreted the experimental data. T.Y. and Y.U. wrote the
manuscript and all authors reviewed and discussed themanuscript. Y.U.
supervised the study.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34352-z.

Correspondence and requests for materials should be addressed to
Yasuyoshi Ueki.

Peer review informationNature Communications thanksMarcWein and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-34352-z

Nature Communications |         (2022) 13:6648 19

https://doi.org/10.1038/s41467-022-34352-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Osteocytes directly regulate osteolysis via MYD88�signaling in bacterial bone infection
	Results
	Targeted deletion of MYD88 in osteocytes and mature osteoblasts protects against calvarial osteolysis induced by PAMPs
	Targeted deletion of MYD88 in osteocytes and mature osteoblasts protects against alveolar bone resorption in periodontitis
	Targeted restoration of MYD88 in osteocytes and mature osteoblasts is sufficient to cause osteolysis
	Osteocytes express significantly greater amounts of RANKL than osteoblasts in response to PAMPs
	The MYD88-ERK pathway activates CREB and STAT3 to regulate RANKL induction in osteocytes
	FBXL19 and PDLIM2 regulate RANKL expression via CREB/CBP and STAT3 ubiquitination in osteocytes
	An MYD88 inhibitor protects against alveolar bone loss in periodontitis

	Discussion
	Methods
	Study approval
	Mice
	Cre recombination analysis of Myd88 by genomic DNA PCR
	Calvarial injection of Pam3CSK4, E. coli LPS, S. aureus LTA, and Pg LPS
	In vitro Pg cultures
	Calvaria injection of live Pg
	Oral inoculation of live Pg
	MicroCT analysis
	H&E staining and histomorphometric analysis
	Immunohistochemical and immunofluorescent staining
	Isolation of osteoblast- and osteocyte-enriched cell populations
	Sclerostin and keratocan expression analysis in Ocy and Ob by immunofluorescent staining
	Stimulation of Ob and Ocy
	RNA isolation
	Reverse transcription‐quantitative PCR (qPCR) analysis
	In vitro osteoclastogenesis
	Inhibitor treatment of Ocy
	Western blotting
	Transduction of IDG-SW3 cells with lentivirus
	siRNA transfection into MLO-Y4 cells
	Immuno-coprecipitation
	Cleavage under targets and release using nuclease (CUT & RUN) assay
	ELISA
	In vivo MYD88 inhibitor administration
	Statistics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




