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Autophagy markers and RNA-dependent protein kinase (PKR)
activity in osteosarcoma diagnosis and treatment
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Background: Osteosarcoma is bone malignancy that most commonly affects children and adolescents.
A combination of surgery and chemotherapy has reduced the mortality rate in the past decades; however
the mortality rate due to osteosarcoma metastasis continues to be very high. Autophagy is a regulatory
mechanism that degrades cytoplasmic components in normal and malignant cells and helps maintain
cellular homeostasis. To understand the association and mechanism of autophagy in osteosarcoma, we have
investigated the expression of autophagy markers in osteosarcoma patients.

Methods: Immunohistochemistry and western blot analyses were used to detect and quantitate autophagy
markers and proteins in tumor and control tissues.

Results: We show that immunohistochemical analysis of tissue samples (59 osteosarcoma and 59 normal
control samples) indicates that the levels of various autophagy markers are increased in osteosarcoma
patients compared to the normal tissues. Also, western blot analysis of 10 pairs of osteosarcoma and adjacent
normal tissues reveals an increased conversion of the autophagy marker protein LC3I to LC3II by several
folds in osteosarcoma. Furthermore, RNA-dependent protein kinase (PKR) protein activity is decreased in
osteosarcoma patients.

Conclusions: Our findings indicate that autophagy is induced during osteosarcoma and the induction of
autophagy is associated with PKR activity. We speculate that autophagy markers coupled with PKR could be
relevant to the prognosis and targeted treatment of osteosarcoma.
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Introduction resection and adjunctive chemotherapy are the only widely

. . available options of treatment for osteosarcoma (1). No
Osteosarcoma is the most common primary bone tumor

that mainly affects children and young adults (1,2). The definite therapy is yet available for this devastating disease

prognosis for osteosarcoma patients still remains poor. as the molecular mechanism associated with osteosarcoma is
Although the overall incidence is low, about 30% of not fully understood.
osteosarcoma patients develop metastasis (2). Surgical Autophagy is a crucial catabolic process in cells for
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maintaining homeostasis and survival through the removal
and recycling of unwanted cellular materials (3). Autophagy
is an evolutionarily conserved event in cells that is induced
by various types of stress. It is a multi-step process involving
several signal pathways. Autophagy has been shown to be
pro- or anti-tumorigenic in cancer cells. Published reports
indicate that autophagy may contribute to the survival
of established tumors by facilitating chemoresistance
during cancer therapy (4,5). This resistance to treatment is
associated with the induction of autophagy in osteosarcoma
and other cancers. On the contrary, autophagy mediates
the cytotoxic effects of numerous anticancer and
chemotherapeutic agents suggesting that autophagy may
serve as a tumor suppressor event (6).

Several protein markers that are associated with autophagy
have been identified. The major marker of autophagy
is microtubule-associated protein light chain LC3 (7).
Lipidated LC3 incorporates into the autophagosomal
membrane and facilitates detection. Another marker that
has been implicated widely with the induction of autophagy
is P62 which is also known as Sequestosomel (8). P62
delivers the cargo to autophagsomes by binding to the
cargo on one end and to LC3 on the other end. Another
protein that is upregulated during autophagy is Beclinl,
which has proven to play a critical role in tumorigenesis
and autophagy (9). Although the induction of autophagy
during the progression of cancer has been demonstrated
in numerous cancers (10,11), it is worthy to note that
there is little knowledge available with regard to studies
on determination of autophagy markers in osteosarcoma.
In this report, to understand the significance of autophagy
during the development of osteosarcoma, we have
determined the expression of autophagy markers and the
mechanism of autophagy in osteosarcoma patient tissues.

Methods
Tissue microarrays (TMAs)

Selected formalin fixed paraffin embedded (FFPE) tissue
blocks were retrieved through the Institute Review Board
(IRB)-approved protocol from the archives of the Mayo
Clinic and used for preparing TMAs. Prior to use of the
tissues, written informed consent was obtained from the
patient for research and publication of this study. The
histological diagnosis of the tissues was confirmed by
a board-certified musculoskeletal pathologist at Mayo
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Clinic. The TMA which included 24 normal and 24
osteosarcoma tissue cores was constructed using a Galileo
CK4500 semi-automated instrument in the Pathology
Research Core at Mayo Clinic. Immunochemical staining
was carried out with 5 micron sections using the following
antibodies: anti-LC3B (1:500 dilution) (Cell Signaling
Technology, Danvers, MA) anti-p62 (1:400 dilution)
(Medical & Biological Laboratories, Woburn, MA), anti-
PKR (1:200 dilution) and anti-phosphoPKR (1:100
dilution) (Abcam, Cambridge, MA) antibodies. A second
set of TMAs representing 35 tumors and 35 control tissues
were purchased from US Biomax, Inc. (Rockville, MD)
and analyzed by immunostaining as described above using
anti-LC3B antibodies. The quantitation of signals was
carried out using BIOQUANT Image analysis system
(Bioquant Image Analysis Corporation, Nashville, TN) as
described (12). The average densities for protein staining
were determined in normal and osteosarcoma tissues by
calculating the intensities of all significant pixels in the
object and dividing that value by the number of pixels as
described in the manufacturer’s protocol (Bio quant Image
Analysis Corporation).

Western blot hybridization

Osteosarcoma tissues and adjacent normal tissues (10 pairs)
were obtained by surgical resection through the Mayo
Clinic IRB-approved protocol. Normal and tumor tissues
obtained were homogenized in lysis buffer and the
protein concentration was determined as described (13).
Cytoplasmic extract containing protein (100 pg) was
analyzed by western blot hybridization using, anti-LC3 (Cell
Signaling Technology) and anti-glyceraldehyde 3-phosphate
dehydrogenase(anti-GAPDH) antibodies (Sigma, St. Louis,
MO) as previously described (14,15). The protein levels
were determined by quantitative analysis using densitometer
and Imagelab software (Biorad, Hercules, CA).

Statistical analysis

The values were expressed as means + standard error.
Samples were analyzed using a Wilcoxon signed rank
test for matched pairs to test the difference of the means,
and the likelihood ratio was used to test difference
in probabilities of differential regulation. P<0.05 was
considered statistically significant.
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Figure 1 TMA analysis of normal and osteosarcoma specimen. TMA sections were analyzed using immunostaining with anti-LC3B (A)

and anti-P62 (B) and quantitated using digital image software analysis. Top: representative images of H&E and LC3 staining of normal and

osteosarcoma samples; bottom: quantitation of immunostaining. *, P<0.05 vs. normal. The magnifications for the images are 200x. TMA,

tissue microarray.

Results

Detection of autophagy markers by immunobistochemical
staining

"To determine whether autophagy is induced in osteosarcoma
patients, we have evaluated the expression of autophagy
marker LC3 in osteosarcoma and control tissues. During the
induction of autophagy, LC3 undergoes proteolytic cleavage
and gets converted to LC3II from its precursor form LC3I.
Thus, the LC3II that is associated with autophagic flux has
been detected previously by LC3 immunohistochemistry.
Immunohistochemical analyses of the tissue sections
reveal that the autophagic marker LC3 level is increased
by 4.8-fold in osteosarcoma compared to normal tissues
(Figure 1A4). The increase is statistically significant.
Additional investigation of TMA shows that P62 protein
levels are increased in osteosarcoma patients (Figure 1B).
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Quantitation of immunohistochemical staining reveals a
significant 2-fold increase of P62 levels.

Detection of autophagy markers by western blot analysis

It has been previously shown using the western blot
analysis that during autophagy induction the level of
LC3II, the membrane bound version of LC3 protein is
increased. We have performed western blot analysis using
osteosarcoma tumor and adjacent normal tissues from
10 osteosarcoma patients. Normalization of the westerns
with GAPDH expression levels results show that the
LC3II to LC3I ratios were increased in osteosarcoma
compared to the normal (Figure 2). Quantitation of
western signals reveals that the LC3II levels increased
in ranges from 2- to 35-fold in osteosarcoma tissue
specimens.
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Figure 2 Quantitative determination of LC3I and LC3II protein
levels in osteosarcoma and adjacent normal tissues from patients.
Cytoplasmic protein extracts prepared from tumor and normal
tissues from osteosarcoma patients were analyzed by western
blot hybridization using anti-LLC3 and anti-GAPDH antibodies.
The western blots were analyzed by quantitative densitometry
and the ratio of LC3-II over LC3-I was determined after
normalization to GAPDH. (A) Western blot; (B) quantitation of

protein signals.

Verification using additional set of normal and tumor
tissues

To further verify the immunohistochemistry data, from in-
house samples, we examined commercial TMAs to measure
LC3 expression in osteosarcoma patients. Our findings,
using commercial array, corroborate the studies carried out
using tissues collected at the Mayo Clinic and show that
LC3 expression is increased by 29-fold in osteosarcoma
compared to normal (Figure 3).

PKR activity and expression in osteosarcoma tissues

It has been shown that PKR protein is involved in the
induction of autophagy in osteosarcoma cells. In order to
determine if PKR plays a role in the pathological regulation
of autophagy in osteosarcoma, we have determined the
levels of total PKR and phosphorylated PKR (activated
form) in osteosarcoma patients using TMA (Figure 44). To
statistically compare the PKR activities in osteosarcoma
and normal samples, we have determined the ratio of

© Annals of Joint. All rights reserved.

Annals of Joint, 2020

2000

1500 -

1000

LC3B expression
arbitrary units

500 -

0 i

Normal Osteosarcoma

Figure 3 Validation of TMA analysis of osteosarcoma and normal
bone samples. TMAs were analyzed by immunostaining with
anti-LC3 antibodies and quantitated using digital image software
analysis as described in Methods. *, P<0.05 vs. normal. TMA, tissue

microarray.

phosphorylated PKR to total PKR. Our results illustrate
that the ratio of phosphorylated PKR to total PKR is
decreased by 6.6-fold in osteosarcoma patients compared to
normal (Figure 4B).

Discussion

Autophagy is a regulatory event that occurs in normal
and cancer cells involving the removal of organelles and
cytosolic components. In this report, we have investigated
the markers and mechanism of autophagy in osteosarcoma
patients. Using tissue-based analysis and multiple methods,
we have demonstrated that the levels of autophagy markers
are increased. The results reveal that LC3 and P62
proteins are upregulated and the increase in expression
of these markers correlates with the decreased activity of
PKR in osteosarcoma tissues. Thus, this demonstrates
a valid method for detecting the markers and regulators
of autophagy which could be expanded to additional
applications in clinical studies and treatments.

The dysregulation of autophagy has been implicated in
several cancers (6,8,10,14). The markers of autophagy have
been shown to be regulated during autophagic flux and
the induction of autophagy (7,14). The autophagosome-
associated protein, LC3 is incorporated into the inner and
outer membrane layers of autophagosomes and thereby
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Figure 4 Immunohistochemical staining for PKR expression and activity. TMA sections were analyzed by immunostaining with anti-
PKR and anti-phosphoPKR antibodies and quantitated using digital image software analysis. (A) Representative images; (B) quantitation of
immunostaining. *, P<0.05 vs. normal. The magnifications for the images are 200x. TMA, tissue microarray.

allows detection of autophagy at various states. P62 is an
adaptor protein that plays a key role likening proteins to the
surface of autophagosomes and is frequently upregulated
in many tumors (6). Autophagy markers have been
detected during tumor progression in many cancers but
only a few have shown the expression and correlation of
autophagy markers levels in osteosarcoma. Current findings
demonstrate the feasibility of assessing the markers of
autophagy in osteosarcoma and paired control specimen.
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Our results highlight that the LC3 increase is accompanied
by increases in P62 and the Becklinl proteins are increased
in osteosarcoma patients (unpublished observations). These
increases observed through immunohistochemical staining
with LC3 and P62 are statistically significant. Furthermore,
the LC3 increase observed in osteosarcoma specimen from
the Mayo Clinic tissue registry is corroborated by studies
involving commercial TMAs of osteosarcoma and paired
controls.
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It has been demonstrated that one of the hallmarks of
autophagy is the conversion of the marker protein LC3I
to LC3II (7). Our findings, using western blot analysis of
osteosarcoma and adjacent normal tissues reveal that LC3I
to LC3II protein conversion is taking place at a higher level
in osteosarcoma tissues compared to normal. Thus, these
verifications using control and tumor tissues from the same
patients suggest that increased autophagy may contribute
to tumor cell survival in osteosarcoma patients. Besides
contributing to cell survival, induction of autophagy has
also been shown to be associated with tumor cell migration,
invasion and metastasis (16). Additional investigation is
needed to understand the role of autophagy in osteosarcoma
metastasis.

Targeting autophagy as treatment alone and in
combination with other chemotherapeutic agents has been
recently attempted in clinical trials (10). In many malignant
tumors including osteosarcoma, autophagy has been shown
to be induced following chemotherapy and radiotherapy.
Anticancer agents that include 2-methoxyestradiol,
tyrosine kinase inhibitor imatinib, the anti-epidermal
growth factor receptor, proteasome inhibitors, and HDAC
inhibitors have been shown to induce autophagy in a
number of cancer models and clinical trials (14,17,18).
While the cytoprotective role of autophagy has been
addressed in these treatments, their roles in cell death are
not clearly outlined. Hence, the implication of promoting
autophagy in tumor cells by these agents has not been fully
understood. Although several reports show the induction of
autophagy during anti-tumor actions of cytotoxic drugs and
chemotherapy in patients, it is yet to be uncovered whether
autophagy acts as a tumor suppressor or tumor inducer.
Various investigations suggest that autophagy has a context-
dependent role which is dependent on cell type and stages
of malignancy (19).

PKR protein is involved in the anti-tumor and anti-
proliferative effects. We have shown that PKR is involved
in the anti-tumor effects and induces cell death in
osteosarcoma #2 vitro (20). Our work revealed that PKR
protein is essential for anti-growth and anti-cellular
activities, in addition to the induction of autophagy (14,20).
Here, we show that the active PKR levels are decreased in
osteosarcoma patients as shown by the decreases in the ratio
of phosphorylated PKR to total PKR. The results indicate
that the decreases in PKR activities correlate with the
increases in autophagy markers in osteosarcoma patients.
Thus, our current results corroborate the reports from
our in vitro studies that PKR activity is essential for tumor
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suppression in osteosarcoma cells. It has been reported
that tumor suppressors act as autophagy inducers and
oncogenes function as inhibitors (6). Current observations
contradict this phenomenon and show that the activity of
the tumor suppressor PKR is decreased with the induction
of autophagy in osteosarcoma tissues. This implies that
PKR-role in autophagy induction is possibly associated with
the effects of cytotoxic agents in osteosarcoma. Additional
studies will be required to further confirm the role of PKR
in autophagy during the progression of osteosarcoma
disease.

In summary, we have evaluated the markers of autophagy
using multiple methods in osteosarcoma patients. Studies
using 69 osteosarcoma and control specimen show that
markers of autophagy are increased in osteosarcoma patients
indicating the induction autophagy during the progression
of osteosarcoma. In addition, we show that PKR protein is
associated with the pathological regulation of osteosarcoma.
Future work on autophagy markers using various types and
stages of osteosarcoma tissues along with the assessments
on the molecular pathways that delineate cytotoxic agent-
induced autophagy and cell death may improve our
understanding of autophagy, which will eventually assist
in the development of a new combination therapy for
osteosarcoma.
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