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ABSTRACT Autophagy is a cell survival and homeo-
stasis mechanism involving lysosomal degradation of cel-
lular components and foreign bodies. It plays a role in
bone homeostasis, skeletal diseases, and bacterial infec-
tions as both a cell-survival or cell-death pathway. This
study sought to determine if autophagy played a role in
bacterial chondronecrosis with osteomyelitis (BCO).
BCO is a prominent cause of lameness in modern broilers
and results from bacterial infection of mechanically
stressed leg bone growth plates. The protein and gene
expression of key autophagy machinery was analyzed in
both normal and BCO-affected broilers using real-time
qPCR and immunoblot, respectively. Gene expression
showed a significant downregulation of key target
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signatures involved in every stage of autophagy in BCO-
affected bone, such as ATG13, SQSTM1 (p62), ATG9B,
ATG16L, ATG12, LC3C, and RAB7A. Additionally,
protein expression for LC3 was also significantly lower
in BCO. An in vitro study using human fetal osteoblast
cells challenged with BCO isolate, Staphylococcus agne-
tis 908, showed a similar dysregulation of autophagy
machinery along with a significant decrease in cell viabil-
ity. When autophagy was inhibited via 3-methyladenine
or chloroquine, comparable decreases in cell viability
were seen along with dysregulation of autophagy
machinery. Together, these results are the first to impli-
cate autophagy machinery dysregulation in the pathol-
ogy of BCO.
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INTRODUCTION

Autophagy is a key component of cellular homeosta-
sis, survival, defense, and death. It is a process by which
cells are able to degrade cellular debris, damaged organ-
elles, or foreign bodies, via membrane isolation coupled
with lysosomal fusion and degradation (Klionsky, 2005;
Deretic et al., 2013). There are 4 stages in autophagy,
initiation, nucleation, elongation, and fusion
(Noda et al., 2009). Initiation involves the activation of
autophagy machinery. Nucleation is characterized by
the sequestering of key proteins and complexes to the
site of phagophore formation. Elongation occurs as the
autophagosome expands and eventually closes. Fusion
refers to the coalescence of the mature autophagosome
with a lysosome to undergo lysosomal degradation of its
contents (Hurley and Young, 2017; Nakamura and
Yoshimori, 2017). Autophagy contributes to cellular
survival through regular maintenance as well as defense
and aids in cellular processes and functions. In bone,
functioning autophagy machinery is essential to bone
growth and homeostasis via promotion of chondrocyte
survival in hypoxic environments, regulation of osteo-
blast and osteoclast differentiation, and contribution to
osteoblast mineralization (Onal et al., 2013;
Shapiro et al., 2014; Piemontese et al., 2016; Li et al.,
2018). Under bacterial challenge, autophagy’s effective-
ness increases cell survival and decreases bacterial loads
(Amano et al., 2006; Cemma and Brumell, 2012;
Maurer et al., 2015). While its ineffectiveness or inhibi-
tion has damaging effects on cellular viability and
function. For example, some bacteria, such as Staphylo-
coccus aureus, dysregulates autophagy via inhibition of
fusion in order to evade the cellular defense and persist
within the cell and ultimately causes cell death
(Ogawa et al., 2011; Geng et al., 2020). It is the dynamic
nature of autophagy’s involvement in physiological
states that has led it to be increasingly investigated in
different diseases and disorders. In the case of bacterial
chondronecrosis with osteomyelitis (BCO), the involve-
ment of bacterial infection and bone inflammation as
well as cellular necrosis make autophagy a pathway
worth investigating given its significance to both the
function of bone and response to bacteria.
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Bacterial chondronecrosis with osteomyelitis, also
known as femur head necrosis, is a common cause of
lameness in the modern broilers affecting fast-growing
and higher yielding birds (Wideman et al., 2012). It is
characterized by bacterial infection primarily in the
proximal head of rapidly-growing leg bones of a broiler,
resulting in chondronecrosis and osteomyelitis
(Wideman and Prisby, 2012). It is theorized that colla-
gen-binding bacteria, entering the bloodstream via the
respiratory or gastrointestinal tract, are able to come
into contact with preexisting wound sites within the
mechanically-stressed, highly-vascularized growth
plates and colonize (Al-Rubaye et al., 2015; Wide-
man, 2015). These wound sites also often transect blood
supply leading to hypoxic conditions. As infection per-
sists, inflammation and necrosis lead to bone attrition
and associated lameness can become detectable,
although subclinical BCO can also occur (Wideman and
Prisby, 2012; Alrubaye et al., 2020). Understanding and
combating BCO, and associated lameness, has become a
high priority for improving both animal welfare and pro-
duction.

Although it is now better understood how bacteria
infect the bone and what the end-point symptoms of
BCO are, the underlying mechanisms by which bacteria
cause BCO still need to be fully defined. It has been
shown that the mitochondrial dysfunction exists in
BCO-affected tissue, but molecular pathways linking
bacterial effects and what is seen in BCO tissue have yet
to be discovered (Ferver et al., 2021). To that end, this
study sought to elucidate the potential involvement of
autophagy in BCO.
MATERIALS AND METHODS

Collection of BCO and Normal Bone Samples

All animal experiments were approved by the Univer-
sity 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. The BCO
model and healthy counterparts were conducted as pre-
viously described (Wideman et al., 2012; Wideman and
Prisby, 2012). Briefly, animals were placed on either lit-
ter or wire-flooring and had ad libitum access to fresh
water and feed (3.9 Mcal metabolizable energy kg�1and
180 g crude protein kg�1) while the experiment took
place at the University of Arkansas Poultry Research
Farm. Ambient temperature was lowered gradually
from 328C to 258C by 21 d of age. A light cycle of 23 h
light/1 h dark was maintained along with an approxi-
mately 20% relative humidity until 56 d of age. At the
end of the 56 d, animals were weighed, humanely eutha-
nized, and immediately necropsied to determine pres-
ence of subclinical lesions in the proximal heads of both
the femora and tibiae. Bone was selected macroscop-
ically based on previously reported scale
(Wideman et al., 2012; Wideman and Prisby, 2012).
Normal bone was taken from animals raised on litter
only and when considered free of any necrosis or lesion
and BCO-affected bone was from birds raised on wire-
flooring and exhibiting lameness, and consisted of bone
with femur head necrosis. Proximal portions of bone,
primarily consisting of the growth plate, from both
affected and unaffected animals were snap frozen in liq-
uid nitrogen and stored at -808C for later analysis.
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, 10% fetal bovine serum, and
0.3 mg/mL G418. Cells were grown at 34°C in a humidi-
fied atmosphere of 95% air and 5% CO2 using either 6-
or 96-well plates for molecular analyses and cell viabil-
ity, respectively.
Bacterial Challenge

Staphylococcus agnetis strain 908 (a generous gift
from Dr. Douglas Roads, University of Arkansas) was
isolated from the BCO-affected bone (Al-Rubaye et al.,
2015), and was grown overnight in Luria broth at 378C.
To determine cell density, cultures were diluted using
phosphate-buffered saline before absorbance at 650 nm
was measured. Bacteria at a multiplicity of 50:1 were
added to cell cultures in antibiotic-free media and left to
attach for 1 h. Cells were washed 3 times with phos-
phate-buffer saline and complete media was added. Cells
were maintained for an additional 24 h and then proc-
essed for protein isolation (Greene et al., 2019).
Autophagy Inhibition

hFOB cells were treated with either 3-Methyladenine
(3-MA) at a concentration of 5mM (Sigma Aldrich, St.
Louis, MO), chloroquine (CQ) at a dose of 10 mM
(InvivoGen, San Diego, CA), or vehicle control for 24 h
before being lysed. Pilot studies were used to determine
effective inhibitor dose.
Cell Viability

Cell viability was performed as previously described
(Dridi et al., 2012). Briefly, hFOB cells were seeded at
1 £ 104 cells per well of a 96-well plate before being
infected as described above. CellTiter 96 AQueous One
Solution CellProliferation Assay (Promega, Madison,
WI) was used, according to manufacturer’s recommen-
dations, and results were obtained using a Synergy HT
multimode microplate reader (BioTek, Winooski, VT).
All sample readings were background corrected, and
results were reported relative to control (n = 24/treat-
ment).
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RNA Isolation, Reverse Transcription, and
Real-time Quantitative PCR

From the normal and BCO-affected bone samples
(n = 6/group), total RNA was isolated in accordance
with the protocol of (Carter et al., 2012). Cellular RNA
was isolated using Trizol reagent (Life Technologies,
Carlsbad, CA), based on manufacturer’s instructions.
RNA concentrations were determined using Synergy HT
multimode microplate reader and total RNA was reverse
transcribed using qScript cDNA SuperMix (Quanta Bio-
sciences, Gaithsburg, MD). Amplification was achieved
using Power SYBRGreen Master Mix (Life Technolo-
gies, Carlsbad, CA) and real-time quantitative PCR
(7500 Real Time System; Applied Biosystems, Foster
City, CA). The sequences for oligonucleotide primers for
r18s, Beclin1, ATG7, ATG3, LC3A, LC3B, and LC3C
were previously published (Piekarski et al., 2018; Piekar-
ski-Welsher et al., 2018). As well as ATG13, ATG9A,
ATG14, UVRAG ATG16L, ATG12, ATG4A, ATG4b,
and ATG10 (Piekarski et al., 2014). Additional primers
used were ATG2B (forward, 50- CCGTTCTCGGAG
TCCATCA -30; and reverse, 50- GAGCCGGTGCCC
TGGTA -30), ATG9B (forward, 50- TCACCCCTGAA-
GATGGAGAGA -30; and reverse, 50- TTTCCAGCAT
TGGCTCAATC -30), RAB7A (forward, 50- GTGC
CAAGGAGGCCATTAAC -30; and reverse, 50-
AAGTGCATTTCGTGCAATCG -30), SQSTM1 (p62)
(forward, 50- TTACGTGCAGGACGGAGTTTT -30;
and reverse, 50- CACGCCTGCACTCCTTTTTC -30),
and LAMP2 (forward, 50- TCAATAGCTGAAGAAT
GCTTTGCT -30; and reverse, 50- TGCCAACTGC-
GACTGGAATA -30).

Real-time quantitative PCR cycling conditions were
508C for 2 min, 958C for 10 min and 40 cycles of a 2-step
amplification (958C for 15 s followed by 588C for 1 min).
The dissociation protocol from the sequence detection
system was used for melting curve analysis to exclude
potential contamination of nonspecific PCR products.
Negative controls that were used as templates contained
no reverse transcription products. Relative expression of
target genes was determined using the 2�ΔΔCT method
and healthy bone tissue or untreated cells were used as
calibrators (Schmittgen and Livak, 2008).
Western Blot Analysis

Bone samples and cell lysate 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 phospha-
tase inhibitors) and stainless-steel beads, using the Bul-
let Blender Storm (NextAdvance, Averill Park, NY).
Total protein concentrations were determined using a
Bradford assay kit (Bio-Rad, Hercules, CA), ran in 4 to
12% gradient Bis-Tris gels (Life Technologies) and then
transferred to polyvinylidene difluoride membranes.
Once transferred, membranes were blocked using a Tris-
buffered saline (TBS) with 5% nonfat milk and Tween
20 at room temperature for 1 h. The membranes were
washed with TBS and Tween 20 and then incubated
with primary antibodies at a dilution of either 1:500 or
1:1000 overnight at 48C. Primary antibodies used were
rabbit anti-Beclin1 (Cell Signaling Technology, Dan-
vers, MA), rabbit anti-ATG7 (Cell Signaling Technol-
ogy, Danvers, MA), rabbit anti-ATG16L (Aviva
Systems Biology, San Diego, CA), rabbit anti-ATG12
(Cell Signaling Technology, Danvers, MA), rabbit anti-
ATG3 (Thermo Fisher Scientific, Waltham, MA), rab-
bit anti-ATG5 (Cell Signaling Technology, Danvers,
MA), rabbit anti-LC3 (Cell Signaling Technology, Dan-
vers, MA), and rabbit anti-RAB7 (Santa Cruz Biotech-
nology, Dallas, TX). After another wash, secondary
antibodies diluted to 1:5000 were added to 5% nonfat
milk in TBS and Tween 20 and incubated with the mem-
branes at room temperature for 1 h. The protein signals
were visualized using chemiluminescence (ECL Plus;
GE Healthcare, Pittsburg, PA) and images were cap-
tured using the FluorCHem M MultiFluor System (Pro-
teinSimple, San Jose, CA). Prestained molecular weight
marker (Precision Plus Protein Dual Color) was used as
a standard (Bio-Rad, Hercules, CA). Protein loading
was assessed by immunoblotting using rabbit antiegly-
ceraldehyde-3-phosphate dehydrogenase (Santa Cruz
Biotechnology, Dallas, TX). Image acquisition and anal-
ysis were performed by AlphaView software (version
3.4.0, 1993−2011; ProteinSimple). The relative levels of
target autophagy proteins were normalized to glyceral-
dehyde-3-phosphate dehydrogenase.
Statistical Analysis

Data were analyzed by Student t test or One-way
ANOVA, as appropriate, using GraphPad version 7.03
(GraphPad Software, Inc., LaJolla, CA). Results are
expressed as means §SEM, with P-value < 0.05 set as
statistically significant.
RESULTS

The Expression of Key Autophagy markers
was Downregulated in BCO-affected Tissues

Key autophagy machinery-associated genes, and cor-
responding proteins, involved in initiation were mea-
sured in normal and BCO-affected tissues. Both protein
and gene expression were analyzed in normal and BCO
affected femurs for Coiled-Coil Myosin-Like BCL2-
Interacting Protein (Beclin1) with protein expression
being significantly higher in BCO-affected bone, how-
ever, no significant difference was seen in gene expres-
sion (Figures 1A-1C) (P < 0.05). Sequestosome I
(SQSTM1), also known as Autophagy Receptor P62
(p62), also showed no significant differences in mRNA
expression (Figure 1E). However, Autophagy-related
protein 13 (ATG13) mRNA expression was signifi-
cantly downregulated in BCO-affected tissue
(Figures 1D and 1E) (P < 0.05).



Figure 1. Dysregulation of autophagy initiation in BCO-affected Bone. Protein expression of Beclin1 was determined by Western blot (A, B).
The expression of Beclin 1, ATG13, and SQSTM1 genes was measured by real-time quantitative PCR as described in materials and methods (C-E).
Significance was determined using a student t test with P-value < 0.05. Data are means § SEM (n = 6) and the figure is a representative immuno-
blot. * indicates significant difference between Normal and BCO. Abbreviation: BCO, bacterial chondronecrosis with osteomyelitis.
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At the nucleation stage, Autophagy-related protein 5
(ATG5) protein expression was measured with no signifi-
cant difference seen when comparing BCO-affected and
normal bone (Figures 2A and 2B). However, the mRNA
expression of ATG14 and ATG9B were significantly
downregulated in BCO, when compared to normal bone
(Figures 2C and 2E) (P < 0.05). Autophagy-related pro-
tein 9A mRNA expression showed no significant differen-
ces between normal and BCO-affected bone (Figure 2D).

The elongation stage of autophagy saw several signifi-
cant differences in expression of autophagy molecular sig-
natures. While protein expression of ATG7, ATG16L,
ATG12, and ATG3 were not significantly different
between BCO and normal bone, LC3 protein expression
was significantly lower in BCO-affected bone
(Figures 3A and 3F) (P < 0.05). Gene expression of
ATG16L, ATG12, LC3C, ATG2B, ATG4B, and
ATG10 were also significantly downregulated in BCO-
affected bone compared to normal (Figures 3H, 3I, 3M,
3N, 3P, 3Q) (P < 0.05). ATG7, ATG3, LC3A, LC3B,
and ATG4A showed no significant difference between
BCO and normal tissue (Figures 3G, 3J, 3L, 3L, 3O).
Autophagy machinery involved in the fusion stage

showed decreased mRNA abundances of member RAS
Oncogene Family (RAB7A) in BCO-affected bone
(Figure 4C) (P < 0.05). While protein expression of RAB7
as well as mRNA expression of Lysosomal Associated Mem-
brane Protein 2 (LAMP2) and UV Radiation Resistance-
Associated Gene (UVRAG) were not significantly different
between normal and BCO (Figures 4A, 4B, 4D, 4E).
S. agnetis 908 Challenge Decreased Viability
and Key Autophagy Machinery Expression in
hFOB Cells

Exposure to S. agnetis 908 resulted in significant
decreased cell viability in hFOB cells (Figure 5A) (P <



Figure 2. Autophagy nucleation machinery status in BCO-affected Bone. Protein expression for ATG5 (A) and statistical analysis of the immu-
noblot analyses (B). Gene expression for key nucleation machinery, ATG14 (C), ATG9A (D), and ATG9B (E) was determined by qPCR. Signifi-
cance was determined using a student t test with P-value < 0.05. Data are means § SEM (n = 6) and the figure is a representative immunoblot. *
indicates significant difference between normal and BCO. Abbreviation: BCO, bacterial chondronecrosis with osteomyelitis.
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0.05). Protein expression of ATG7, ATG16L, Beclin1,
ATG12 and ATG3 were significantly lower in bacteri-
ally challenged cells compared to control (Figures 5B-
5E, 5G, 5H) (P < 0.05). The ratio of LC3 type II to LC3
type I was significantly increased in cells under bacterial
challenge (Figures 5B and 5J) (P < 0.05). ATG5 and
RAB7 protein expression were unaffected by exposure
to S. agnetis 908 (Figures 5B, 5F, 5I).
Inhibition of Autophagy Decreased hFOB
Cell Viability and Autophagy Machinery
Expression

Treatment of hFOB cells with either 3-MA or CQ
resulted in significantly decreased cell viability in hFOB
cells (Figure 6 A). Protein expression of ATG7 and
Beclin1 was significantly decreased in cells exposed to
both inhibitors compared to control (Figures 6B-6D).
ATG12 and ATG3 protein levels were lower in cells
treated with CQ compared to control, but not 3-MA
(Figures 6B, 6E, 6F) (P < 0.05). The ratio of LC3 type
II to LC3 type I was significantly increased in both 3-
MA- and CQ-treated hFOB cells, with CQ treatment
resulting in the highest ratio (Figures 6B, 6G) (P <
0.05).
DISCUSSION

In the pursuit of identifying potential mechanisms
responsible for BCO, the autophagy pathway was inves-
tigated. Autophagy has been increasingly implicated in
several skeletal disorders such as avascular necrosis of
the femur head, glucocorticoid induced osteoporosis and
osteomyelitis (Liu et al., 2014; Shen et al., 2018;
Wang et al., 2019; Ichimiya et al., 2020; Zheng et al.,
2020). In osteomyelitis, autophagy has been shown to be
manipulated by causative agents allowing their persis-
tence within the cell and subsequent cell death
(Schnaith et al., 2007; Neumann et al., 2016). Its dual
role in both cellular survival and cell death under bacte-
rial challenge and bone homeostasis as well as its



Figure 3. Alteration of autophagy elongation machinery in BCO-affected Bone. Protein expression for ATG7, ATG16L, ATG12, ATG3, and
LC3 (A) and statistical analysis of the results as normalized to GAPDH (B). Gene expression for key elongation machinery, ATG7, ATG16L,
ATG12, ATG3, LC3A, LC3B, and LC3C (C), ATG2B, ATG4A, ATG4B, and ATG10 (D). Significance was determined using a student t test with
P-value < 0.05. Data are means § SEM (n = 6) and the figure is a representative immunoblot. * indicates significant difference between normal and
BCO. Abbreviation: BCO, bacterial chondronecrosis with osteomyelitis.
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susceptibility to bacterial manipulation, warrant the in-
depth analysis of autophagy in BCO.

The initiation stage of autophagy has been shown to
be affected under bacterial challenge, depending on the
bacterium involved (Birmingham et al., 2006;
Geng et al., 2020). A key component of autophagy initia-
tion is formation of the ULK1 complex, which requires
the involvement of ATG1 proteins such as ATG13
(Yamamoto et al., 2016; Zachari and Ganley, 2017;
Chu et al., 2020). Bacterial chondronecrosis with osteo-
myelitis-affected femurs were shown to have signifi-
cantly decreased mRNA expression of ATG13.
Phosphorylation of ATG13 by mechanistic target of
rapamycin complex 1 occurs under normal conditions,
inhibiting autophagy (Bjørkøy et al., 2009). It is through
the inactivation of mechanistic target of rapamycin com-
plex 1 that stimuli, such as amino acid depletion and
stress, activate the autophagy pathway within a cell
(Desantis et al., 2015). Decreased expression of ATG13
indicates a potential inhibition of autophagy initiation.
Another key component of autophagy initiation is the
activation of the phosphoinositide 3-kinase (PI3K) class
III complex which is dependent on the Bcl-2-Beclin1
complex (Houtman et al., 2019). Under normal condi-
tions, Bcl-2 binds Beclin1 thereby inactivating PI3K
complex and autophagy as a result (Esteves et al.,
2019). It has been shown in cancer cells that inhibition
of Beclin1 protein promotes autophagy (Li et al., 2013).
However, in other cell types, such as microglia, increased
expression of Beclin1 was coupled with apparently
increased autophagic flux (Ke et al., 2019). In BCO
tissue, Beclin1 protein was significantly higher in BCO.
Since BCO involves a bacterial component, it is worth
noting that Staphylococcus species have been shown to
induce autophagy initiation in order to become con-
tained in the protective membrane before inhibiting
later stages of autophagy (Lv et al., 2019). The downre-
gulation of ATG13 in BCO bone coupled with increased
Beclin1 protein expression could be indicative of a dysre-
gulation of autophagy initiation under BCO conditions
potentially caused by bacterial influence.
Two key markers involved in autophagy nucleation

were significantly downregulated in BCO-affected
femurs, ATG14 and ATG9B. ATG9 is believed to be
involved in bringing lipids to the newly forming mem-
brane in the phagophore assembly site (He et al., 2006;
Zhuang et al., 2017; Sawa-Makarska et al., 2020). ATG9
is critical to survival of mice in the early neonatal starva-
tion period in which functioning autophagy is essential
(Kuma et al., 2004). In the case of bacterial infection,
ATG9 has been shown to be essential in the formation of
the double membrane around Salmonella
(Kageyama et al., 2011). A dysregulation of ATG9 pro-
duction under BCO conditions could point to disrup-
tions in the autophagy pathway. ATG14 is a subunit of
the PI3K complex I which aids in directing the complex
to the phagophore assembly site where the complex
plays a major role in membrane elongation of the form-
ing autophagosome (Mei et al., 2016). Autophagy stud-
ies involving yeast and mammals have shown that
overexpression of ATG14 increases autophagic activity
(Matsunaga et al., 2010; Obara and Ohsumi, 2011).



Figure 4. Dysregulation of autophagy fusion machinery in BCO-affected Bone. Protein expression for RAB7 (A) and corresponding statistical
analysis (B) as normalized to GAPDH. Gene expression for RAB7A (C), UVRAG (D), and LAMP2 (E), key autophagy fusion machinery, was mea-
sured by qPCR. Significance was determined using a student t test with P-value < 0.05. Data are means § SEM (n = 6) and the figure is a represen-
tative immunoblot. * indicates significant difference between Normal and BCO. Abbreviation: BCO, bacterial chondronecrosis with osteomyelitis.

AUTOPHAGY AND BROILER LAMENESS 7
Additionally, deletion of ATG14 has been shown to
affect the localization of other key autophagy machinery
such as ATG8 and the ATG5-ATG12/ATG16L com-
plex and, therefore, indirectly regulating autophago-
some size (Abeliovich et al., 2000; Suzuki et al., 2007;
Xie et al., 2008). Both ATG9 and ATG14 dysregulation
in BCO bone suggest that the nucleation stage of
autophagy may be affected under BCO conditions.

Elongation involves the expansion and closure of the
phagophore to form an autophagosome. This process
begins with the cleavage of LC3 by ATG4. LC3 is then
conjugated from LC3 type I to membrane-bound LC3
type II by ATG7 and ATG3 (D€oring et al., 2018). The
ATG5-12/ATG16L complex comes into play again dur-
ing elongation by recruiting ATG7 and ATG3 and form-
ing the scaffold by which the maturing phagophore
elongates and requires the activity of ATG7 and ATG10
(Nair et al., 2011). In BCO affected tissue, there was
significant decreased gene expression of ATG12,
ATG16L, LC3C, and ATG4B. In the case of LC3, both
LC3 protein and LC3C gene expression were signifi-
cantly lower in BCO bone. Additionally, ATG2B and
ATG10 were also significantly decreased. ATG2 acts as
a tether between the preautophagosome membranes and
the endoplasmic reticulum during elongation to aid in
expansion and closure (Obara et al., 2008; Kotani et al.,
2018). It has been shown that depletion of ATG2A and
ATG2B leads to an accumulation of open and immature
phagophore structures in mammalian cells
(Velikkakath et al., 2012; Kishi-Itakura et al., 2014).
The formation of the ATG5-ATG12 conjugation of the
ATG5-ATG12/ATG16L complex is dependent on ini-
tial formation of an ATG12-ATG10 thioester intermedi-
ate (Han et al., 2019). Indeed, mutations in the ATG10
gene have shown to lead to dysfunction of the ATG5-
ATG12 conjugation and lack of autophagic bodies



Figure 5. Effect of Staphylococcus agnetis 908 on cell viability and
autophagy machinery in hFOB cells. MTT assay results from hFOB
cells challenged with S. agnetis 908 at a MOI of 50:1 or a vehicle control
for 24 h (A). Western blot results (B) and statistical analysis for
ATG7, ATG16L, Beclin1, ATG5, ATG12, ATG3, RAB7, and LC3
type II: type I as normalized to GAPDH (C). Significance was deter-
mined using a student t test with P-value < 0.05. Data are means §
SEM (n = 24/treatment for cell viability and n=3 for immunoblot) and
the figure is a representative immunoblot for at least 2 independent
experiments. * indicates significant difference between control and
infected cells. Abbreviation: hFOB, human fetal osteoblast; MTT, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; MOI,
multiplicity of infection.

Figure 6. Effect of autophagy inhibition via 3-MA and CQ on cell
viability and autophagy machinery in hFOB cells. MTT assay for cell
viability presented as percent of control viability under treatment of 3-
MA (5 mM), CQ (10 mM), or a vehicle control on hFOB cells for 24 h
(A). Western blot results for autophagy machinery proteins (B) and
statistical analysis for ATG7, Beclin1, ATG12, ATG3, and LC3 type
II: type I as normalized to GAPDH (C). Significance was determined
using One-way ANOVA with P-value < 0.05. Data are means § SEM
(n = 24/treatment for cell viability and n=3 for immunoblot) and the
figure is a representative immunoblot for at least 2 independent experi-
ments. * indicates significant difference compared to the control
(untreated) cells. Abbreviations: 3-MA, 3-methyladenine; CQ, chloro-
quine; hFOB, human fetal osteoblast
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(Xie et al., 2016). Decreased protein and gene expression
of these key elongation factors could contribute to BCO
pathogenicity.

The fusion of the fully formed autophagosome with
the lysosome and subsequent maturation of the autoly-
sosome involves the Rab-SNARE (Soluble NSF Attach-
ment Proteins Receptor) system including Ras-related
protein Rab-7a (RAB7A) (Nakamura and Yoshi-
mori, 2017; Kuchitsu and Fukuda, 2018; Kuchitsu et al.,
2018). RAB7A is responsible for the transport of auto-
phagosomes along microtubules for proceeding fusion
via interaction with specific effectors (Pankiv et al.,
2010; Nakamura and Yoshimori, 2017). In BCO-affected
bone, RAB7A mRNA expression was significantly
downregulated indicating potential dysregulation of this
key fusion machinery.
Taken as a whole, the in vivo results of this study sug-
gest a dysregulation of key machinery in every stage of
autophagy in BCO-affected tissue. In order to determine
if this dysregulation was a direct result of the bacterial
component of BCO, an in vitro experiment was con-
ducted with hFOB cells and known BCO isolate, S.
agnetis 908. Not only did challenged cells show signifi-
cant decreased viability, but also similar autophagy
machinery dysregulation resulting from bacterial chal-
lenge. Key initiation protein Beclin1, as well as elonga-
tion machinery, ATG7, ATG16L, ATG12, and ATG3,
were significantly decreased in S. agnetis-infected hFOB
cells. Most notably, the ratio of LC3 type I to LC3 type
II significantly increased under bacterial challenge. LC3



AUTOPHAGY AND BROILER LAMENESS 9
has been used as an indicator of autophagy function
with the accumulation of LC3 type II in relation to LC3
type I occurring due to lack of LC3 type II lysosomal
degradation when autophagy is dysregulated
(Ushio et al., 2011; Girolamo et al., 2019). These results
could be indicative of a potential decrease in autophagic
activity in bacterially challenged cells. In bone tissue,
autophagy is essential in osteoblast differentiation with
suppression of autophagy also playing a role in decreased
cellular function via reduced autophagic vacuoles con-
taining apatite crystals inhibiting mineralization
(Li et al., 2018).

To elucidate whether autophagy inhibition has a
direct effect, 2 different autophagy inhibitors were used,
3-MA and CQ. 3-MA inhibits class II PI3Ks thereby
inhibiting autophagy, primarily in the nucleation stage
(Zhang et al., 2021). While CQ inhibits autophagy via
blocking of lysosomal function and thereby acting on the
fusion stage (Pasquier, 2016; Galluzzi et al., 2017). Both
treatments resulted in significant decreased hFOB cell
viability and increased ratio of LC3 type II to type I.
Additionally, decreased expression of ATG7 and Beclin1
was also seen in cells treated with 3-MA and cells treated
with CQ. ATG12 and ATG3 protein was significantly
lower in CQ-treated cells compared to control. These
results suggest that inhibition of autophagy, in either
earlier or later stages, results in decreased cell viability
comparable to that seen when cells are challenged with a
known BCO isolate.

Taken together, the results from this study are the
first to implicate autophagy machinery dysregulation in
the pathogenicity of BCO in modern broilers. While
more research into the exact mechanism and machinery
involved in BCO is needed, clearly, autophagy machin-
ery dysregulation is present in BCO and could be caused
by bacterial infection. This dysregulation has the capac-
ity to reduce cell viability and potentially contribute to
the etiology and symptoms of BCO. These findings give
a new perspective into potential targets for treatment
and prevention of BCO via genetics, probiotics, or phar-
macological means.
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