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Osteomyelitis remains a serious inﬂammatory bone disease that affects millions of individuals worldwide and for which there is no effective treatment. Despite scientiﬁc evidence that Staphylococcus
bacteria are the most common causative species for human bacterial chondronecrosis with osteomyelitis
(BCO), much remains to be understood about the underlying virulence mechanisms. Herein, we show
increased levels of double-stranded RNA (dsRNA) in infected bone in a Staphylococcus-induced chicken
BCO model and in human osteomyelitis samples. Administration of synthetic [poly(I:C)] or genetic (Alu)
dsRNA induces human osteoblast cell death. Similarly, infection with Staphylococcus isolated from
chicken BCO induces dsRNA accumulation and cell death in human osteoblast cell cultures. Both dsRNA
administration and Staphylococcus infection activate NACHT, LRR and PYD domains-containing protein
(NLRP)3 inﬂammasome and increase IL18 and IL1B gene expression in human osteoblasts. Pharmacologic inhibition with Ac-YVAD-cmk of caspase 1, a critical component of the NLRP3 inﬂammasome,
prevents DICER1 dysregulatione and dsRNA-induced osteoblast cell death. NLRP3 inﬂammasome and its
components are also activated in bone from BCO chickens and humans with osteomyelitis, compared
with their healthy counterparts. These ﬁndings provide a rationale for the use of chicken BCO as a
human-relevant spontaneous animal model for osteomyelitis and identify dsRNA as a new treatment
target for this debilitating bone pathogenesis. (Am J Pathol 2019, 189: 2077e2089; https://doi.org/
10.1016/j.ajpath.2019.06.013)

Osteomyelitis is an exceedingly common severe inﬂammatory bone disease that is caused by an infecting microorganism and leads to progressive bone attrition.1 The causative
agents of osteomyelitis are variable, depending on the type of
osteomyelitis (acute or chronic), route of inoculation (hematogenous spread, direct inoculation, or contiguous focus of
infection), and age of patient.2 Opportunistic Staphylococcus
species, particularly Staphylococcus aureus and Staphylococcus epidermidis, are the most predominant isolates.
Staphylococcal infections can occur in any bone in the

skeleton and strike any age group, and they are becoming an
increasing global concern. Infections are generally associated
with formation of bioﬁlms and complicated by development
of drug-resistant variants, including methicillin- and
vancomycin-resistant S. aureus.3e6 In immunocompromised
patients with diabetes mellitus, Staphylococcus infections are
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life threatening because their metastatic complications can
lead to mortality.7e9
Although it has well been established that staphylococcal
infection can lead to bone cell death via apoptosis and necrosis, the underlying molecular mechanisms by which this
occurs are not completely deﬁned.10 Without a basic understanding of the pathology of this debilitating disease, the
identiﬁcation and development of effective therapeutic
strategies will likely remain limited.
The status quo pertaining to deﬁnition of the molecular
mechanisms of osteomyelitis is to focus on the pathogenesis of
Staphylococcus injection in combination with sclerosing
agents, foreign bodies, additional tissue damage, or host genetic mutation.11e16 Although these animal models have
provided valuable mechanistic insights, they are also limited
because they can only capture features of acute or chronic
osteomyelitis. Herein, we used a human-relevant avian model
that mimics osteomyelitis in growing children and avascular
femoral head necrosis in adults. The model does not rely on
foreign bodies and bacterial inoculation.17 Wideman and coworkers17,18 have recently developed a wire ﬂooring model for
reliably triggering high incidence of bacterial chondronecrosis
with osteomyelitis (BCO). The sustained instability of the
footing on wire ﬂooring exposes susceptible joints to persistent
torque and shear stress that, in turn, results in microtrauma and
osteochondrosis of the epiphyseal-physeal cartilage, accompanied by mechanical truncation and thrombotic occlusion of
metaphyseal blood vessels and hematogenous colonization by
translocated Staphylococcus bacteria.18
Recently, Kanneganti and colleagues19 have uncovered a
redundant role of NACHT, LRR and PYD domains-containing protein (NLRP)3 inﬂammasome and caspase 8 in promoting IL-1bemediated osteomyelitis in a Pstpip2cmo mouse,
a model for chronic multifocal osteomyelitis. NLRP3
inﬂammasome activation and IL-1b maturation are targeted by
endogenous cytotoxic double-stranded RNA accumulation
induced by DICER1 dysregulation in age-related macular
degeneration20,21; we, therefore, hypothesized that doublestranded RNA (dsRNA) accumulation may mediate the effect of Staphylococcus infection on bone cell degeneration.
It was ﬁrst demonstrated that DICER1 expression is
down-regulated, whereas dsRNA levels were increased in
bone from BCO chickens and humans with osteomyelitis
compared with their healthy counterparts. DICER1 knockdown or exposure to chicken BCO-Staphylococcus isolates
induce dsRNA accumulation and cell death of human osteoblasts in culture. Similarly, administration of dsRNA
reduces human osteoblast cell viability. All these treatments
activate NLRP3 inﬂammasome, and pharmacologic inhibition of NLRP3 components rescue human osteoblast cell
viability. Furthermore, NLRP3 inﬂammasome is also activated in bone from BCO chickens and humans with
osteomyelitis compared with their healthy counterparts.
Together, these ﬁndings reveal a previously unrecognized
function of dsRNA in osteomyelitis pathogenesis and provide a potential therapeutic approach in osteomyelitis.
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Materials and Methods
BCO Animal Model
All animal experiments were approved by the University of
Arkansas (Fayetteville, AR) Animal Care and Use Committee (protocol number 15043) and were in accordance
with recommendations in NIH’s Guide for the Care and
Use of Laboratory Animals.22 The BCO chicken model and
its healthy counterparts were previously described.17,18 The
experiment was conducted in the Poultry Environmental
Research Laboratory at the University of Arkansas Poultry
Research Farm. Animals had ad libitum access to fresh
water and feed (3.9 Mcal metabolizable energy kg1 and
180 g crude protein kg1). The ambient temperature was
reduced gradually from 32 C to 25 C at 21 days of age. A
relative humidity of approximately 20% and 23 hours light/
1 hour dark cycles were also maintained until the end of the
experiment. At the end of the experiment (56 days), animals
were weighed, humanely euthanized, and necropsied to
assess subclinical lesion incidences in the proximal heads of
the femora and tibiae. A portion of bone was snap frozen in
liquid nitrogen and stored at 80 C for later analysis.

Human Bone Tissues
Donor bone tissues from age-matched patients with osteomyelitis or patients without osteomyelitis were obtained from the
Washington Regional Medical Center (Fayetteville, AR) on
securing informed consent from donors. The study followed
the guidelines of the Declaration of Helsinki, and these deidentiﬁed specimens were collected under institutional review
boardeapproved protocols (numbers 15-12-421 and U-107).

Cell Culture
Human fetal osteoblast (hFOB) 1.19 cells (CRL-11372;
ATCC, Manassas, VA) were cultured in a 1:1 mixture of
Ham’s F12 medium/Dulbecco’s modiﬁed Eagle’s medium,
with 0.3 mg/mL G418 and 10% fetal bovine serum. MG-63
cells (CRL-1427; ATCC) were cultured in Eagle’s minimum essential medium supplemented with 10% heatinactivated fetal bovine serum and 1% penicillin/streptomycin. Ob-6 cells (a generous gift from Dr. Charles
O’Brien, University of Arkansas for Medical Sciences,
Little Rock, AR) were cultured in minimal essential medium-a, supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. All cells were grown in a humidiﬁed atmosphere of 5% CO2 and 95% air, with hFOB at
34 C and MG-63 and Ob-6 at 37 C.

Transient Plasmid Transfection
Human osteoblast cells were pretreated with caspase 1 inhibitor, Ac-YVAD-cmk (100 mmol/L; InvivoGen, San
Diego, CA) 1 hour before transfection. At 50% conﬂuence,
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cells were transfected with siDICER1 or scrambled siRNA
(Thermo Fisher Scientiﬁc, Waltham, MA), pAlu,23 plasmid
NLRP3 (a generous gift from Drs. Ronald N. Germain and
Naeha Subramanian, Institute for Systems Biology, Seattle,
WA),24 poly(I:C) (500 ng/mL; R&D Systems, Minneapolis,
MN), or their backbones pUC18 and pcDNA3.1(þ) for Alu
and NLRP3, respectively. A pool of two sense
and antisense siDICER1 (23755 sense: CAGCAUACUUUAUCGCCUTT;
23755
antisense:
AAGGCGAUAAAGUAUGCUGGG; 23756 sense: GGCUUAU
AUCAGUAGCAAUTT; and 23756 antisense: AUUGCUACUGAUAUAAGCCAG) and scrambled Silencer
Select Negative Control (Thermo Fisher Scientiﬁc, Grand
Island, NY) were administered using Lipofectamine
RNAiMax transfection reagent (Thermo Fisher Scientiﬁc,
Grand Island, NY); however the other plasmids were
transfected using Lipofectamine 2000 (Thermo Fisher
Scientiﬁc, Waltham, MA), according to the manufacturer’s
instructions. Six hours after transfection, complete medium
was added, and cells were maintained for an additional 24
hours and processed for gene expression, immunoblotting,
immunoﬂuorescence staining, or cell viability.

Bacterial Infection
Staphylococcus bacteria (S. aureus strain 1302, Staphylococcus agnetis strain 908) were isolated from the bone of
BCO model,25 and Staphylococcus hyicus strain 1401 was
isolated from bovine mastitis. Staphylococcus bacteria were
grown overnight at 37 C in Luria broth. Cultures were
diluted in phosphate-buffered saline, and absorbance was
measured at 650 nm to determine cell density. Bacteria were
added to cell cultures at a multiplicity of infection of 50:1 in
antibiotic-free media and allowed to attach for 1 hour. Cells
were then washed 3 in phosphate-buffered saline, complete
medium was added, and cells were maintained for additional
24 hours and processed for gene expression, immunoblotting, immunoﬂuorescence staining, or cell viability.

Cell Viability
Cell viability was performed, as previously described.23
Brieﬂy, hFOB 1.19, MG-63, or Ob-6 cells were seeded in a
96-well plate at 1  104 cells per well and transfected as
described above. CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega, Madison, WI) was used, according to manufacturer’s recommendations, and results were
obtained using a Synergy HT multimode microplate reader
(BioTek, Winooski, VT). All sample readings were corrected
for background, and results were reported relative to control.

Real-Time Quantitative PCR
Total RNA was isolated from bone samples, according to
the protocol of Carter et al,26 and from cells using Trizol
reagent (Life Technologies, Carlsbad, CA), according to the
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manufacturer’s instructions. After treatment with RNasefree DNase, RNA integrity and quality were assessed via
1% agarose gel electrophoresis; and the concentrations were
determined by using the Take3 microvolume plate and
Synergy HT multimode microplate reader. Total RNA (1
mg) was reverse transcribed using qScript cDNA SuperMix
(Quanta Biosciences, Gaithersburg, MD) and ampliﬁed by
real-time quantitative PCR (7500 Real Time System;
Applied Biosystems, Foster City, CA) with Power SYBR
Green Master Mix (Life Technologies). Oligonucleotide
primers speciﬁc for chicken DICER1 (forward, 50 TTTAAACACTGGCTCAGGGAAGA-30 ; and reverse, 50 AAATCCCCCCTGATCTGATAGG-30 ), NLRP3 (forward,
50 -GTTGGGCAGTTTCACAGGAATAG-30 ; and reverse,
50 -GCCGCCTGGTCATACAGTGT-30 ), CASP1 (forward,
50 -TGCGGGACCAAGAGTAATGG-30 ; and reverse, 50 AATTCTCGTAGATGGTGTTGAAGGA-30 ), CASP3 (forward, 50 -GGAACACGCCAGGAAACTTG-30 ; and reverse,
50 -TCTGCCACTCTGCGATTTACA-30 ), IL1B (forward,
50 -CGAGGAGCAGGGACTTTGC-30 ; and reverse, 50 GAAGGTGACGGGCTCAAAAA-30 ), IL18 (forward, 50 TGCAGCTCCAAGGCTTTTAAG-30 ; and reverse, 50 CTCAAAGGCCAAGAACATTCCT-30 ), r18S as housekeeping gene (forward, 50 -TCCCCTCCCGTTACTTGGAT-30 ; and reverse, 50 -GCGCTCGTCGGCATGTA-30 ),
human
DICER1
(forward,
50 -CCCGGCTGAGA0
GAACTTACG-3 ; and reverse, 50 -TGTAACTTCGACCAACACCTTTAAAT-30 ),
NLRP3
(forward,
50 0
GCACCTGTTGTGCAATCTGAA-3 ; and reverse, 50 TCCTGACAACATGCTGATGTGA-30 ), ASC (forward, 50 GCCAGGCCTGCACTTTATAGA-30 ; and reverse, 50 GTTTGTGACCCTCGCGATAAG-30 ), CASP1 (forward,
50 - ATACCAAGAACTGCCCAAGTTTG-30 ; and reverse,
50 -GGCAGGCCTGGATGATGA-30 ), CASP3 (forward, 50 GCCTACAGCCCATTTCTCCAT-30 ; and reverse, 50 GCGCCCTGGCAGCAT-30 ), IL1B (forward, 50 -TCAGCCAATCTTCATTGCTCAA-30 ;
and
reverse,
50 TGGCGAGCTCAGGTACTTCTG-30 ), IL18 (forward, 50 ATCACTTGCACTCCGGAGGTA-30 ; and reverse, 50 AGAGCGCAATGGTGCAATC-30 ), Alu (forward, 50 CCATCCTGGCTAACACAGTGAA-30 ; and reverse, 50 CCACTCCCGGCTAATTTTTTG-30 ), and r18S (forward,
50 -CGAACCTCTGCCCTATCAACTT-30 ; and reverse, 50 ACCCGTGGTCACCATGGTA-30 ) were used. The realtime quantitative PCR cycling conditions were 50 C for 2
minutes, 95 C for 10 minutes, followed by 40 cycles of a
two-step ampliﬁcation program (95 C for 15 seconds and
58 C for 1 minute). At the end of the ampliﬁcation, melting
curve analysis was applied using the dissociation protocol
from the sequence detection system to exclude contamination with non-speciﬁc PCR products. The PCR products
were also conﬁrmed by agarose gel and showed only one
speciﬁc band of the predicted size. For negative controls, no
reverse transcription products were used as templates in the
real-time quantitative PCR and veriﬁed by the absence of
gel-detected bands. Relative expression of target genes was
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determined using the 2DDCT method,27 and healthy subjects and untreated, scrambled siRNA, or plasmid null
transfected cells were used as calibrators.

Western Blot Analysis
Cells were washed with phosphate-buffered saline and homogenized in lysis buffer (10 mmol/L Tris base, pH 7.4;
150 mmol/L NaCl; 1 mmol/L EDTA; 1 mmol/L EGTA;
0.1% Triton X-100; 0.5% Nonidet P-40; and protease and
phosphatase inhibitors). For the chicken and human bone
samples, a piece of bone was homogenized in lysis buffer,
using the Bullet Blender Storm (NextAdvance, Averill Park,
NY) and stainless steel beads. Protein concentrations were
determined using a Bradford assay kit (Bio-Rad, Hercules,
CA) and a Synergy HT multimode microplate reader. Proteins were run on 4% to 12% gradient Bis-Tris gels (Life
Technologies) and transferred to polyvinylidene diﬂuoride
membranes. The membranes were blocked with 5% nonfat
milk in Tris-buffered saline (TBS) and Tween 20 for 1 hour
at room temperature and then incubated with primary antibodies (dilution 1:500 to 1:1000) overnight at 4 C. Secondary antibodies (dilution 1:5000) were diluted in 5%
nonfat milk in TBS and Tween 20, and membranes were
incubated at room temperature for 1 hour. The signal was
visualized by chemiluminescence (ECL Plus; GE Healthcare, Pittsburg, PA) and captured by the FluorChem M
MultiFluor System (ProteinSimple, San Jose, CA). Densitometric analysis of each blot was performed using AlphaView SA version 3.4.0 (ProteinSimple). Primary antibodies
used were rabbit anti-DICER1, rabbit anti-NLRP3, and goat
antiecaspase 1 (Santa Cruz Biotechnology, Dallas, TX).
Protein loading was assessed by immunoblotting using
rabbit antieglyceraldehyde-3-phosphate dehydrogenase
(Santa Cruz Biotechnology, Dallas, TX) or rabbit anti-actin
antibodies (Cell Signaling Technology, Danvers, MA).

Immunodetection of dsRNA with Enzyme-Linked
Immunosorbent Assay
Cells or bone samples were homogenized in Nonidet P-40
lysis buffer containing RNase inhibitors (Protecor RNase
Inhibitor; Roche Diagnostics, Mannheim, Germany), proteinase (cOmplete; Roche Diagnostics), and phophatase inhibitors (PhosSTOP EASYpack; Roche Diagnostics); and
diluted 1:4 (chicken) or 1:10 (human) with blocking buffer
(Superblock Blocking Buffer; Thermo Fisher Scientiﬁc); and
then incubated at 4 C overnight in a protein A microplate
coated with J2 antibody (1 mg/mL; SCICONS, Budapest,
Hungary). The plate was washed three times with TBS with
0.05% Tween-20, and then K2 antibody (dilution 1:4; SCICONS) was added for 1 hour at room temperature. The plate
was washed 3 with TBS and Tween 20 and incubated with
biotin-conjugated donkey anti-mouse IgM secondary antibody (dilution 1:1000; Jackson ImmunoResearch Laboratories Inc., West Grove, PA) for 1 hour at room temperature.
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Streptavidin (0.5 mg/mL; Thermo Fisher Scientiﬁc) was
added for 1 hour at room temperature, followed by washing
3 in TBS and Tween 20. 3,30 ,5,50 -Tetramethylbenzidine
substrate solution (Thermo Fisher Scientiﬁc) was added for 30
minutes, and the reaction was stopped and absorbance was
read at 450 nm using a Synergy HT multimode microplate
reader. A standard curve was generated using serial dilutions
of poly(I:C) (low molecular weight; InvivoGen) from 3.1 to
2000 pg/mL in blocking buffer.

Immunoﬂuorescence
Human osteoblasts were grown to approximately 70%
conﬂuence in Nunc Lab-Tek II chamber slides (Thermo
Fisher Scientiﬁc), and immunoﬂuorescence staining was
performed, as previously described.23 In brief, after treatment (bacterial infection or plasmid transfection), cells were
ﬁxed with methanol for 10 minutes at 20 C and then
permeabilized with Triton-X 100. Cells were blocked with
serum-free protein block (Dako, Carpinteria, CA) for 1 hour
at room temperature and then incubated with primary antibodies (dilution 1:200; in Antibody Diluent; Dako) overnight at 4 C. Signal was visualized with DyLight 488e or
DyLight 594econjugated secondary antibodies (Thermo
Fisher Scientiﬁc). Slides were coverslipped with Vectashield with DAPI (Vector Laboratories, Burlingame, CA),
and images were obtained using Zeiss Imager M2 and
AxioVision software version LE2019 (Carl Zeiss Microscopy, Oberkochen, Germany). In addition to antibodies
used in Western blot analysis, mouse anti-dsRNA antibody
(SCICONS) and rabbit antienucleolysin TIA-1 isoform p40
(TIA-1) (Abcam, Cambridge, MA) were used.

LC-MS/MS Analysis
Chicken tibia samples were homogenized in lysis buffer
(10 mmol/L Tris base, pH 7.4; 150 mmol/L NaCl; 1 mmol/
L EDTA; 1 mmol/L EGTA; 0.1% Triton X-100; 0.5%
Nonidet P-40; and protease and phosphatase inhibitors).
Proteins (100 mg) were resolved by 4% to 12% Novex BisTris gels (Thermo Fisher Scientiﬁc, Waltham, MA). The
gel was then stained with Coomassie Brilliant Blue dye.
Gel portions of each sample were excised and chopped
into small pieces (<1 mm2) and washed twice with 25
mmol/L NH4HCO3. The gel pieces were destained with 25
mmol/L NH4HCO3/50% acetonitrile and dried with 100%
acetonitrile. Proteins were then reduced using 10 mmol/L
dithiothreitol in 25 mmol/L NH4CO3 at 56 C for 1 hour.
Subsequently, alkylation was conducted using 55 mmol/L
iodoacetamide in 25 mmol/L NH4CO3, protected from
light. The gel pieces were then washed with 25 mmol/L
NH4HCO3, dehydrated with 25 mmol/L NH4HCO3/50%
acetonitrile, and completely dried via SpeedVac (Eppendorf, Hamburg, Germany). Mass spectrometry grade
Trypsin Gold (12.5 ng/mL in 25 mmol/L NH4HCO3;
Promega) was added to dried gels and incubated overnight
at 37 C. Peptides were extracted by 50% acetonitrile/5%
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formic acid. The tryptic digests were desalted using Pierce
C18 spin columns (Thermo Fisher Scientiﬁc, Waltham,
MA) before liquid chromatographyetandem mass spectrometry (LC-MS/MS). LC-MS/MS samples were
analyzed using Mascot version 2.2.1 (Matrix Science,
London, UK). MS/MS-based peptide and protein sequence
identiﬁcation was validated using Scaffold version 4.8.3
(Proteome Software Inc., Portland, OR) and was accepted
by the Scaffold Local false discovery rate algorithm when
the probability was >95%.25

Statistical Analysis
Results are expressed as means  SEM, with P < 0.05
considered statistically signiﬁcant. Differences between
groups were analyzed by one-way analysis of variance or ttest, as appropriate. If analysis of variance revealed significant effects, the means were compared by the post hoc
Student-Newman-Keuls multiple-comparison test using
GraphPad Prism version 7.03 (GraphPad Software, Inc., La
Jolla, CA).

Figure 1

Dicer dysregulation and dsRNA accumulation in the proximal femur and tibia of bacterial chondronecrosis with osteomyelitis (BCO) chicken and
human bone with osteomyelitis. AeD and J: Macroscopic analysis shows normal and abnormal bone with sequestrum and involucrum (open arrows; D) in
chicken [normal femur (A), normal tibia (B), femoral head necrosis (C), and tibial head necrosis (D)] and human [normal femur (NOR) and femur with
osteomyelitis (OST); J]. E, F, K, and L: Histologic analysis illustrates a chronic inﬂammation along with ﬁbrinoheterophilic synovitis with exudate in chicken
(arrow; F) and human femur (L) compared with healthy bone [chicken (E) and human (K)]. E and F: Adapted from Wijesurendra et al,28 with permission from
Taylor & Francis. G, H, M, and N: Decreased expression of DICER1 mRNA and protein in chicken BCO tibia (G and H) and human bone with osteomyelitis (M and
N), assessed by quantitative PCR and Western blot analysis, respectively. I and O: Accumulation of dsRNA levels in chicken BCO tibia (I) and human bone with
osteomyelitis (O), determined by enzyme-linked immunosorbent assay. Data are expressed as means  SEM (H, I, N, and O). *P < 0.05 versus control (t-test);
y
P < 0.05 versus normal femur (t-test). Original magniﬁcation, 40 (E, F, K, and L). ACTB, actin; C, control; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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Results
DICER1 Dysregulation and dsRNA Accumulation in
Tibia of BCO Chicken and Human Bone with
Osteomyelitis
Similar clinical and macroscopic hallmarks of BCO and
osteomyelitis are the presence of dead bone (sequestrum),
involucrum, and necrosis with bone loss (Figure 1, AeD
and J). At the histopathologic level, both BCO and osteomyelitis encompass the full scope of inﬂammatory inﬁltrates, ranging from ﬁbrin to marrow ﬁbrosis with
scattered mononuclear cells (Figure 1, E, F, K, and L).28
In search of potential molecular signatures, LC-MS/MS
was performed on protein isolated from the proximal end
of the tibia from BCO and healthy chickens. Among

several differentially expressed proteins, DICER1 expression was down-regulated in BCO compared with healthy
chickens. In agreement with LC-MS/MS data, DICER1
mRNA abundance and protein levels were signiﬁcantly
down-regulated in BCO tibia compared with their healthy
counterparts, as assessed by real-time quantitative PCR
and Western blot analyses, respectively (Figure 1, G and
H). Similarly, DICER1 expression at mRNA and protein
levels was down-regulated in human bone with osteomyelitis compared with healthy subjects (Figure 1, M and N).
As endogenous dsRNAs are substrates for DICER1,20 an
enzyme-linked immunosorbent assay was developed using a
speciﬁc antibody for dsRNA; and signiﬁcantly higher levels
of dsRNA were detected in chicken BCO tibia and human
bone with osteomyelitis compared with their healthy counterparts (Figure 1, I and O).

Figure 2 Staphylococcus infection decreases DICER1 expression, increases dsRNA levels, and induces osteoblast cell death. AeE: Infection with chicken
bacterial chondronecrosis with osteomyelitiseStaphylococcus isolates (908 and 1302) at a multiplicity of infection of 50:1 down-regulates DICER1 mRNA and
protein levels (A and B), induces dsRNA accumulation (C and D), and reduces human fetal osteoblast cell viability (E) compared with the control. F: Lipopolysaccharide treatment (50 mmol/L) decreases DICER1 expression and induces dsRNA accumulation, as assessed by immunoﬂuorescence staining. Images are
representative of three to four independent experiments. Data are expressed as means  SEM (B, C, and E). *P < 0.05 (analysis of variance and post hoc
Student-Newman-Keuls multiple-comparison test). Original magniﬁcation, 40 (D and F). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Staphylococcus Infection or DICER1 Knockdown
Induces dsRNA Accumulation and Reduces Human
Osteoblast Cell Viability
Infection of hFOB 1.19 and MG-63 with two Staphylococcus species (S. aureus 1302 and S. agnetis 908),
isolated from BCO chickens, signiﬁcantly downregulates the expression of DICER1 at mRNA and protein levels (Figure 2, A and B, and Supplemental
Figure S1); increases dsRNA levels, as assessed by
enzyme-linked immunosorbent assay and immunoﬂuorescence analysis (Figure 2, C and D, and Supplemental
Figure S1); and reduces cell viability (Figure 2E and
Supplemental Figure S1). However, infection with an S.
hyicus strain, isolated from bovine mastitis, does not
affect either DICER1/dsRNA expression or hFOB cell
viability (data not shown). As a positive control and in
agreement with a previous study in HCT116 cells,29

lipopolysaccharide treatment reduces DICER1 expression in hFOB cells (Figure 2F). This dysregulation of
DICER1 is accompanied by dsRNA accumulation, which
seems to be colocalized with the stress granule marker
TIA-1 (Figure 2F).
To assess whether dsRNA accumulation was a consequence of reduced DICER1 levels, siRNA-mediated
DICER1 knockdown was used (Figure 3, AeC, and
Supplemental Figure S1); and DICER1 deﬁcit was found to
increase dsRNA levels (Figure 3, C and D) and reduce
hFOB and MG-63 cell viability (Figure 3D and
Supplemental Figure S1). DICER1 knockdown also induces
the expression of Alu repeat element (Figure 3E), and Alu
repeats have been previously shown to form long dsRNA
that are substrates for DICER1.20 Overexpression of Alu or
administration of dsRNA analogue poly(I:C) reduces hFOB
and MG-63 cell viability (Figure 3, FeH, and Supplemental
Figure S1).

Figure 3 DICER1 knockdown induces dsRNA
accumulation and reduces human fetal osteoblast
(hFOB) cell viability. AeD: DICER1 deﬁcit, mediated by siRNA (AeC), induces dsRNA accumulation
(C and D) and reduces hFOB cell viability (D). E and
F: DICER1 knockdown up-regulates the expression
of Alu repeat transcript (E), and hFOB cell viability
is reduced by overexpression of Alu [plasmid (p-)
Alu] relative to control vector (p-null) (F). G and
H: Administration of poly(I:C) reduces hFOB cell
viability. Images are representative of three to
four independent experiments. Data are expressed
as means  SEM (B, DeF, and H). *P < 0.05
versus siControl (t-test); yP < 0.05 versus p-null
(t-test); zzP < 0.01 versus control (t-test). Original
magniﬁcation, 40 (C and G). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 4

Staphylococcus infection and DICER1 dysregulation activate NACHT, LRR and PYD domains-containing protein (NLRP)3 inﬂammasome. A: NLRP3
inﬂammasome and its components are expressed in human fetal osteoblast (hFOB) cells. BeD: Infection with chicken bacterial chondronecrosis with
osteomyelitiseStaphylococcus isolates (908 and 1302) activates NLRP3 inﬂammasome and its components (cleaved caspase 1-P20 and IL-1b) in hFOB cells.
EeH: Similarly, DICER1 knockdown activates NLRP3 inﬂammasome and its component. IeL: Transfection of plasmid coding for NLRP3 activates NLRP3
inﬂammasome and reduces hFOB cell viability. Images are representative of three to four independent experiments. Data are expressed as means  SEM (C, D,
G, H, and JeL). *P < 0.05 versus control; yP < 0.05 versus siControl; zP < 0.05, zzP < 0.01, and zzzzP < 0.0001 versus p-null (analysis of varianceeStudentNewman-Keuls or t-test). Original magniﬁcation, 40 (E and I). ASC, apoptosis-associated speck-like protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NC, negative control; p-, plasmid.
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Figure 5

Administration of dsRNA activates NACHT, LRR and PYD domains-containing protein (NLRP)3 inﬂammasome. Administration of poly(I:C) (AeD)
or overexpression of Alu (EeH) activates NLRP3 inﬂammasome and its component. Images are representative of three to four independent experiments. Values
are expressed as means  SEM (B, D, F, and H). *P < 0.05, **P < 0.01, and ***P < 0.001 versus control (t-test); yP < 0.05, yyP < 0.01 versus p-null (t-test).
Original magniﬁcation, 40 (C and G). ASC, apoptosis-associated speck-like protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; p-, plasmid.
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Figure 6

Inﬂammasome blockade protects human
fetal osteoblast (hFOB) cells from DICER1 dysregulation/
dsRNA accumulationeinduced cytotoxicity. Ac-YVAD-cmk,
selective caspase 1 inhibitor (A), protects hFOB cells from
DICER1 deﬁciteinduced cell death (B). Ac-YVAD-cmk
reduces NACHT, LRR and PYD domains-containing protein
(NLRP)3 expression (C) but not that of DICER1 (D). Data
are presented as means  SEM (AeD). *P < 0.05.

Staphylococcus Infection, DICER1 Knockdown, or
dsRNA Administration Activates NLRP3 Inﬂammasome
in Human Osteoblast Cells
On the basis of a previously published study,21 it was hypothesized that dsRNA could activate NLRP3 inﬂammasome. First, it was determined that the components of
NLRP3 inﬂammasome are expressed in hFOB cells
(Figure 4A). Staphylococcus (908 and 1302) infection
signiﬁcantly increased the expression of NLRP3, the
cleaved (active) caspase 1-P20, and IL-1b (Figure 4, BeD).
Similarly, DICER1 knockdown activated NLRP3 inﬂammasome and increased the expression of its components
(Figure 4, EeH, and Supplemental Figure S1). Overexpression of NLRP3 alone was sufﬁcient to up-regulate the
expression of caspase 1 and its downstream mediators (IL1b, IL-18) and to reduce hFOB cell viability (Figure 4,
IeL). Administration of poly(I:C) activated NLRP3 and
increased the expression of caspase 1-P20, IL-1b, and IL-18
(Figure 5, AeD). Overexpression of Alu repeat element also
activates NLRP3 and increases the expression of its components (ASC and caspase 1-P20) as well as that of IL-1b
and IL-18 (Figure 5, EeH).

Blocking NLRP3 Component Rescues Osteoblast Cell
Viability
Caspase 1-inhibitor Ac-YVAD-cmk reduces CASP1
expression and completely prevents DICER1 deﬁcit/dsRNA
accumulationeinduced hFOB cell death (Figure 6, A and
B). Similarly, Ac-YVAD-cmk prevents the activation of
NLRP3 induced by DICER1 dysregulation (Figure 6C), but
it did not elicit any changes to DICER1 expression
(Figure 6D).
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NLRP3 Inﬂammasome Is Activated in Bone of BCO
Chicken and Humans with Osteomyelitis
Next, it was tested whether human bone with osteomyelitis
and chicken BCO bone, which exhibit loss of DICER1 and
accumulation of dsRNA, also display evidence of NLRP3
inﬂammasome activation. Both NLRP3 mRNA abundance
and protein levels were signiﬁcantly increased in chicken
BCO (Figure 7, A, C, and E) and human bone with osteomyelitis compared with their healthy counterparts (Figure 7,
B, D, and F). Similarly, CASP1 and IL-1b mRNA as well as
active cleaved caspase 1-P20 were markedly increased in
human bone with osteomyelitis and in BCO chickens
compared with their healthy counterparts (Figure 7). However, when compared with healthy subjects, the abundance
of IL-18 mRNA was increased only in chicken BCO but not
in human bone with osteomyelitis (Figure 7, E and F).

Discussion
Although it is well established that Staphylococcus infection
is the major cause for osteomyelitis, nevertheless its etiology as well as its underlying mechanism are still not well
deﬁned. Herein, by using a human-relevant BCO animal
model,17 our ﬁndings identiﬁed a novel pathophysiological
pathway and elucidated a critical survival function for
DICER1/dsRNA dysmetabolism in Staphylococcus
infectioneinduced osteomyelitis pathogenesis.
The strengths of this experimental BCO model are that it
triggers reproducible and spontaneous development of high
lameness incidences without surgery or inoculation of
exogenous pathogens or the need to develop metabolic engineering transgenesis and the accompanying lesions that
resemble hematogenous staphylococcal osteomyelitis in
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Figure 7 NACHT, LRR and PYD domains-containing
protein (NLRP)3 inﬂammasome activation in bone of
bacterial chondronecrosis with osteomyelitis (BCO)
chicken and human with osteomyelitis. The expression of
NLRP3 inﬂammasome and its component is signiﬁcantly
elevated in the bone of BCO chicken (AeC) and human
with osteomyelitis (OST; DeF) compared with healthy
controls (Cs). Data are expressed a means  SEM (CeF).
*P < 0.05 versus control (t-test); yP < 0.05, yyP < 0.01
versus normal (NOR) (t-test). GAPDH, glyceraldehyde-3phosphate dehydrogenase.

growing children as well as in adult avascular femoral head
necrosis.17,18,29 Because chickens are hyperglycemic and
insulin resistant,30,31 this BCO model is also highly relevant
for mechanistic understanding of osteomyelitis pathogenesis
in susceptible human subjects.
DICER1 emerges as a multifaceted protein; and its dysregulation is increasingly recognized in several human diseases, including cancer,32 cardiovascular disease,33 and
diabetes.34 Recently, DICER1 has been reported to play a
critical role in osteogenesis,35,36 and its dysregulation has
been shown to alter cortical bone integrity and homeostasis.37,38 As these effects of DICER1 are associated with
RUNX236 and as RUNX2 was found to be involved in BCO
pathogenesis,39 we hypothesized that DICER1 might also be
involved. The critical role of DICER1 in mediating bone
attrition was demonstrated by its expression deﬁcit in tibia
of BCO chicken and in human bone with osteomyelitis
compared with the healthy controls as well as by rescuing
hFOB osteoblast viability in culture.
The RNase III endonuclease, DICER1, cleaves 60- to 70nucleotide hairpin structured precursor miRNAs to yield
miRNA or siRNA of deﬁned length, typically approximately 22 nucleotides, that, together with argonaute proteins
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and associated factors, abrogates target mRNA by either
degradation or translational inhibition.40
miRNAs have been extensively investigated in hostpathogen interactions of >50 different infections,
including staphylococcal infection and osteomyeltis.41,42
However, DICER1 also processes long dsRNA, such as
inverted repeat elements.20 Given the evidence that the IL-1
pathway is a downstream target for dsRNA,21 and the IL-1
pathway plays a pivotal role in the pathogenesis of human
bone inﬂammation, including chronic recurrent multifocal
osteomyelitis,43 we explored the concept that staphylococcal
infectioneinduced DICER1 dysregulation might induce
dsRNA accumulation. By using an anti-dsRNA antibody
that binds long dsRNAs in a sequence-independent manner,
we demonstrated that dsRNA levels were higher in BCO
tibia and human bone with osteomyelitis compared with
their healthy counterparts. Similarly, dsRNA levels were
also induced by DICER1 knockdown or Staphylococcus
infection in human osteoblasts in culture. This accumulated
dsRNA after DICER1 depletion, bacterial infection,
administration of dsRNA analogue, or a plasmid encoding
for transposable Alu repeat element induces osteoblast cell
death. Although the origin and the identity of these
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endogenously accumulated cytotoxic dsRNAs are not
known at this time and merit further in-depth investigation,
they might derive from overlapping convergent transcription
of distinct protein coding genes,44 natural antisense noncoding RNA,45 or inverted repeat transcription.46 It would
be crucial to determine the sequences and the identities of
these cytotoxic dsRNAs by immunoprecipitation and
ampliﬁcation-based analysis and see whether they are precursors for miRNA or a new class of noncoding RNA
species.
Although the bone is a complex organ with exceptional
immune privilege,47 bacterial insults can trigger the innate
immune NLRP3 sensors and result in bone inﬂammation
and attrition.48 To test this possibility and to deﬁne the
downstream mediators used by DICER1/dsRNA dysregulation to induce bone degeneration, we showed that, in
agreement with a previous study,49 the components of
NLRP3 inﬂammasome are expressed in osteoblasts. It was
further shown that this inﬂammasome is activated by
Staphylococcus infection, DICER1 knockdown, or dsRNA
administration. Similarly, NLRP3 inﬂammasome is activated in BCO tibia and in human bone with osteomyelitis
compared with healthy controls. Blocking caspase 1 activation completely rescued osteoblast cell viability. The
reduced expression of NLRP3 by Ac-YVAD-cmk
(Figure 6C) suggests a potential negative feedback loop
between caspase 1 and NLRP3 inﬂammasome. Moreover,
there are several inﬂammasome families that have the ability
to activate caspase 1, including NLR (NLRP1, NLRP3,
NLRC4, NLRP6, and NLRP12), ALR (AIM2), and Pyrin.50
Further work should determine whether DICER1/dsRNA
dysregulation triggers the activation of other inﬂammasomes. The active caspase 1 subunits can proteolytically
process IL-1b and IL-18, and this study demonstrates that
these cytokines are downstream of caspase 1 activation.
However, further studies are warranted to determine
whether the osteoblast cell death is mediated by apoptosis,
pyroptosis, and/or necrosis.
Although the upstream regulators of DICER 1 deﬁcit,
dsRNA identity, mechanisms of dsRNA-NLRP3 interaction, as well as the forms of caspase 1edependent osteoblast
cell death await clariﬁcation, the BCO model implicates
DICER1/dsRNA dysmetabolism in the pathogenesis of
osteomyelitis and may be useful as a platform for validating
potential therapies.
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