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ABSTRACT

ARTICLE HISTORY

Recent progress in chemotherapy has significantly increased its efficacy, yet the development of
chemoresistance remains a major drawback. In this study, we show that GFRAT/GFRx1 (GDNF family
receptor « 1), contributes to cisplatin-induced chemoresistance by regulating autophagy in osteosarcoma.
We demonstrate that cisplatin treatment induced GFRA1 expression in human osteosarcoma cells.
Induction of GFRA1 expression reduced cisplatin-induced apoptotic cell death and it significantly
increased osteosarcoma cell survival via autophagy. GFRA1 regulates AMPK-dependent autophagy by
promoting SRC phosphorylation independent of proto-oncogene RET kinase. Cisplatin-resistant
osteosarcoma cells showed NFKB1/NFxkB-mediated GFRA1 expression. GFRA1 expression promoted tumor
formation and growth in mouse xenograft models and inhibition of autophagy in a GFRA1-expressing
xenograft mouse model during cisplatin treatment effectively reduced tumor growth and increased
survival. In cisplatin-treated patients, treatment period and metastatic status were associated with GFRA1-
mediated autophagy. These findings suggest that GFRA1-mediated autophagy is a promising novel target
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for overcoming cisplatin resistance in osteosarcoma.

Introduction

Osteosarcoma is the predominant form of primary bone can-
cer. It is a highly malignant tumor that mostly arises in child-
hood and adolescence.’ Use of chemotherapy along with
surgery has raised the long-term survival rate of osteosarcoma
patients to approximately 70%.>” Doxorubicin, cisplatin, and
methotrexate are commonly used chemotherapeutics active
against osteosarcoma. In particular, cisplatin is the most widely
used platinum-based anticancer drug for solid tumors includ-
ing osteosarcoma.” It interacts with nucleophilic N7 sites of
purine bases in DNA to induce DNA damage that leads to inhi-
bition of tumor cell division and initiation of apoptosis, or pro-
grammed cell death.” Although this treatment strategy is highly
effective, it is often limited by acquired or intrinsic resistance of
cancer cells to the drug.® Thus, understanding the molecular
mechanisms which lead to chemoresistance is essential to
developing more effective treatments against osteosarcoma.
Autophagy is a critical process by which cells self-digest
and recycle inessential or ineffectual cellular components to

maintain homeostasis, especially under conditions of meta-
bolic stress.”® During the initial stages of autophagy, cellular
proteins, organelles and cytoplasm are sequestered and
engulfed by autophagosomes. The autophagosomes then fuse
with lysosomes to form the autolysosomes, where the seques-
tered proteins and organelles are digested by lysosomal hydro-
lases.”'® Autophagy can play a role in cell death as an
alternative cell death mechanism known as programmed cell
death type II, particularly within apoptosis-deficient cells
and through this mechanism it can function in tumor sup-
pression.''"? Paradoxically, autophagy has also been estab-
lished as a cell survival mechanism that is induced by
environmental stresses including nutrient deficiency, chemo-
therapy, radiation, and hypoxia.'"'>'* Induction of autophagy
for cell survival can confer resistance to anticancer therapies
in some cancers.'””'” However, the relative contribution of
autophagy to either apoptotic cell death as a tumor suppres-
sive mechanism or cell survival mechanism remains mostly
unresolved.
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The glycosylphosphatidylinositol-linked GDNF (glial cell
derived neurotrophic factor) receptor «, is a coreceptor that
recognizes the GDNF family of ligands, which includes GDNF,
NRTN (neurturin), ARTN (artemin), and PSPN (perse-
phin).”**! Four different GFRA receptors have been identified.
GFRA1/GFRo1 (GDNF family receptor « 1) specifically recog-
nizes GDNF and has been implicated in the regulation of neu-
ronal cell survival and differentiation. Binding of GFRA with
GDNF activates protein tyrosine kinase RET and subsequently
activates SRC, a member of the SRC family of cytoplasmic tyro-
sine kinases.”” GDNF-GFRA signaling regulates the develop-
ment and maintenance of the nervous system by protecting
and promoting survival of dopaminergic neurons and thereby
it has potential as a therapeutic target for neurodegenerative
diseases.”>** Studies also have indicated that GFRA1 has a role
in the progression and metastasis of human cancers such as
breast cancer and pancreatic cancer in that it promotes migra-
tion and invasion,?*%’ although the exact mechanism for onco-
genesis remains unclear. Here, we report a novel mechanism in
which GFRA1 contributes to the development of cisplatin-

induced chemoresistance in osteosarcoma by facilitating auto-
phagy via SRC-AMP-activated protein kinase (AMPK)
signaling.

Results

GFRAT1 expression is induced by cisplatin in osteosarcoma
cells

Aberrant expression of GFRA1 has been observed in malignant
human cancers and it has a role in regulating tumor cell migra-
tion and invasion. To investigate whether GFRA1 has a role in
chemoresistance of osteosarcoma, we first examined the effects
of doxorubicin, cisplatin, and methotrexate on GFRA1 expres-
sion in 2 well-known osteosarcoma cell lines, MG-63 and U-2
OS. Cisplatin significantly increased the level of GFRA1 expres-
sion in both cell lines, whereas doxorubicin and methotrexate
showed little or no effect on its expression (Fig. 1A). The effect
of cisplatin on GFRA1 expression was dose and time dependent
(Fig. 1B, C). Cisplatin also increased the level of GFRAI mRNA

Cisplatin(M) 0 1 5 10 20

GFRA1

. —————

6] MG-63 - 10

Relative GFRAT mRNA expression
L'd i
3
4
Relative GFRAT mRNA expression
¥ a o T T

[]

o 5 10 20 o 5 10 20
Cisplatin (um)

Cisplatin (jm)

A MG£3 U208 5 mc-s3 * uvzos ™
2 2 g
5 8 £ g £ o £ 4
5 g ¢ E g 3 E - g
2§ 3 A g
i % $ B £ s 7 =
8 o = d & = : g
[E-SE n & 2 G 2 =
£ £
iniil 1 Bial l
s &5 & & N ¥ s & &
& F b\a‘f 6@6“& & F Qe? ¥
¥ 5F b
<o ¥ < ¥
B G MG-63 U208
MG-E3 U208 Cisplatin Cisplatin
Cisplatin (uM] 0 5 10 2 0 5 10 20 Kb Timein) 0 3 1] 3 0 3 [ B 24 KDa
_— 10 —
el o wmw B SR g GFRA1 . "'""""--55
=5 - 55
ACTE s e e e —— — ACTE e e e e =~ e G o S e
e i Ly Sesieesde . & il Ly
D E o3 20s
MG-63 U-2 05 Cisplatin Cisplatin

Tie) 0 3 6 B M

GFRAT

Relative GFRAT mRNA expression
Relative GFRAT mRNA expression

L' 3 & B 24 o 3 6 B 24
Time (h) Time (h)

Figure 1. Cisplatin induces GFRA1 expression in osteosarcoma cells. (A to C) Immunoblot analysis of osteosarcoma cell lysates with antibodies specific for GFRA1 and
ACTB/B-actin. (A) MG-63 and U-2 OS cells were treated with doxorubicin (5 M), cisplatin (20 ;2M), or methotrexate (1 mM) for 24 h. Immunoblot analysis of GFRA1 (left)
and quantification of GFRA1 expression (right) after treatment of chemotherapeutic agents. (B) MG-63 and U-2 OS cells were treated with different concentrations of cis-
platin for 24 h. (C) MG-63 and U-2 OS cells were treated with cisplatin (20 «M) and collected at the indicated time. (D and E) Quantitative real-time PCR of GFRAT mRNA
expression after cisplatin treatment. Representative images (top) and quantitative analysis (bottom) of GFRAT mRNA expression. (D) MG-63 and U-2 OS cells were treated
with different concentrations of cisplatin for 24 h. (E) MG-63 and U-2 OS cells were treated with cisplatin (20 ;M) and collected at the indicated time. The values are pre-

sented as a mean =+ s.d.m. (n = 3). ** denotes P < 0.05.



in both cell lines in a dose- and time-dependent manner
(Fig. 1D, E, respectively), indicating that GFRA1 expression is
induced by cisplatin at both transcriptional and translational
levels. To examine the effects of GFRA1 expression on the effi-
cacy of the chemotherapeutic agents, GFRAI was knocked
down by GFRAI-specific small interfering RNA (siRNA) in
both MG-63 and U-2 OS cells and then the cell lines were
treated with each of the 3 agents. Cisplatin treatment
significantly reduced cell proliferation in both GFRA1-deficient
MG-63 and U-2 OS cells compared to control cells, whereas
doxorubicin and methotrexate showed little or no effect
(Fig. S1A, B). Based on these results, we utilized the optimal
dose (20 uM) and time (24 h) of cisplatin treatment for the
following cell viability studies. Given that GDNF is the major
ligand of GFRA1, we also examined the effect of cisplatin on
GDNF expression. An increase in GDNF mRNA expression
was detected after treatment with 10 and 20 uM of cisplatin
in osteosarcoma cells (Fig. S2A). However, GDNF had no
effect on cell viability of MG-63 cells (Fig. S2B). The results
imply GFRAL1 inhibits cisplatin-induced apoptosis and this
effect is independent of the GFRAI ligand GDNF.

GFRAT1 expression reduces efficacy of cisplatin in
osteosarcoma cells

To further investigate the role of GFRA1 in cisplatin-induced
apoptosis, we generated stable GFRA1-deficient MG-63 and U-
2 OS cell lines using GFRAI-specific small hairpin RNA
(shRNA). Knockdown of GFRAI expression led to a decrease
of GFRAL protein levels in both osteosarcoma cell lines com-
pared to control cells after cisplatin treatment (Fig. 2A). Like
siRNA-mediated knockdown of GFRAI, stable knockdown of
GFRALI significantly reduced cell proliferation of cisplatin-
treated osteosarcoma cells in a dose-dependent manner com-
pared to control cells (Fig. 2B). Furthermore, knockdown of
GFRA1 significantly increased cisplatin-induced apoptosis
which corresponded with a significant reduction in cell viability
(Fig. 2C and Fig. S3A, S4A). Western blot analysis with the
apoptotic markers PARP1 (poly[ADP-ribose] polymerase) and
CASP3/caspase-3 confirmed this result as evidenced by a signif-
icant increase in both cleaved PARP and cleaved CASP3
expression levels in both GFRA1-deficient MG-63 and U-2 OS
cells after cisplatin treatment (Fig. 2D). Consistently, CASP3
activity significantly increased in both GFRAI-deficient cells,
and it increased even more dramatically upon treatment with
cisplatin in both GFRA1-deficient cells compared to cisplatin-
treated control cells (Fig. 2E). Addition of the pancaspase
inhibitor Z-VAD-FMK reversed this effect (Fig. 2E), indicating
loss of GFRA1 stimulates apoptosis, particularly in the presence
of cisplatin. Additionally, we generated stable MG-63 and U-2
OS cell lines that overexpress human GFRA1 by transfection
with a human GFRAI expression vector (Fig. 2F). Overexpres-
sion of GFRAL1 did not lead to an increase in cell proliferation
of either cisplatin-treated osteosarcoma cell line in dose
response experiments (Fig. 2G). However, further analysis
using FACS showed that overexpression of GFRAI
significantly reduced cisplatin-induced apoptosis which
corresponded with an increase in cell viability in both cell
lines (Fig. 2H and Fig. S3B, S4B). Addition of GDNF had no
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significant effect on cell viability in control or GFRAI-
overexpressing cells in the presence or absence of cisplatin
(Fig. S2C, D). Together, these results demonstrate that
GFRA1 reduces the susceptibility of osteosarcoma cells to
cisplatin-induced apoptosis.

GFRAT1 triggers autophagy in osteosarcoma cells in
response to cisplatin

Autophagy is a mechanism that can promote resistance to apo-
ptosis and potentially chemotherapy, which works by triggering
cell death. Therefore, we assessed what role autophagy might
play in cisplatin-induced apoptosis of osteosarcoma cells in
relation to GFRA1 expression. We first investigated whether
GFRA1 deficiency regulates MAPILC3/LC3 (microtubule-
associated protein 1 light chain 3) puncta formation, which is
widely used as a marker for autophagy.”® We examined the
effect of the dose and time of cisplatin treatment on autophagy
and found the ratio of LC3-II to LC3-I was increased in a dose-
and time-dependent manner (data not shown). Based on these
results, we utilized the optimal dose (20 ©M) and time (24 h)
of cisplatin treatment for studying autophagy. Fluorescent
imaging analysis of LC3 puncta formation using an mRFP-
GEFP-LC3 reporter showed that cisplatin treatment significantly
increased LC3 puncta formation in MG-63 cells transfected
with control shRNA, while there was no change in puncta for-
mation in GFRA1-deficient cells (Fig. 3A). Cisplatin treatment
increased both mRFP- and GFP-positive yellow puncta (auto-
phagosomes) and mRFP-positive red puncta (autolysosomes)
formation in control cells, though the number of mRFP- and
GFP-positive yellow puncta was greater than the number of
mRFP-positive red puncta (Fig. 3A). Acridine orange staining
of GFRA1-deficient MG-63 cells or GFRA1-deficient U-2 OS
cells showed that knockdown of GFRAI did not increase the
accumulation of acidic vesicular organelle (AVO)-positive cells
following cisplatin treatment, while control cells showed a sig-
nificant increase in AVO-positive cells with cisplatin (Fig. 3B
and Fig. S5A, respectively). Moreover, ultrastructural analysis
by transmission electron microscopy (TEM) revealed that the
number of autophagic vacuoles per cell was markedly increased
in control cells following cisplatin treatment, whereas GFRA1
deficiency had no effect on autophagic vacuole formation
(Fig. 3C). Addition of 3-methyladenine (3-MA), an inhibitor of
early-phase autophagy, blocked cisplatin-induced puncta
formation in MG-63 cells (Fig. 4A). To further confirm
cisplatin-induced autophagy, we generated a stable BECN1/
Beclin 1-deficient MG-63 cell line using BECNI-specific
shRNA. Knockdown of BECNI expression led to a decrease of
BECNI1 protein levels in MG-63 cells (Fig. 4B). Similar to
3-MA treatment, stable knockdown of BECNI significantly
reduced puncta formation after cisplatin treatment compared
to cisplatin treated control cells (Fig. 4C). The data suggests
that cisplatin induces autophagy in osteosarcoma and GFRA1
is required for this autophagic response.

To further investigate the involvement of GFRALI in cis-
platin-induced autophagy, we examined the conversion of
LC3-I to LC3-II which occurs during autophagosome forma-
tion.”''*>** Western blot analysis showed an increase in the
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level of LC3-II protein production in GFRA1-overexpressing
MG-63 cells in comparison to control (Fig. 4D). Addition of 3-
MA reduced the level of LC3-II production, whereas bafilomy-
cin Al (Baf), an inhibitor of late-phase autophagy, increased
LC3-II production levels (Fig. 4D). Consistent with these
results, LC3 puncta formation following cisplatin treatment
was increased in both GFRA1-overexpressing MG-63 and U-2

OS cells compared to control cells (Fig. 4E and Fig. S2E).
Whereas the number of mRFP- and GFP-positive yellow
puncta was greater than the number of mRFP-positive red
puncta in cisplatin-treated control cells, the number of mRFP-
positive red puncta was much greater than the number of
mRFP- and GFP-positive yellow puncta in GFRAl-overex-
pressing cells (Fig. 4E and Fig. S2E), suggesting that GFRA1
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increases autophagic flux. It is important to note that basal LC3
puncta formation without cisplatin treatment was also higher
in GFRA1l-overexpressing cells compared to control cells
(Fig. 4E and Fig. S2E). Treatment with 3-MA blocked puncta
formation in both control and GFRAI-overexpressing cells
(Fig. 4F and Fig. S2E). LC3 puncta formation was also signifi-
cantly reduced in BECNI1-deficient, GFRA1l-overexpressing
MG-63 cells compared to GFRAl-overexpressing cells
(Fig. 4G). Addition of GDNF had no significant effect in either
control or GFRA1-overexpressing cells (Fig. S2E, S2F). Consis-
tently, GFRA1 overexpression in osteosarcoma cells increased
AVO-positive cells compared to control cells with or without
cisplatin treatment (Fig. 5A and Fig. S5B). The number of auto-
phagic vacuoles per cell also was significantly increased in
GFRAI1-overexpressing cells compared to control cells with or
without cisplatin treatment (Fig. 5B).

Previous work showed that APEX1/APE1 (apurinic/apyri-
midinic endodeoxyribonuclease 1) can increase GDNF respon-
siveness by upregulating GFRA1 expression in pancreatic
cancer cells”” so we examined whether APEX1 is involved in
GFRAI-mediated autophagy in osteosarcoma cells. Western
blot analysis showed that APEX1 expression levels were not
affected by cisplatin treatment (Fig. S6A). Moreover, knock-
down of APEXI in MG-63 cells did not reduce the level of
LC3-II production and AVO-positive cells compared to control
cells after cisplatin treatment (Fig. S6B, S6C). We also exam-
ined whether RET, the downstream kinase activated by of the
GDNEF-GFRA1 complex, is involved in GFRA1-mediated auto-
phagy. Western blot analysis showed that RET expression was
not detected in osteosarcoma cells (Fig. S6A). The results indi-
cate that APEX1 and RET are not involved in GFRA1-mediated
autophagy.

Cell proliferation in GFRA1-overexpressing cells was signifi-
cantly higher in the presence or absence of cisplatin compared
to control cells which correlates with the increase of autophagy
observed in GFRAIl-overexpressing cells and this effect was
blocked by addition of 3-MA but not by Baf and chloroquine
(CQ) (Fig. 5C). The increase in cell proliferation observed in
GFRA1-overexpressing cells was also blocked by silencing the
autophagy proteins BECN1 or HMGB1 with siRNA (Fig. 5D),
supporting that induction of GFRA1l-mediated autophagy by
cisplatin contributes to increased cell proliferation.

To demonstrate GFRA1-mediated autophagy promotes cell
viability and thereby chemoresistance, control cell lines,
GFRA1-deficient, stable cell lines or GFRAI-overexpressing,
stable cell lines were cultured in the presence of cisplatin and
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the resultant colonies were counted. All 4 cell lines overexpress-
ing GFRA1 developed a significant number of colonies after 7 d
of incubation and showed high plating efficiency, whereas none
of the control cell lines nor the GFRA1-deficient cell lines
developed colonies (Fig. 6A). Treatment of GFRAl-overex-
pressing MG-63 clone #4, which appeared to be highly resistant
to cisplatin, with 3-MA, Baf, or CQ revealed that inhibition of
autophagy effectively reduced the number of colonies and via-
bility formation mediated by GFRA1 (Fig. 6B). The data sug-
gests GFRA1 triggers autophagy to promote cisplatin
resistance.

GFRAT1 transcriptional regulator NFKB1 is upregulated in
cisplatin-resistant osteosarcoma cells

We also generated 3 cisplatin-resistant MG-63 clones by treat-
ing MG-63 cells with cisplatin for 10 d. Consistently, all 3 cis-
platin-resistant cell lines developed much higher numbers of
colonies compared to control MG-63 cells (Fig. 7A, B). Further-
more, the level of GFRAI mRNA expression was significantly
increased in these cell lines compared to control (Fig. 7C).

The transcription factor NFKB1/NF«B is able to bind the
GFRALI gene promoter and subsequently upregulate GFRAI
mRNA expression.27 Consistent with this data, the level of
NFKBI mRNA expression was also significantly increased in
the cisplatin-resistant cell lines compared to control cells
(Fig. 7D). Knockdown of NFKBI with siRNA reduced the level
of GFRA1 mRNA expression in MG-63 cells (Fig. 7E, F), imply-
ing cisplatin may activate NFKB1 in order to stimulate expres-
sion of GFRAIl for the activation of autophagy and cell
survival. Consistent with these results, the expression levels of
GFRALI, NFKBI, and phosphorylated NFKB1 were increased in
cisplatin-treated MG-63 cells compared to untreated controls
(Fig 7G). Similarly, their expression levels were higher in cis-
platin-resistant cell lines compared to control MG-63 cells after
cisplatin treatment (Fig. 7H). Knockdown of NFKBI with
siRNA reduced the level of GFRA1 expression in cisplatin-
resistant cell clone #2 (MG-63-CIS®-2) (Fig. 71).

GFRAT1 regulates autophagy through SRC-AMPK signaling

SRC is activated by GFRA1-RET signaling.*® SRC also is acti-
vated by GFRA1 in RET-deficient cells, indicating GFRA1 can
activate SRC signaling in a RET-independent manner.”>*° In
addition to its oncogenic functions in a variety of cancers, SRC
can function in autophagy.’** For example, AMPK activation

Figure 2. (see previous page) GFRAT suppresses the chemosensitivity of osteosarcoma cells induced by cisplatin. (A) Generation of GFRA1-deficient osteosarcoma cell
lines with GFRAT shRNA. Both MG-63 and U-2 OS cells were transfected with control or GFRAT shRNA and treated with cisplatin (20 M) for 24 h. Immunoblot analysis of
control and GFRA1-deficient stable osteosarcoma cell lysates with antibodies specific for GFRAT and ACTB. (B) Cell viability of GFRA1-deficient osteosarcoma cells after cis-
platin treatment. Control or GFRA1-deficient cells were cultured and treated with different concentrations of cisplatin for 24 h. Cell viability was measured using the WST-
1 assay. (C) Apoptotic response of GFRA1-deficient osteosarcoma cells after cisplatin treatment. Control and GFRA1-deficient cells were cultured and treated with cisplatin
(20 M) for 24 h. Apoptotic cells by ANXA5 and FITC staining (top) and viable cells by Pl staining (bottom) were analyzed through flow cytometry. (D) Immunoblot analy-
sis of control and GFRA1-deficient osteosarcoma cell lysates with antibodies specific for apoptotic proteins, cleaved PARP and cleaved CASP3. Control and GFRA1-deficient
osteosarcoma cells were treated with cisplatin (20 «M) for 24 h and cells were collected. (E) Relative CASP3 activity in control and GFRA1-deficient osteosarcoma cells
after cisplatin treatment. Control and GFRA1-deficient osteosarcoma cells were treated with cisplatin (20 M) for 24 h in the presence or absence of Z-VAD-FMK (50 uM).
(F) Generation of GFRA1-overexpressing osteosarcoma cell lines with GFRAT expression vector. Both MG-63 and U-2 OS cells were transfected with control or human
GFRA1 expression vector. Immunoblot analysis of control and GFRA1-overexpressing stable osteosarcoma cell lysates with antibodies specific for GFRA1 and ACTB.
(G) Cell viability of GFRA1-overexpressing osteosarcoma cells after cisplatin treatment. Control and GFRA1-overexpressing cells were cultured and treated with different
concentrations of cisplatin for 24 h. Cell viability was measured using the WST-1 assay. (H) Apoptotic response of GFRA1-overexpressing osteosarcoma cells after cisplatin
treatment. Control and GFRAT-overexpressing cells were cultured and treated with cisplatin (20 M) for 24 h. Apoptotic cells by ANXA5 and FITC staining (top) and viable
cells by PtdIns staining (bottom) were analyzed through flow cytometry. The values are presented as a mean =+ s.d.m. (n = 3). ** denotes P < 0.05.
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Figure 4. Inhibition of autophagy reduces puncta formation in osteosarcoma cells induced by cisplatin. (A) MG-63 cells were pretreated with 3-MA (10 mM) for 2 h before
MRFP-GFP-LC3 transfection and were then treated with cisplatin (20 M) for 24 h. (B) Generation of BECN1-deficient osteosarcoma cell line with BECNT shRNA. MG-63 cells
were transfected with control or BECNT shRNA. Immunoblot analysis of control and BECN1-deficient stable osteosarcoma cell lysates with antibodies specific for BECN1
and ACTB. (C) Control and BECN1-deficient MG-63 cells were transiently transfected with an mRFP-GFP tandem fluorescent-tagged LC3 (mRFP-GFP-LC3) vector and then
treated with cisplatin (20 M) for 24 h. (D) Immunoblot analysis of control and GFRA1-overexpressing osteosarcoma cell lysates with antibodies specific for GFRA1, LC3
and ACTB. GFRA1-overexpressing MG-63 cells were treated with DMSO, 3-MA (10 mM) or Baf (100 nM). The numbers below the lanes indicate densitometric quantifica-
tion of GFRA1 and LC3-Il to LC3-I ratios relative to the ACTB control. (E) Quantitative analysis of the number of yellow puncta and the number of mRFP-LC3 puncta in con-
trol and GFRA1-overexpressing MG-63 cells. Control and GFRA1-overexpressing MG-63 cells were transiently transfected with an mRFP-GFP tandem fluorescent-tagged
LC3 (mRFP-GFP-LC3) and then treated with cisplatin (20 M) for 24 h. (F) Control and GFRA1-overexpressing MG-63 cells were pretreated with 3-MA (10 mM) for 2 h
before mRFP-GFP-LC3 transfection and were then incubated for 24 h. (G) Control, GFRa1-overexpressing, and BECN1-deficient/GFRA1-overexpressing MG-63 cells were
transiently transfected with an RFP-GFP tandem fluorescent-tagged LC3 (mRFP-GFP-LC3) and then treated with cisplatin (20 M) for 24 h.

by SRC is involved in the regulation of autophagy.’*** More-
over, AMPK-mediated autophagy plays a role in cisplatin-
induced chemoresistence.

Following cisplatin treatment, the levels of phosphorylated
SRC and phosphorylated AMPK were increased with cisplatin-
induced GFRA1 expression in MG-63 cells, and the levels of



156 M. KIM ET AL.

Cisplatin (-)

Cisplatin (+)

A

Control

GFRA1

Control

GFRA1

[ - Cisplatin
+ Cisplatin : .
B - Cisplati 304 - Cisplatin *x
o 3 Bl + Cisplatin
1004 S
3 254
= S
°
% 80+ § 20 -
= (%]
8 )
e 607 £ 154
= g
3 5
o 404 5 104
g <]
=
< @
- 2 54
20 € l_-LI
S
z
= 0
Control GFRA1 Control GFRA1
C 3 Control D o - = Control
e HEl GFRAT v GFRA1
o o 1204
o
- |—| u P ’—|
1004 = »
1 o B
1004
>3 804
2T oo
- i £8 eo
S S 604 =%
= & fadad o -
2 |_| o
© = = 404
= a0 I—I
20 20
ot 0= - =
Cisplatin —_—— 4+ + —— ++ —— ++ — — + + Cisplatin - - - = — = - = 4+ 4+ 4+ 4+ + + + +
DMSO e e e e e e Control siRNA . G T T T e T
3MA  —— —— 4+ +H+ —— —— —— —— BECN1siRNA - - - =+ + - = - = - - 4+ 4+ - -
Baf i i e ey ke chpde e e HMGB1 siRNA AT Iamoase g5 me ghagls s om e emem f ap
ca —_———— —— —— — = —— 4+ 4+ ++

Figure 5. GFRA1-induced autophagy enhances the chemoresistance of osteosarcoma cells induced by cisplatin. (A) Control and GFRA1-overexpressing MG-63 cells were
treated with cisplatin (20 M) for 24 h and then stained with acridine orange. Top, representative images of cells stained with acridine orange. Scale bar: 20 ;«m. Bottom,
quantitative analysis of the number of AVOs. (B) Control and GFRA1-overexpressing MG-63 cells were treated with cisplatin (20 M) for 24 h and then analyzed by TEM.
Top, representative images of autophagic vacuoles detected after cisplatin treatment in control and GFRA1-overexpressing MG-63 cells. Scale bar: 100 nm. Bottom, quan-
titative analysis of the number of autophagic vacuoles. (C) Cell viability of GFRAT-overexpressing osteosarcoma cells after cisplatin treatment in the presence of autophagy
inhibitors. Control or GFRA1-overexpressing MG-63 cells were cultured with DMSO, 3-MA (10 mM), Baf (100 nM), or CQ (30 wg/ml), and then treated with cisplatin
(20 M) for 24 h. Cell viability was measured using the WST-1 assay. (D) Cell viability of GFRA1-overexpressing osteosarcoma cells after cisplatin treatment in the presence
of BECNT (20 nM) or HMGBT1 (20 nM) siRNA. Control or GFRAT-overexpressing MG-63 cells were cultured with BECNT or HMGB1 siRNA for 48 h and then treated with cis-
platin (20 M) for 24 h. Cell viability was measured using the WST-1 assay. The values are presented as a mean =+ s.d.m. (n = 3). ““denotes P < 0.05.

phosphorylated MTOR (mechanistic target of rapamycin [ser-
ine/threonine kinase]) and phosphorylated RPS6KB1/S6K/p70
S6Kinase, downstream kinases involved in AMPK signaling,
were subsequently decreased (Fig. 8A). Upregulation of SRC-
AMPK signaling by GFRAIL increased the expressions of
BECNI1, HMGBI, and production of LC3-II (Fig. 8A). In con-
trast, the levels of phosphorylated SRC and phosphorylated

AMPK were decreased and the levels of phosphorylated MTOR
and phosphorylated RPS6KB1 were increased in GFRA1-defi-
cient cells compared to control cells. Expression levels of auto-
phagy-related proteins were then reduced in GFRA1-deficient
cells compared to control cells (Fig. 8B). The polyubiquitin-
binding protein SQSTM1/p62 (sequestosome 1) interacts and
forms a complex with LC3 to signal for the targeted degradation
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of SQSTM1-associated polyubiquitin-containing inclusion bodies
by autophagy.’®>*” However, recent studies showed that cisplatin-
resistant ovarian cancer cells express much higher levels of
SQSTM1 than do cisplatin-sensitive ovarian cancer cells.’®* In
addition, the level of SQSTM1 was increased in osteosarcoma cell
lines after cisplatin treatment following a temporary decrease at the
onset of treatment.*” Consistent with these studies, the level of
SQSTM1 was increased in cisplatin-treated MG-63 cells (Fig. 8A)
and decreased in GFRA1-deficient cells compared to control cells
(Fig. 8B). It suggests that SQSTM1 is involved in a cisplatin-
resistant mechanism by other signaling pathways rather than
autophagy. Inhibition of SRC phosphorylation by either siRNA or

its selective inhibitor PP1 led to decreased AMPK phosphorylation
and LC3-II production (Fig. 8C, D). Inhibition of AMPK phos-
phorylation by its selective inhibitor compound C also led to
decreased LC3-II production with no effect on SRC phosphoryla-
tion (Fig. 8E), confirming that AMPK is a downstream kinase
of SRC. Inhibition of either AMPK or SRC activation by their
selective inhibitors in MG-63 cells significantly reduced cell viabil-
ity after cisplatin treatment compared to controls (Fig. 8F, G,
respectively). The data implies that following cisplatin treatment,
induction of GFRALI triggers SRC activation, which in turn
activates AMPK signaling, leading to initiation of autophagy in
osteosarcoma.
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GFRA1-induced autophagy promotes tumor growth in vivo

GFRAL1 is known to be a co-receptor of RET which is a proto-
oncogene involved in tumor progression;*' however, our study
revealed RET expression is not detected in osteosarcoma after
cisplatin treatment. Therefore, we examined the oncogenicity
of GFRAL. NIH3T3 mouse fibroblast cells revealed that trans-
fection with GFRAI expression vector induced cellular trans-
formation, as shown by focus formation. NIH3T3 cells
transfected with a control vector did not induce transformation
(Fig. S7). The results imply GFRA1 has oncogenic capabilities
and could promote tumor formation and consequently
chemoresistance.
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We next evaluated the effects of GFRA1 on tumor formation
in vivo using mouse xenograft models. First, MG-63 control cells
or GFRAl-overexpressing MG-63 cells (MG-63-GFRAI) were
implanted subcutaneously in the right flank of nude mice. At 5
d after injection, mice injected with MG-63-GFRA1 cells started
to develop tumors and then after 31 d they produced large-sized
tumors (~90 mm?) (Fig. 9A). However, mice injected with MG-
63 control cells did not develop tumors until 17 d after injection
and the resultant tumors were small (~10 mm®) (Fig. 9A). We
examined the effect of GFRA1 deficiency on tumor formation by
implanting GFRAI-deficient MG-63 cells (MG-63-GFRAI
shRNA). Whereas mice injected with MG-63 control cells
developed tumors, injection of MG-63-GFRA1 shRNA cells into
mice did not produce tumors even after 31 d (Fig. 9B).

Then, we assessed whether enhanced tumor formation
observed in MG-63-GFRAI grafted mice resulted from GFRAI-
mediated autophagy. Chloroquine is one of the leading agents
that have been used in many recent clinical trials.*? Therefore,
we selected chloroquine to investigate the effect of autophagy
inhibition in our in vivo models. After 31 d, tumor-bearing mice
injected with MG-63-GFRAI cells were treated with PBS
(control), CQ, cisplatin, or cisplatin + CQ. Treatment with
either CQ or cisplatin decreased tumor volume compared to
PBS-treated mice, and treatment of mice with both cisplatin and
CQ significantly decreased tumor volume further (Fig. 9C). The
results demonstrated that only treatment with both cisplatin and
CQ reduced tumor progression while single treatment with
either CQ or cisplatin allowed the tumors to survive (Fig. 9C).
Immunofluorescence analysis revealed that tumor cells arising
from MG-63-GFRAI grafted mice treated with cisplatin showed
a significant increase in HMGBI1 expression localized in the
cytoplasm, signifying increased autophagy. Cotreatment of cis-
platin with CQ significantly reduced cytoplasmic localization of
HMGBI (Fig. 9D and Fig. S8). Inhibition of autophagy with CQ
during cisplatin treatment also significantly increased cisplatin-
induced apoptosis in GFRAI-expressing tumors in comparison
to CQ- or cisplatin-treated GFRA1-expressing tumors (Fig. 9E).

Figure 8. GFRA1 regulates autophagy by SRC-AMPK signaling in osteosarcoma
cells. (A-B) Immunoblot analysis of osteosarcoma cell lysates with antibodies spe-
cific for GFRA1, p-SRC, SRC, p-AMPK, AMPK, p-MTOR, MTOR, p-RPS6KB1, BECN1,
HMGB1, LC3, and ACTB. Immunoblots of ACTB expression shown are only repre-
sentative. (A) MG-63 cells were treated with cisplatin (20 M) for 24 h. The num-
bers below the lanes indicate densitometric quantification of the expression of the
corresponding protein relative to ACTB control. The numbers below LC3 lane indi-
cate the ratio of LC3-Il to LC3-I. (B) Control and GFRA1-deficient MG-63 cells were
treated with cisplatin (20 M) for 24 h. The numbers below the lanes indicate den-
sitometric quantification of the expression of the corresponding protein relative to
ACTB control. The numbers below the LC3 lane indicate the ratio of LC3-II to LC3-I.
(C to E) Immunoblot analysis of osteosarcoma cell lysates with antibodies specific
for GFRA1, p-SRC, SRC, p-AMPK, AMPK, LC3, and ACTB. The numbers below the
lanes indicate densitometric quantification of the expression of the corresponding
protein relative to ACTB control. The numbers below LC3 lane indicate the ratio of
LC3-Il to LC3-I. (C) Control and SRC-deficient MG-63 cells were treated with cis-
platin (20 M) for 24 h. (D) MG-63 cells were cultured in the presence or absence
of PP1 (5 uM) and then treated with cisplatin (20 M) for 24 h. (E) MG-63 cells
were cultured in the presence or absence of Compound C and then treated with
cisplatin (20 M) for 24 h. (F) Cell viability of MG-63 cells after cisplatin treatment
in the presence of PP1. MG-63 cells were cultured with DMSO or PP1 (2, 5 uM)
and then treated with cisplatin (20 uM) for 24 h. Cell viability was measured using
the WST-1 assay. (G) Cell viability of MG-63 cells after cisplatin treatment in the
presence of compound C. MG-63 cells were cultured with DMSO or compound C
(5, 10 M) and then treated with cisplatin (20 M) for 24 h. Cell viability was mea-
sured using the WST-1 assay. The values are presented as a mean + s.d.m.
(n = 3). ™ denotes P < 0.05.
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Figure 9. GFRA1-mediated autophagy promotes chemoresistance and tumor growth in vivo. (A) BALB/c nude mice (n =80) were injected with MG-63 cells that were
transfected with either control or GFRA1-expressing vector. Tumor volume was measured every 3 or 4 d. (B) BALB/c nude mice (n =20) were injected with MG-63 cells
that were transfected with either control or GFRAT shRNA. Tumor volume was measured every 3 or 4 d. Data are shown as mean + SEM. **P < 0.05. (C) Tumors that
were generated from mice injected with MG-63 cells containing GFRAT-expressing vector were directly injected with PBS, CQ, cisplatin, or cisplatin + CQ. Tumor volume
was measured every 4 d. Data are shown as mean &+ SEM. **P < 0.05 vs PBS, CQ, or cisplatin-treated tumors. (D) Left, representative images of immunofluorescence
staining of HMGB1 in a section from tumors generated from mice injected with MG-63 cells containing GFRAT expressing vector and then treated with PBS, CQ, cisplatin,
or cisplatin + CQ. Scale bar: 100 x«m. Right, quantitative analysis of percentage of cytoplasmic HMGB1-positive cells in HMGB1-positive tumors. (E) Left, representative
images of TUNEL-positive cells in a section from tumors generated from mice injected with MG-63 cells containing GFRA1-expressing vector and then treated with PBS,
CQ, cisplatin, or cisplatin + CQ. Right, quantitative analysis of percentage of TUNEL-positive cells in HMGB1-positive tumors. The values are represented as a mean =+ s.d.
m. (n = 3). ““denotes P < 0.05. Scale bar: 100 zem. (F) Survival rate of mice injected with MG-63 cells containing GFRAT-expressing vector and then treated with PBS, CQ,
cisplatin, or cisplatin + CQ.

Furthermore, the survival rate of MG-63-GFRAI grafted
mice treated with both CQ and cisplatin was significantly
increased compared to mice treated only with cisplatin
(Fig. 9F), indicating that inhibition of autophagy reverses
GFRA1-mediated protection from cisplatin-induced apo-
ptosis. We note that, among 10 MG-63-GFRAI grafted
mice treated with both CQ and cisplatin, 2 mice died due
to cisplatin-induced liver and kidney injury, not due to

tumor at d 73, indicating the potential side effects in the
combined use of CQ and cisplatin as previously
reported.*” Taken together, these results demonstrate that
GFRAL1 facilitates autophagy in response to cisplatin in
vivo and this autophagic response promotes the survival
of osteosarcoma tumors, suggesting that GFRAl-mediated
autophagy is critical to the development of cisplatin resis-
tance in osteosarcoma.
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Figure 10. GFRAT and HMGB1 expression in human osteosarcoma patient. (A) Representative images of immunohistochemical staining of GFRA1 in a section from human
osteosarcoma patient before and after cisplatin treatment. Scale bar: 100 «m. (B) Representative images of immunofluorescence staining of GFRA1 and HMGB1 in a sec-
tion from human osteosarcoma patient before and after cisplatin treatment. Scale bar: 100 m.

Contribution of GFRA1-mediated autophagy to
clinicopathology of cisplatin-resistant osteosarcoma
patients

We further investigated GFRA1-mediated autophagy in vivo by
examining tissue samples from 27 osteosarcoma patients who
had received neoadjuvant and adjuvant therapy along with
complete surgical resection. Among those cases, 9 patient tissue
samples displayed DAPI nuclear staining indicating survival of
osteosarcoma (Table S1). HMGBI, especially cytosolic
HMGBI, is an important marker in the regulation of auto-
phagy. Studies also showed that HMGBI is involved in chemo-
therapy resistance including cisplatin in leukemia and
osteosarcoma cells.">*’ From the 9 samples demonstrating che-
moresistance, osteosarcoma tissues before and after cisplatin
treatment were processed and analyzed for GFRAl and
HMGBI1 immunostaining. Four samples were positive for
GFRALI expression and only these 4 GFRA1-positive samples
were also positive for HMGBI expression (Fig. 10A, B, Table 1,
and Table S2). The 4 tissue samples were obtained from
patients that received chemotherapy, including cisplatin, for 4
to 15 wk. Moreover, tumors from these 4 osteosarcoma patients
metastasized to the lungs (Table 1 and Table S2). Tissue from
patients that had been treated for less than 4 wk did not express
GFRA1 and HMGBI (Table 1 and Table S2). Collectively, these
studies suggest a critical role for GFRAL1 in cisplatin-mediated
chemoresistance.

Discussion

Chemoresistance arises in various ways mediated by drug
export transporters, DNA repair mechanisms, cancer stem
cells, resistance to apoptosis, self-sufficiency for growth factor
signaling, angiogenic switch, and immunological pathways.'®
Autophagy can contribute to increased acquisition of chemo-
resistance in cancer; however, it also contributes to the inhibi-
tion of chemoresistance in some types of cancer.'®** These
conflicting findings suggest that the role autophagy plays in
chemoresistance may depend on the facilitating signaling
mechanisms that are differentially regulated, based on cancer
type and/or the chemotherapy strategy used. Therefore, eluci-
dation of autophagic signaling mechanisms with regards to
specific types of cancer and therapies is required to develop
more effective chemotherapeutic combinations for cancer
treatment. Our study provides the first evidence that the che-
motherapy drug cisplatin induces expression of the GFRAl
receptor which inhibits cisplatin-mediated apoptosis and trig-
gers autophagy for cell survival in vitro and in vivo, thereby
promoting chemoresistance. We found tumors from 4 of 9
patients who had undergone extended cisplatin treatment
expressed both GFRA1 and HMGBI1 and metastasized to the
lungs (Table 1 and Table S2). The clinical data substantiates
the in vivo results seen in our xenograft mouse model, which
implies similar results could have been obtained with an
orthotopic model.

Table 1. Relative expression of GFRA1 and HMGB1, and metastatic status in osteosarcoma patients after combinational chemotherapy.

Case No Tumor site Combinational treatment Treatment period (week) GFRAT expression HMGB1 expression Metastatic status
1 Distal femur DOX, CIS 1 — — —

2 Distal femur DOX, CIS 2 — — —

3 Fibular head DOX, CIS 4 - - -

4 Distal femur MTX, VCR, CIS 4 + + Lung

5 Mandible DOX, CIS 5 - - —

6 Distal femur IFO, DOX, CIS 8 + + Lung

7 Proximal femur DOX, CIS 10 + + Lung

8 Distal femur DOX, CIS 10 + + Lung

9 Distal femur IFO, DOX, MTX, CIS 15 — — —

CIS, cisplatin; DOX, doxorubicin; IFO, ifosfamide; MTX, methotrexate; VCR, vincristine.
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GFRAL1 functions by binding to GDNF and when they are
in complex GDNF-GFRA1 signaling can proceed through
either activation of protooncogene SRC or through activation
of RET which in turn activates SRC.>>*' GDNF promotes
resistance to the cytotoxic effects of all-trans-retinoic acid in
neuroblastoma cells and it contributes to the chemoresistance
to 1,3-bis(2-chloroethyl)-1-nitrosourea in glioblastoma cells by
regulating survival signaling by AKT1/Akt (AKT serine/threo-
nine kinase 1) and MAPK8/JNK1 (mitogen-activated protein
kinase 8)-MAPK9/JNK2-MAPK10/JNK3.*>*® GDNF signifi-
cantly increases the survival of hair cells located in the cochlea
of the inner ear after cisplatin treatment both in vivo and in
vitro, indicating GDNF can be protective against cisplatin-
induced ototoxicity.*”** Furthermore, GDNF is important to
spermatogonial stem cell (SSC) proliferation and self-renewal
by regulating transcription factors BCL6B, ERM, and LHX1
through SRC family kinase signaling.*’ In this regard, GDNF
expression is increased along the basal Sertoli cell membrane,
the physical location of the SSC niche, throughout the
recovery period after repeated cisplatin treatment, indicating
that redistribution of GDNF expression after cisplatin treat-
ment is closely correlated with the expansion of the SSC
population.’®*!

GDNF did not have an effect on GFRA1-mediated cell sur-
vival and autophagy after cisplatin treatment (Fig. S2D, S2E),
indicating that cisplatin-induced autophagy proceeds through
GFRAL signaling independently of GDNF. This data suggests
that other ligands may be induced by cisplatin which bind
GFRAL to activate autophagy. Additionally, given that tyrosine
kinases are important in cancer development, research has
focused on the role of RET in GDNF signaling within cancer.>
However, in our investigation, RET expression was not
detected in either osteosarcoma or cisplatin-treated osteosar-
coma cells (Fig. S6A).
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In this study, we examined the effects of 3 chemotherapeutic
agents (cisplatin, doxorubicin, and methotrexate) on GFRA1
expression.”” Interestingly, only cisplatin increased the level of
GFRALI expression in osteosarcoma (Fig. 1A). Consistently,
GFRAL1 deficiency increased the sensitivity of osteosarcoma to
cisplatin but not to the other 2 agents (Fig. S1). Previous studies
showed that all 3 agents are able to induce HMGB1 expression
and autophagy in osteosarcoma cells, which can increase che-
moresistance®’; therefore our current findings suggest that all 3
agents can contribute to chemoresistance in osteosarcoma
through different autophagy signaling mechanisms.

APEX1 overexpression was observed in osteosarcoma patients
treated with chemotherapy, suggesting its involvement in chemo-
resistance of osteosarcoma.”* Previous work showed that APEX1
expression promoted pancreatic cancer progression by upregulat-
ing GFRA1 expression via activation of NFKB1.”” Our current
findings showed that APEX1 expression was not induced in osteo-
sarcoma cells after cisplatin treatment (Fig. S6A). Similarly, knock-
down of APEXI does not affect the level of LC3-II production or
the accumulation of AVO-positive cells following cisplatin treat-
ment (Fig. S6B, C). Interestingly, knockdown of APEX1 in MG-63
cells increased the level of LC3-II production and AVO-positive
cells compared to control cells without treatment (Fig. S6B, C),
suggesting APEX1 has a function in autophagy unrelated to the
GFRA1-SRC-AMPK mechanism induced by cisplatin. Addition-
ally, our results revealed that NFKBI plays a role in regulating
GFRALI expression in cisplatin-resistant MG-63 cell lines (Fig. 7A,
B). The data suggest that cisplatin treatment induces GFRA1
expression through NFKB1 signaling independently of APEX1.

GFRAL is expressed in several human cancers and it is
involved in tumorigenesis through the regulation of migration
and invasion. Therefore, it would be interesting to determine
whether GFRA1 also has a role in the development of chemore-
sistance in other types of cancer, in addition to osteosarcoma. It
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Figure 11. Schematic diagram for GFRA1-mediated autophagy in cisplatin-induced chemoresistance of osteosarcoma. Cisplatin treatment activates NFKB1 signaling in
either a direct or indirect manner, subsequently activated NFKB1 can promote the expression of GFRA1 by binding the promoter region of the GFRAT gene.?’ Cisplatin
may also induce other ligand(s) to bind and activate GFRA1. GFRA1 phosphorylates its downstream kinase SRC, which in turn activates AMPK-MTOR-dependent auto-
phagy signaling. SRC inhibitor PP1 and AMPK inhibitor compound C can block cisplatin-induced autophagy. Inhibitors of autophagy, 3-MA, Baf, or CQ can also block cis-
platin-induced autophagy. The regulation of GFRAT expression and activation by cisplatin can contribute to the development of chemoresistance in osteosarcoma
through SRC-AMPK-MTOR-mediated autophagy signaling, which is independent of GDNF, RET, or APEX1 signaling. 3-MA, 3-methyladenine; Baf, bafilomycin A1;

CQ, chloroquine.



is also possible that other chemotherapeutic agents can induce
GFRAL1 expression to trigger autophagy in cancer cells, even
though doxorubicin and methotrexate did not induce its
expression in osteosarcoma cells. Interestingly, our results
showed that the expression level of SQSTM1 was reduced in
GFRA1-deficient cells after cisplatin treatment and increased in
cells treated with cisplatin compared to control cells (Fig. 8A,
B), implying SQSTM1 could be involved in a cisplatin-resistant
mechanism facilitated by signaling pathways other than auto-
phagy. Further work is needed to identify these alternative sig-
naling pathways.

Taken together, our data showed that GFRALI is a critical
regulator in cisplatin-induced chemoresistance of osteosarcoma.
Increased expression of GFRA1 by cisplatin, via NFKBI signal-
ing, induced the phosphorylation of its downstream kinase
SRC and subsequently enhanced AMPK-MTOR-mediated
autophagy, which contributes to chemoresistance (Fig. 11).
This investigation suggests that GFRA1 could be a potential
therapeutic target for the prevention of chemoresistance in
osteosarcoma and possibly other types of cancers as well.

Materials and methods
Human tissue

Chonnam National University Hwasun Hospital (Gwangju,
Chonnam, South Korea), a member of the National Biobank of
Korea (https://koreabiobank.re.kr) supported by the Ministry of
Health, Welfare, and Family Affairs, provided the biospecimens
for this study. All specimens were obtained with informed con-
sent under Chonnam National University School of Medicine
Institutional Ethics Review Board-approved protocol.

Cell culture

Human osteosarcoma cell lines MG-63 (ATCC, CRL-1427) and
U-2 OS (ATCC, HTB-96), human embryonic kidney cell line
293T (ATCC, CRL-1573), human fibrosarcoma cell line HT-
1080 (ATCC, CCL-121), human pancreatic cancer cell line
MIA PaCa-2 (ATCC, CRL-1420), and mouse embryonic fibro-
blast cell line NIH/3T3 (ATCC, CRL-1658) were purchased
from the American Type Culture Collection. Cell lines were
maintained in Dulbecco modified Eagle medium (MG-63,
293T, MIA PaCa-2 and NIH/3T3), Eagle minimum essential
medium (HT-1080) or McCoy 5a Modified Medium (U-2 OS)
supplemented with 10% heat-inactivated fetal bovine serum
(Gibco, 16000044) and 1% penicillin/streptomycin (10,000 g/
mL/10,000U/mL, Gibco, 15140-122). Cells were maintained in
5% CO,-humidified atmosphere at 37°C.

Generation of stable cell lines

A human pLenti-GFRAI expression vector (EX-Z4490-M02)
and empty control vector (EX-NEG-M02) were purchased
from GeneCopoeia. Viral packaging using 293T cells and titra-
tion of the full lentiviral vector were performed by using
ViraPower™ Lentiviral Packaging Mix (Invitrogen, K497500).
The presence of GFRAI was confirmed by PCR, and correct
insertion of the clone was further confirmed by sequencing.
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Lentiviral transduction, expression, and titration were per-
formed using HT-1080 cells. The packed virus was concen-
trated by Lenti-X Concentrator (Clontech, 631231). For
establishing stable MG-63 and U-2 OS cell lines overexpressing
GFRA1, cells were infected with lentivirus containing the
pLenti-control or the pLenti-GFRAI vector. Cells were then
incubated in medium containing 400 ug/ml of Geneticin/G-
418 (Gibco, 10131027) for 4 to 5 wk. GFRAI-specific shRNA
(sc-35469-SH) and control shRNA (sc-108060) were purchased
from Santa Cruz Biotechnology. MG-63 and U-2 OS cells were
transfected with either GFRAI-specific shRNA or control
shRNA using Lipofectamine® 2000 (Invitrogen, 11668500) and
cultured in selection medium containing 5 pg/ml of puromycin
(Gibco, A1113802) for 4 to 5 wk to generate stable GFRA1
knockdown cell lines. BECNI-specific shRNA (sc-29797-SH)
was purchased from Santa Cruz Biotochnology to establish sta-
ble BECN1 knockdown MG-63 cell lines. For establishing
NIH/3T3 cell lines overexpressing GFRAI, cells were trans-
fected with GFRA1 expression vector and clones were selected
with 400 pg/ml of G-418 for 4 to 5 wk.

Generation of cisplatin-resistant cell lines

Cisplatin-resistant (CIS®) sub-lines were derived from the MG-
63 parental cell line by continuous exposure to cis-diaminepla-
tinum(II) dichloride (cisplatin; Sigma-Aldrich, P4394) follow-
ing initial dose-response studies of cisplatin (1 ©M to 1 mM)
over 24 h from which IC50 values were obtained. Initially, the
CIS® sub-line was treated with cisplatin (1 uM) for 72 h. The
media was removed and cells were allowed to recover for 72 h.
Subsequently, the resistant sub-lines were generated by gradual
exposure to low to high-dosage of cisplatin (1 to 50 «M). This
development period was carried out for approximately 6 mo,
and then cells were maintained continuously in the presence of
cisplatin at these new IC50 concentrations for 2 mo.

Reagents and antibodies

Endotoxin-free GDNF (G1777) was purchased from Sigma-
Aldrich and was reconstituted in filter-sterilized (0.2 pm)
water. Dimethyl sulfoxide (DMSO) N, N-dimethylformamide,
bafilomycin A, (Baf; 19-148), 3-methyladenine (3-MA;
189490) and choloroquine diphosphate salt (CQ; C6628) were
purchased from Sigma-Aldrich. Cisplatin was dissolved in
DMSO; accordingly, DMSO was used as a control vehicle for
the experiments including cisplatin. Methotrexate (sc-3507)
and doxorubicin (sc-280681) were purchased from Santa Cruz
Biotechnology. The following antibodies were used: anti-
GFRA1/GFRa-1 (sc-10716), anti-GFRA1 (sc-271546), anti-
phospho-MTOR (sc-101738), anti-MTOR (sc-8319), anti-SRC/
c-SRC  (sc-8056), anti-CASP3/caspase-3 (sc-7148), anti-
APEX1/APE1 (sc-17774), anti-ACTB/B-actin (sc-47778), anti-
NFKB1/NF«B (sc-7178), and anti-phospho-NFKB1 (sc-
271908) from Santa Cruz Biotechnology; anti-HMGBI
(ab18256) from Abcam ; anti-phospho-SRC (Tyr416) (6943),
anti-BECN1/Beclin 1 (3738), anti-phospho-AMPK (2535),
anti-AMPK (2532), anti-LC3B (3868), anti-cleaved PARP
(9548), and anti-phospho RPS6KB1/p70 S6 kinase/p-S6K
(9205) from Cell Signaling Technology.
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Quantitative real-time (RT)-PCR (qPCR)

Total RNA was collected and isolated from cell lines using the
RNeasy Mini Kit (Qiagen, 74104) according to the manufac-
turer’s protocol. cDNA was generated from a 30-ul reaction con-
taining total RNA (3 ng), reverse transcriptase (M1701), RNasin
ribonuclease inhibitor (N2511), dNTP Mix (U1511) and oligo
dT primers (C1101) purchased from Promega Corporation.
Real-time amplification of GFRAI and NFKBI cDNA was per-
formed with a LightCycler® 96 Instrument (Roche Diagnostics
Corporation, Indianapolis, IN, USA) using SYBR® Mastermix
FastStart Essentiall DNA Green Master (Roche). Gene-specific
human primer pairs of 185 rRNA, GFRAI and NFKBI were
designed using The Primer Express® software v3.0.1 (Applied
Biosystems). The following primers were synthesized and used
for qPCR: q18S rRNA sense primer 5- GAGGATGAGGTG-
GAACGTGT-3' and antisense primer 5-TCTTCAGTCGCTC-
CAGGTCT-3' (designed to amplify a 166-bp region); qGFRAI
sense primer 5-TCCAATGTGTCGGGCAATAC-3' and anti-
sense primer 5- GGAGGAGCAGCCATTGATTT-3" (designed
to amplify a 106-bp region); qNFKBI sense primer 5'- AAGCA-
CAAAAAGGCAGCACT-3, antisense primer 5- TGCCAAT-
GAGATGTTGTCGT-3" (designed to amplify a 197-bp region).
The amplification conditions consisted of one cycle at 95°C for
10 sec followed by 48 cycles at 95°C for 5 sec and a 60°C
annealing step for 20 sec. Amplification was followed by a melt-
ing curve analysis to verify the correct size of the amplicon. A
negative control without cDNA was run with every PCR to
assess the specificity of the reaction. An analysis of the data was
performed using LightCycler® 96 software 1.1 (Roche Diagnos-
tics International Ltd).

Quantitative RT-PCR

Gene-specific human primer pairs of GFRA1, GDNF and GAPDH
were designed using The Primer Express® software v3.0.1. The fol-
lowing primers were synthesized and used for PCR: GFRAI sense
primer 5-TGTCAGCAGCTGTCTAAAGG -3’ and antisense
primer 5- CTTCTGTGCCTGTAAATTTGCA-3 (designed to
amplify a 387-bp region); GDNF sense primer 5'- CCAACCCA-
GAGAATTCCAGA-3 and antisense primer 5'-AGCCGCTG-
CAGTACCTAAAA-3" (designed to amplify a 150-bp region);
GAPDH sense primer 5'-TGACCACAGTCCATGCCATC-3" and
antisense  primer 5- TTACTCCTTGGAGGCCATGT-3
(designed to amplify a 494-bp region). PCR reactions were opti-
mized to 94°C for 3 min, 28 amplification cycles at 94°C for 30
sec, 58°C for 30 sec, 72°C for 30 sec, and a final extension of
10 min at 72°C. Amplified products were resolved on 1.5% aga-
rose gels and visualized by ethidium bromide staining.

Small interfering RNA (siRNA)-based experiments

Human GFRAI siRNA (sc-35469), BECNI siRNA (sc-29797),
HMGBI siRNA (sc-37982), SRC/c-SRC siRNA (sc-29228),
NFKBI siRNA (sc-29407), APEX1 siRNA (sc-29470) and nega-
tive (control) siRNA (sc-37007) were purchased from Santa
Cruz Biotechnology. Cell lines were transiently transfected with
siRNA duplexes using Lipofectamine™ RNAiMAX (Life Tech-
nologies, 13778) according to the manufacturer’s instructions.

Cell viability assays

WST-1 cell viability assay (Roche Applied Science, 501003319)
is based on the cleavage of a tetrazolium salt to form formazan
in viable cells. Equal numbers of cells were seeded in triplicate
wells in 48-well plates and maintained in growth medium con-
taining 10% fetal bovine serum). Cells were cultured with
DPBS (Gibco, 14190136), GDNF (50 ng/mL), GDNF (50 ng/
ml) + cisplatin (20 uM), or cisplatin (20 M) in the presence
of serum for 24 h. Cells were also preincubated with inhibitors
(3-MA, PP1, compound C, Baf and CQ) for 1 h before stimu-
lating with DPBS, GDNF, GDNF + cisplatin, or cisplatin.
WST-1 reagent was then treated to the cells at the indicated
times and incubated for 2 h at 37°C. Cell viability was deter-
mined by measuring the absorbance after adding WST-1. The
spectrophotometric absorbance of the samples was measured
using an Ultra Multifunctional Microplate Reader (Tecan, Dur-
ham, NC, USA) at 450 nm. Experiments were done at least in
triplicate using separate cultures.

Apoptosis assays

Floating and trypsin-detached cells were collected and washed
once with ice-cold PBS (Invitrogen, 003002), followed by FITC
and ANXAS5/Annexin V Apoptosis Detection Kit (BD Bio-
sciences, BDB556547). Apoptotic cells were analyzed using a
FACSCalibur flow cytometer with CellQuest software (Becton
Dickinson, San Jose, CA, USA). The results represent the
means of triplicate determinations in which a minimum of
10,000 cells was assayed for each determination. CASP3 activity
was analyzed by the Colorimetric CaspACE™ Assay System
(Promega Corporation, G7351) according the manufacturer’s
instructions. The degree of apoptosis in tissue was assessed
with terminal deoxynucleotidyl transferase deoxyuridine tri-
phosphate nick end labeling (TUNEL) assay from ApopTag®
Plus Peroxidase In Situ Apoptosis Kit (EMD Millipore, S7101).

FACS analysis

Cells were harvested by trypsinization, washed with phosphate-
buffered saline (PBS), fixed in 70% ethanol, washed with PBS
and then incubated with 0.02 mg/ml of propidium iodide
including RNase A. Cells were analyzed using a FACSCalibur
flow cytometer with CellQuest software.

TUNEL assays

The apoptotic index in tissue was determined by the TUNEL
assay. The sections were stained with ApopTag Plus Peroxidase
In Situ Apoptosis Kit (EMD Millipore, S7101). The sections
were incubated at 60°C overnight. Sections were deparaffinized
in xylene for an hour and rehydrated with reduced alcohol
series (100, 95, 90, 70, and 50%). The slides were incubated
with 20 pg/ml of proteinase K (Invitrogen, 4333793) for
15 min. Washing with PBS was performed in every stage.
Endogenous peroxidase activity was blocked with 3% H,O,.
After washing with PBS, the sections were incubated with equil-
ibration buffer for 10 to 15 min, and with terminal deoxynu-
cleotidyl transferase (TdT) enzyme (77 ul reaction buffer +
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Stop/wash buffer (1:10) was applied for 10 min at room tem-
perature, and the slides were incubated with antidigoxigenin
conjugate for 30 min. After washing with PBS 3 times for
5 min, the sections were stained with DAB components to
detect TUNEL-positive cells, and then they were counterstained
with methyl green. Data were quantified and analyzed with
Image]J software (National Institutes of Health).

Autophagy assays

Formation of autophagic vesicles was monitored by endoge-
nous or exogenous LC3-II aggregation in cell lines by LC3B
antibody or mRFP-GFP-LC3 plasmid provided by Dr.
Myung Shik Lee from Samsung Medical Center, Sung-
kyunkwan University School of Medicine (Seoul, Korea).
The protein levels of LC3-II in cells were determined by
western blotting after treatment of cisplatin or autophagy
inhibitors. Staining of acidic vesicular organelles (AVOs) by
acridine orange (Polysciences, 04539-1) was performed
according to published procedures.” Acridine orange was
added at a final concentration of 0.5 pg/ml for 15 min. All
fluorescence images including AVOs and LC3 puncta in
live cells (DAPI positive) are confocal images acquired with
a LSM510 laser-scanning microscope (Carl Zeiss, Thorn-
wood, NY, USA). Data were quantified and analyzed with
Image] software. LC3-labeled puncta were defined as bright
dots >1.5 SD above the mean cytosolic fluorescence. At
least 3 individual experiments were performed, and at least
40 (for AVOs) or 20 (for LC3 puncta) sections were
analyzed."”

Transmission electron microscopy

Cells were fixed with 2% paraformaldehyde and 2% glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.4) and then postfixed
with 1% OsO, for 2 h. The cells were dehydrated with increas-
ing concentrations of alcohol (30, 50, 70, 90, and 100%), infil-
trated with LR White resin (Sigma, 62661) 2 times for 1 h, and
embedded in LR White resin. The solidified blocks were cut
into 60-nm thicknesses and stained with uranyl acetate and
lead citrate. Samples were observed under a transmission elec-
tron microscope (Hitachi H-7600; Hitachi High-Technologies
Corporation, Tokyo, Japan). Ten fields of images were selected
and the autophagic vacuoles were quantified as previously
described.”®

Colony-forming assays and crystal violet staining

MG-63 and MG-63 Resistant (MG-63-CIS®) cells, pLenti-
GFRAI-, pLenti-empty vector-, shGFRAI-, and control
shRNA-transfected MG-63 cells were cultured in DMEM sup-
plemented with 10% fetal bovine serum. For colony-formation
assays, an equal numbers of cells from each individual clone
were plated onto 12-well plates. After 24 h, cells were incubated
with cisplatin, or cisplatin + autophagy inhibitors, respectively.
All medium was exchanged every 3 d under the same condi-
tion. Colonies were visualized after 10 d. The cells were washed
with PBS, fixed in 4% paraformaldehyde for 5 min, and again
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washed with PBS. Fixed cells were stained with 0.05% crystal
violet in distilled water for 1 h, washed with distilled water and
then drained. Images of stained colonies were scanned using an
Epson scanner (GT9700F; Tokyo, Japan) and then counted
with Image-Pro Plus 5.1 software (Media Cybernetics). The
experiments were repeated in triplicate.

Focus-forming assays

NIH/3T3 cells (1x10°) were plated onto 60-mm dishes and
incubated overnight to form a monolayer. The next day, NIH/
3T3 cells (1x10°) stably transfected with an expression vector
encoding GFRAI were plated on control NIH/3T3 cells.
Medium was exchanged every 2 d and the foci was quantitated
after 7 to 10 d. Cells stably transfected with the empty expres-
sion vector provide the negative control for this assay. All of
the cells were stained with crystal violet (0.5% in 20% ethanol)
for foci.

Immunoblot analysis

Cells were washed with PBS and lysed in RIPA Buffer (Thermo
Scientific, P189900). The protein content was determined using
a Bradford Protein Assay kit I (Bio-Rad, 5000001), and 10 to
50 ug protein per lane was electrophoresed on 4-12% SDS
polyacrylamide gels. Proteins were blotted onto Hybond ECL
membranes (GE Healthcare Life Sciences, RPN303D). Two
protein ladders were used for molecular weight determination.
The blotted proteins were detected using an enhanced chemilu-
minescence detection system (iNtRON Biotechnology, 16024).
Data were quantified and analyzed with Image]J software.

Immunocytochemistry

Osteosarcoma cells (2x10*) were seeded on 60-um dishes
35 mm high (ibidi, GmbH). The following day, cells were fixed
in 4% paraformaldehyde for 20 min. After being washed with
PBS, and then incubated in 0.04% of Triton X-100 (MP Bio-
medicals, 04807423). After being washed again with PBS, they
were incubated in 0.03% of BSA (Thermo Scientific,
BP9706100) for 10 min at room temperature. Then, antibodies
were applied overnight at 4°C and washed for 1 h in PBS. Alexa
Fluor 488- or 647-conjugated secondary antibodies (Invitrogen,
A-21121, A-21206, A-21236, and A-21245) were applied 1 h at
4°C and washed for 1 h in PBS. Slides were rinsed in PBS,
mounted in VECTASHIELD Mounting Medium for Fluores-
cence with DAPI (Vector Laboratories, H-1200) and sealed
with clear nail varnish. Images were taken by confocal micros-
copy. LC3 puncta was quantified and analyzed with Image]. In
the above analysis, there was no discrepancy between the 2
observers regarding the patterns of biomarker expression and
the scores assigned to analyzed sections.

Immunohistochemistry

Triplicate core biopsies of viable tumor (1 mm) identified by 2
clinical pathologists were taken from each donor paraffin block
and arrayed. The sections (5-um thick) were deparaffinized
and underwent hematoxylin and eosin stain, and
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immunohistochemistry. After antigen retrieval by 10 mM
sodium citrate (pH 6.0), sections were incubated with rabbit
anti-HMGBI1 and mouse anti-GFRAI antibodies for 24 h at
4°C. Sections were followed by incubation with biotinylated
secondary antibodies, and then antibody labeling was visualized
by using the VECTASTAIN ABC Systems (Vector Laborato-
ries, PK6200). For immunofluorescence and immunohis-
tochemistry, patient tissues and mouse tumors were incubated
with the Alexa Fluor 488- and 647-conjugated secondary anti-
bodies (Invitrogen, A-21121, A-21206, A-21236 and A-21245),
and nuclei were counterstained with DAPI (Sigma-Aldrich,
D9542). Then, one drop of ProLong Diamond Antifade 5 (Life
Technologies, P36961) was directly applied to fluorescently
labeled tissue samples on microscope slides. Immunofluores-
cence was detected by confocal microscopy. In patient tissue
studies, immunoreactivity was not determined by scoring
according to the staining intensity (0, non; 1, weak; 2, moder-
ate; 3, strong) of immunolabeling and percent positive cells (0,
<5%; 1, 6 to 25%; 2, 26 to 50%; 3, 51 to 75%; 4, 76% to 100%)
because all of metastatic patient tissues between 4 and 10 wk
after chemotherapy including cisplatin showed the robust
immunoreactivity of GFRA1 or HMGBI, while other patient
tissues, less than 4 wk or more than 10 wk after chemotherapy,
with or without cisplatin never show the immunoreactivity of
them. Thus, we marked plus (4) was considered to be positive
immunoreactivity, while that minus (—) was considered to be
negative immunoreactivity (not detected). In the above analy-
sis, there was no discrepancy between the 2 observers regarding
the patterns of biomarker expression and the scores assigned to
analyzed sections. Data were quantified and analyzed with
Image] software.

Tumor formation in nude mice

The mice used in this study were 6-wk-old female BALB/c nude
mice purchased from Orient Bio Inc. (Seongnam, South Korea).
They were housed in our pathogen-free facility and handled in
accordance with standard-use protocols and animal welfare
regulations. All study protocols were approved by the institu-
tional Animal Care and Use Committee at Chonnam National
University. MG-63 cells stably transfected with the indicated
Control shRNA, GFRAI shRNA, pLenti-GFRAI expression
viral vector, or pLenti-control viral vector were harvested and
resuspended in PBS. Then MG-63 cells (1x10°) were injected
subcutaneously into the right flank of a BALB/c nude mouse.
The tumor size was measured with a caliper every 3 or 4 d.
Thirty-one d after subcutaneous injection of MG-63-GFRAI
cells, mice bearing tumors were administrated with PBS, CQ
(60 mg/kg), cisplatin (3 mg/kg), and cisplatin + CQ into the
peritoneum once a week. The tumor size was measured with a
caliper every 4 d. Tumor weights were calculated from caliper
measurements of tumor dimensions in mm using the formula
for a prolate ellipsoid: (L X W?) / 2 where L is the longer of the
2 measurements.

Statistical analysis

Survival data was analyzed by the Kaplan-Meier and log-rank
test with GraphPad Prism v5.04 (GraphPad Software). Plating

efficiency (PE, %) = (Number of colonies counted/Number of
cells plated) x 100. Survival fraction (SF, %) = (PE of cis-
platin-treated clone/ PE of nontreated control clone). All values
are expressed as the mean =+ standard deviation (s.d.m.).
Where indicated, we performed statistical analyses using a
2-tailed Student ¢ test or ANOVA. ™P < 0.05 was considered

statistically significant.

Abbreviations

3-MA 3-methyladenine

ACTB actin, 8

AMPK AMP-activated protein kinase

ANXAS5 annexin A5

APEX1 apurinic/apyrimidinic ~ endodeoxyribonu-
clease 1

AVO acidic vesicular organelle

Baf bafilomycin Al

BECN1 Beclin 1

CASP3 caspase 3

CIS cisplatin

CIs®? cisplatin-resistant cell clone

CQ chloroquine

DAPI 4',6-diamidino-2-phenylindole

DMSO dimethyl sulfoxide

DOX doxorubicin

FACS fluorescence-activated cell sorting

FITC fluorescein isothiocyanate

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GDNF glial cell derived neurotrophic factor

GFP green fluorescent protein

GFRAL1 GDNF family receptor « 1

HMGB1 high mobility group box 1

IFO ifosfamide

MAPILC3/LC3  microtubule-associated protein 1 light
chain 3

mRFP monomeric red fluorescent protein

MTOR mechanistic target of rapamycin (serine/
threonine kinase)

MTX methotrexate

NFKB1 nuclear factor kappa B subunit 1

PARP poly(ADP-ribose) polymerase

PBS phosphate-buffered saline

PCR polymerase chain reaction

PP1 pyrazolopyrimidine compound 1

qPCR quantitative real-time PCR

RPS6KB/p70S6K  ribosomal protein S6 kinase B

rRNA ribosomal ribonucleic acid

shRNA small hairpin RNA

siRNA small interfering RNA

SQSTM1/p62 sequestosome 1

SSC spermatogonial stem cell

TEM transmission electron microscopy

TUNEL terminal  deoxynucleotidyl  transferase
dUTP nick end labeling

VCR vincristine
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