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Abstract: Papillary thyroid carcinoma (PTC) is the most common cancer of the endocrine system, which is usually
associated with a favorable therapeutic response and prognosis. However, metastatic spreading occurs in around
5% of the PTC patients. Identification of molecular markers could early predict the metastatic potential, which is
essential for reducing the patient’s overtreatment. Baculoviral IAP Repeat Containing 7 (BIRC7) is an inhibitor of
apoptosis protein (IAP) family gene that is known to be linked to tumor progression, but its role in the setting of
PTC metastasis remains unknown. This study, therefore, aims to explore the role of BIRC7 in the metastasis and
autophagy of PTC and elucidate its underlying molecular mechanisms. BIRC7 expression was assessed in fresh
samples of human PTC and normal tissues via gRT-PCR and immunohistochemistry. In addition, BIRC7 was overex-
pressed and silenced in PTC cell lines followed by transmission electron microscopy, western blotting, immunofluo-
rescence microscopy, wound healing and invasion assays. We further explored the relevance of BIRC7 in vivo using
a tumor xenograft model. Our results demonstrated that BIRC7 plays a pro-invasive role in PTC. BIRC7 expression
is significantly upregulated in PTC compared with matched thyroid normal tissues. In addition, we found that BIRC7
knockdown induced a significant reduction in PTC cell EMT and metastasis in vitro and in vivo, while overexpression
of BIRC7 markedly enhanced PTC cell migration and invasion. Moreover, our data showed that BIRC7 was able to
suppress autophagy through modulating the expression of ATG5 and BECN1, and that this suppression is respon-
sible for BIRC7 silence induced suppression of EMT and metastasis of PTC cell. We further found that targeting both
BIRC7 and mTOR enhances autophagy in PTC cells and to achieve synergistic antimetastatic efficacy in vitro and in
vivo. These findings indicate that the suppression of autophagy by BIRC7 drives the invasion and metastasis of PTC
cells, thus suggesting that the activation of autophagy may inhibit metastasis of PTC with high BIRC7 expression.
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Introduction rence rate and mortality [7]. Moreover, PTC can
become highly invasive and can readily de-dif-
ferentiate, thereby leading to the development
of poorly- or undifferentiated thyroid cancer,
which has a much lower survival rate. Identifying
markers that are characteristic of such aggres-
sive forms of PTC is vital, as a better under-

standing of what drives highly metastatic PTC

Papillary thyroid carcinomas (PTC) is the most
common form of endocrine malignancy, making
up the most common malignancies derived
from thyrocytes [1-3]. After the effective and
reasonable treatment, the 5-year survival rate
of PTC is over 90% [4]. The previous study

showed that PTC manifested regional cervical
lymphatic metastases in as many as 30% to
80% of cases at initial diagnosis [5, 6]. How-
ever, around 15% of cases with lymph node
metastasis manifest aggressive behavior, ch-
aracterized by local invasion, distant metasta-
sis, treatment resistance, and increased recur-

will have important therapeutic implications.

Inhibitor of apoptosis protein (IAP) is often high-
lighted as possible targets of therapeutic treat-
ment in cancer, with certain IAP inhibitors hav-
ing been tested in preclinical settings [8-11].
Baculoviral IAP Repeat Containing 7 (BIRC7) is
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a recently discovered IAP family member that is
largely absent in normal tissues, whereas it is
expressed at high levels in a range of tumor
types [12]. BIRC7 is known to be closely related
to apoptosis, and overexpression of BIRC7 in
tumors has been linked with increased chemo-
and radio-resistance, recurrence, and decreas-
ed patient survival [12, 13]. Therefore, BIRC7 is
strongly believed to be a potential new target in
cancer therapy. However, the impact of tumor
microenvironment on BIRC7 expression and its
regulatory mechanisms in PTC remains unclear.
Metastasis relies upon the progression through
a series of steps wherein tumors acquire inva-
sive properties allowing them to readily survive
in an extra-tumoral environment. The early sta-
ges of this process involve cancer cells pro-
gressing through the epithelial-to-mesenchy-
mal transition (EMT), which is a process whe-
rein epithelial cells lose their characteristic
morphological and functional properties so as
to more closely resemble mesenchymal cells,
with altered adhesive properties and motility
[14-16]. This thereby confers increased migra-
tory potential to tumor cells, thereby increasing
their ability to invade surrounding tissues [17].
Nevertheless, it is unknown whether BIRC7 can
promote EMT and metastasis in PTC.

Autophagy is a conserved process and mecha-
nism wherein cellular organelles and proteins
are metabolically degraded, which is essential
for regulating cell growth and homeostasis
[18]. Autophagy has been implicated in cancer
progression, both with a tumor-promoting or
tumor-restraining function. It can also impact
tumor cell phenotypes to modulate cellular mi-
gration and invasion [17, 19, 20]. Silencing of
BIRC7 has been shown to increase autophagic
activity, thereby sensitizing colon cancer and
renal carcinoma cells to chemotherapy [21,
22]. However, the role and mechanism of BIRC7
in regulating autophagy during PTC metastasis
are completely unclear.

In the present report, we examined the func-
tional relevance of BIRC7-associated autopha-
gy in PTC, with a focus on EMT and tumor me-
tastasis. Our results revealed that the expres-
sion of BIRC7 was substantially elevated in pri-
mary PTC tissues and that downregulation of
BIRC7 was sufficient to induce autophagy, and
thereby interfere with EMT and metastatic pro-
gression. Our data demonstrate for the first
time that BIRC7-suppressed autophagy promo-
tes tumor cell migration, invasion and metas-
tasis in the PTC.
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Materials and methods
Cell lines and cell culture

PTC cell lines (BCPAP, TPC-1, K1 and IHH4)
were from the Cell Bank of Type Culture Col-
lection of the Chinese Academy of Sciences,
Shanghai Institute of Cell Biology (Shanghai,
China). Human anaplastic thyroid carcinoma
(ATC) cell line 8505C was kindly provided by Dr.
Qingan Yu (The First Affiliated Hospital of Harbin
Medical University, Harbin, China). Human nor-
mal thyroid epithelial cell line Nthy-ori-3-1 were
purchased from the European Collection of Cell
Culture (ECACC, Salisbury, UK). BCPAP, IHH4,
8505C, K1 and TPC-1 cells were grown in RPMI-
1640 (Thermo, NH, USA) containing 10% FBS
(Thermo, NH, USA), whereas Nthy-ori-3-1 were
grown in F12K medium (Thermo, NH, USA) con-
taining 10% FBS. In addition, all cell media was
supplemented with penicillin (100 U/mL) and
streptomycin (100 U/mL) at 37°C in a 5% CO,
incubator.

Patients and tissue specimens

A total of 48 pairs of PTC tumor samples and
corresponding adjacent normal tissue were
collected from Department of Thyroid Sur-
gery, the First Affiliated Hospital Harbin Medi-
cal University (China) between October 2017
and June 2018. Of the 48 PTC patients, 30
had PTC tissue with lymph node metastasis
and 18 had PTC without lymph node metasta-
sis. Samples were snap-frozen and stored at
-80°C until use in gqRT-PCR experiments. In
addition, we conducted immunohistochemical
staining of formalin-fixed paraffin-embedded
PTC patient samples and normal control sam-
ples. Two endocrine pathologists diagnosed
all patient samples, and only representative
tumor sections were utilized in analyses. The
Research Ethics Committee of the First Affili-
ated Hospital Harbin Medical University appro-
ved this study, which was consistent with the
Declaration of Helsinki. All patients provided
written informed consent.

Reagents

Antibodies specific for P62 (ab207305) and
BECN1 (ab62557) were from Abcam, while th-
ose specific for BIRC7 (#5471), ATG5 (#2630),
LC3 (#4108), E-cadherin (#3195), N-cadherin
(#13116), Vimentin (#5741), and Snail (#3879)
were from Cell Signaling Technology (CST). Anti-
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B-actin and anti-GAPDH were from Bosterbio.
Rapamycin and 3-Methyladenine were from
Sigma-Aldric, while ATG5 and BECNZ1-specific
siRNAs were from Santa Cruz, as was a control
siRNA construct.

qRT-PCR

TRIzol (Invitrogen) was used to isolate total RNA
based on provided directions, with agarose gel
electrophoresis used to assess RNA integrity.
cDNA was synthesized from 1 pg total RNA via
the Superscript Il First-Strand Synthesis Sys-
tem (Toyobo, Osaka, Japan) in a 10 uL volume
with the following thermocycler settings: 37°C
for 15 min, 50°C for 5 min, and 98°C for 5
min. The Fast SYBR Green Master Mix was
used for gRT-PCR (Applied Biosystems Inc., CA,
USA), with B-actin utilized to normalize data.
The BIRC7 primers were (forward) 5-GGTGAG-
GTGCTTCTTCTGCTATGG-3’ and (reverse) 5’-GC-
TGCGTCTTCCGGTTCTTCC-3'. The B-actin prim-
ers were (forward) 5-CATGTACGTTGCTATCCA-
GGC-3’ and (reverse) 5’-CTCCTTAATGTCACGC-
ACGAT-3..

Wound-healing and invasion assays

Cell migration was assessed using the wound
healing assay. For these experiments, cells
were grown until 80-90% confluent in 6-well
plates, at which time a 10 uL sterile pipette tip
was used to create a scratch wound in the cell
monolayer. Media containing 2% FBS was then
added to cells for 24 h, after which a phase-
contrast microscope (Leica) was used to image
cells. To assess cell invasion, 8 ym pore size
inserts were used for invasion assay, with the
upper surface of the membrane being coated
using Matrigel (BD Biosciences, CA, USA) based
on provided directions. After coating, 2 x 10°
PTC cells were added to the upper chamber for
24 h at 37°C, and then those cells that had not
invaded were removed using a cotton swab.
Methanol was used to fix invasive cells at the
bottom of the Matrigel, followed by leucocrys-
tal violet staining and counting of cells via
microscopy.

Immunohistochemistry (IHC)

BIRC7 was analyzed via IHC as in previous
reports [23]. For IHC staining, 4-um-thick sec-
tions were mounted onto glass slides, dewax-
ed with xylene, dehydrated using a gradient of
ethanol concentrations, and treated for 10 min
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with 3% hydrogen peroxide. Slides were then
warmed for 10 min to 95°C in citrate buffer
(pH = 6.0) for antigen retrieval, and 10% goat
serum albumin was used to block sections at
room temperature for 2 h with gentle shaking.
Samples were then probed overnight with anti-
BIRC7 at 4°C overnight in a humid environ-
ment, washed thrice using PBS, probed for 1 h
at room temperature with an appropriate sec-
ondary antibody, and then developed using
diaminobenzidine (DAB) as a chromogen. He-
matoxylin was used to counterstain sections.
As a control, samples were treated with PBS
instead of the primary antibody. Brown regions
within the nucleus or cytoplasm were consid-
ered to be positive signals.

Western blotting

RIPA cell lysis reagent containing proteinase
and phosphatase inhibitors (Solarbio, Beijing,
China) was used to isolate protein samples,
with the BCA assay used for protein quantifi-
cation. Protein was then separated via SDS-
PAGE, transferred to a PVDF membrane (Mill-
pore, MA, USA), and probed overnight with
primary antibodies at 4°C, followed by a 1 h
room temperature incubation with HRP-conju-
gated secondary antibodies (Pierce, PA, USA).
Enhanced chemiluminescence (Millpore, MA,
USA) was then used to visualize protein, with
the Molecular Imager System (BIO-RAD, Her-
cules, USA) used for image capture. B-Actin or
GAPDH served as loading controls.

Transmission electron microscopy (TEM)

For the TEM studies, the PTC cells were fixed
with 2.5% glutaraldehyde followed by postfixed
in1% osmium tetroxide buffer for 2-3 h, washed
three times with PBS, dehydrated, embedded
in paraffin, cut into 70-nm-thick sections using
an Ultrathin slicing machine, and stained with
uranyl acetate-lead citrate. The cells were then
observed using a transmission electron micro-
scope (JEM1230, JEOL Ltd., Tokyo, Japan) for
the detection of autophagic vacuoles.

In vivo models of metastasis

Nude male BALB/c mice (nu/nu; 4 weeks old)
were purchased from SLAC Laboratory Animal
Co., Ltd. (Shanghai, China). All animal experi-
ments were conducted in accordance with
standard protocols of the Institutional Animal
Care and Use Committee of Harbin Medical
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University. Animals received a tail vein injection
of 1 x 10° tumor cells per animal. Mice were
treated i.p. daily x 5 days for 5 consecutive
weeks with 5 mg/kg rapamycin or vehicle
alone. Mice were euthanized at 5 weeks post-
implantation, lungs were dissected and stored
in liquid nitrogen or fixed in formalin for fur-
ther analysis, and hematoxylin and eosin (HE)
stained for metastatic nodules.

Autophagic flux assay

The mRFP-GFP-LC3B reporter (Biosmedi Co.,
Shanghai, China) was used to assess autopha-
gic flux via plating 2 x 10* cells overnight into
Lab-Tekll Chamber Slides (Nalge Nunc). Cells
were then treated as appropriate, fixed using
4% paraformaldehyde, mounted using Slow-
Fade Gold Reagent (Thermo, NH, USA), and
imaged via a C1 confocal microscope with a
Plan APO 60X/1.45 oil immersion objective
(Nikon). EZ-C1 v3.00 (Nikon) was used for im-
age acquisition, with Photoshop CS4 (Adobe)
used to adjust whole-image contrast and bri-
ghtness. A Zeiss Axioplan 2 microscope was
used to capture images for quantifying red and
green punctae numbers with the Axio Vision
v4.8.2.0 software, with red puncta being sub-
tracted from green manually to yield a net
result.

BIRC7 knockdown and overexpression

We purchased lentiviral vectors that encoding
BIRC7 cDNA and vectors expressed either con-
trol shRNA or shRNA specific for ATG5 or BIRC7
from Biosmedi Co. (Shanghai, China), and con-
firmed their identities via sequencing. The BI-
RC7 shRNA sequence was 5-GAAGAGACTTT-
GTCCACAGTGTGCA-3’, while that for ATG5 was
5-CTTGTTTCACGCTATATCA-3". Western blotting
was used to validate knockdown and overex-
pression. PTC cells were infected with these
lentiviruses, and then subjected to puromycin
selection for 14 days.

Statistical analysis

Data are means + SEM, with GraphPad Prism
6.0 used for statistical analyses. results were
compared via unpaired t-tests (two-tailed), AN-
OVAs, or repeated-measures ANOVAs with Bon-
ferroni post hoc tests for multiple compari-
sons. P<0.05 was the significance threshold.
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Results

PTC tissue samples and PTC cell lines exhibit
elevated BIRC7 expression

We first assessed BIRC7 expression with immu-
nochemistry in samples from primary PTC pa-
tients (n = 48), revealing significantly increas-
ed BIRC7 expression in PTC tissues relative to
paired control tissues (Figure 1A). Consistent
with this, BIRC7 expression was also elevated
at the mRNA level in PTC tissues relative to
controls (Figure 1B), and western blotting con-
firmed higher protein expression in PTC tissues
(Figure 1D). In addition, we found that higher
BIRC7 expression was associated with increa-
sed lymph node metastasis (Figure 1C). We fur-
ther examined BIRC7 expression in the BCPAP,
TPC-1, K1, and IHH4 PTC cell lines and anaplas-
tic thyroid carcinoma (ATC) cell line 8505C as
well as normal thyroid epithelial cell line Nthy-
ori-3-1. The results revealed that there is no
detectable BIRC7 expression in Nthy-ori-3-1
cells, whereas other lines exhibit significantly
higher expression (Figure 1E). These results
indicated that BIRC7 was barely expressed in
normal tissues but increased in PTC tissue,
and implies that BIRC7 participate in the PTC
progression.

BIRC7 enhances in vitro PTC cells invasion and
migration

To directly assess the ability of BIRC7 to influ-
ence the metastasis of PTC cells, we transfect-
ed BCPAP and K1 cell lines with BIRC7-over-
expressing constructs and shRNA to knock-
down BIRC7 (OE and KD, respectively). Western
blotting confirmed the successful modulation
of BIRC7 expression levels in these cells (Figure
2A). We then used these cells for in vitro analy-
ses of PTC cell migration and invasion, reveal-
ing that this invasive and migratory activity was
significantly increased in cells overexpressing
BIRC7, and was markedly decreased upon BI-
RC7 knockdown with matrigel invasion assay
(Figure 2B) and wound-healing assay (Figure
2C). These results thus indicate a direct role
for BIRC7 in promoting the migratory and inva-
sive behaviors of PTC cells.

BIRC7 suppresses PTC cell autophagy

BIRC7 has previously been shown to regulate
chemotherapeutic sensitivity via modulating
autophagy [21]. The specific role of BIRC7 in
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Figure 1. BIRC7 expression is increased in PTC. A. Assessment of BIRC7
levels via IHC in paired normal and PTC tissues. B. Assessment of BIRC7
expression via qRT-PCR in 48 pairs of normal and PTC patient samples. C.
Relative expression of BIRC7 in non-metastasis group (n = 18) and lymph
node metastasis group (n = 30). D. Elevated BIRC7 and P62 protein levels

whereas the overexpression
of BIRC7 expression in BCP-
AP cells resulted in a decrea-
sed formation of autophago-
somes (Figure 3C). Together,
these findings thus strongly

& & D indicate a role for BIRC7
¥ %’-‘@,&“ in suppressing autophagy in
< PTC cells.

BIRC7 regulates autophagy in
PTC cells through a pathway
dependent upon BECN1 and
ATG5

as well as decreased LC3-Il level in PTC tissue samples (T) relative to normal

tissue (NT). E. Assessment of BIRC7 protein levels in PTC cell lines and in
a normal thyroid epithelial cell line (Nthy-ori 3-1). Data are means + S.E.M.

“*P<0.001.

regulating PTC cell autophagy, however, has not
been assessed, particularly in the metastatic
progression of PTC. The western blotting analy-
sis showed that there are reduced levels of
LC3Il and increased P62 levels in PTC tissues
(Figure 1C). We, therefore, assessed the auto-
phagic activity of PTC cells via western blot-
ting in BCPAP cells in which BIRC7 was overex-
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One main autophagic path-
way is known to be BECNI1-
and ATG5-dependent, and so
we sought to examine the rel-
evance of BIRC7 to this pathway via assessing
changes in ATG5 and BECN1 expression in
BIRC7 KD or OE cells. We found that knocking
down BIRC7 increased BECN1 and ATG5 ex-
pression, whereas overexpressing it had the
opposite effect (Figure 4A). We then employed
siRNAs specific for BECN1 or ATG5 (Figure 4A)
and transfected these into BIRC7 KD cells prior

Am J Cancer Res 2020;10(1):78-94



BIRC7 promotes PTC metastasis

A 0,\ Q’Df
,§? ,\47 ,\*'
F & L Vect BIRC7 OE
< ector
& R e»&
% | S BIRC7 - - - - == === BIRC7
g S GAPDH wsee sss sss ssss GAPDH
W - s BIRC7 R = S S BIRC7
M S GAPDH s s # s GAPDH
. y Vector BIRC7 OE
-
-
E ‘
OF
m o
250- 400-
- =]
S | - ) 3k 3k
= 200 < 300-
) 3k =
= 1504 =
3 S 2004 _ #k
£ 100 2
§ 50~ I‘"| § 1007
= = ]
0 0
™ Q & & \ad V o N
S ¢ & S & &
& & & < @ ®
c § 3 BCPAP
®
8-
Oh 0
2 N
= ®
& T
< 4
24h
"g‘
=
E
Oh 58
2 2s
s
[-]
24h ©

Figure 2. BIRC7 induces migratory and invasive activity in PTC cells. A. BIRC7 knockdown and overexpression as
confirmed via western blotting relative to control cells. B. BIRC7 KD and OE cells and appropriate controls were used
in @ matrigel invasion assay. Scale bar = 100 pym. C. BIRC7 KD and OE cells and appropriate controls were used in
a wound-healing assay. Scale bar = 100 um. (n = 3 each). Data are means + S.E.M. "P<0.05, *"P<0.01, ***P<0.001.
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Figure 3. BIRC7 suppresses autophagy in PTC cells. A. Levels of P62 and LC3Il were assessed by western blotting in
BCPAP BIRC7 KD or OE cells. B. BCPAP cells expressing the mRFP-GFP-LC3 adenoviral reporter vector were used in
immunofluorescence analyses, with RFP-only puncta numbers quantified and graphed for 3 independent replicate
experiments (Scale bar = 10 um; n = 3 each). C. Electron microscopy showed the different autophagic activation in
BCPAP BIRC7 KD or OE cells. Scale bar = 10 uym. Data are means + S.E.M. *"P<0.01, **P<0.001.

to assessing LC3Il and LC3 puncta levels in th- ATG5 or BECN1 led to a significant reduction in
ese cells. We found that downregulating either LC3Il levels and LC3 puncta relative to cells
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Figure 4. BIRC7 controls the autophagy of PTC cells via BECN1 and ATG5. A. Measurement of BECN1 and ATG5
expression in BIRC7 KD and OE BCPAP cells as assessed via western blotting. B. Measurement of LC3II protein
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siRNAs specific for ATG5 or BECN1 were used in immunofluorescence analyses, with RFP-only puncta numbers
quantified and graphed for 3 independent replicate experiments (Scale bar = 10 yum; n = 3 each). Data are means

+ S.E.M. "P<0.05.

transfected with a control siRNA (Figure 4B and
4C). This thus suggested that BIRC7 knock-
down leads to the induction of autophagy th-
rough a mechanism that depends upon BE-
CN1 and ATGb.

BECN1 and ATG5 impact the ability of BIRC7
to control PTC cell migration and invasion

Autophagic processes in cancer cells are kn-
own to play context-dependent functions that
can promote or inhibit metastasis. Our results
showed that BIRC7 inhibited PTC cell autopha-
gy and promoted PTC cell migration, invasion,
and metastasis, suggesting that BIRC7-sup-
pressed autophagy is associated with its me-
tastasis promotion in PTC cells. We next direct-
ly assessed this putative link in BIRC7 KD cells
in which ATG5 or BECN1 was knocked down
with specific siRNA. We found that knocking
down both ATG5 as well as BECN1 was associ-
ated with a marked increase in BIRC7 KD cell
migration and invasion, whereas this knock-
down did not substantially alter these parame-
ters in control cells (Figure 5A, 5B). We further
found that treated cells using 3-methyladenine
(3-MA), which is a class Ill phosphatidylinositol
3-kinase (PtdIns3K) inhibitor, led to enhanced
BIRC7 KD but not control cell invasion and
migration (Figure 5C and 5D). Those data sug-
gested that the ability of BIRC7 to suppress
autophagy is responsible for the enhanced
migration and invasion of PTC cells in vitro.

BIRC7-mediated suppression of autophagy
induces EMT-like alterations of PTC cells

The epithelial-mesenchymal transition (EMT) is
a key step in tumor metastatic progression.
We, therefore, explored the relevance of BIRC7
expression to PTC cells EMT via western blot,
revealing that knocking down BIRC7 led to de-
creased expression of markers of mesenchy-
mal cells (Vimentin and N-cadherin) as well as
dramatically downregulated Snail expression,
and increased expression of E-cadherin, which
marks epithelial cells, whereas overexpressing
BIRC7 had the opposite effect (Figure 6A). This
suggested that BIRC7 induces EMT-like altera-
tions in the PTC cells.
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We further assessed the expression of EMT
marker levels in BIRC7 KD and control cells in
which ATG5 or BECN1 was silenced or which
had been treated with 3-MA, revealing that
inhibiting autophagy was associated with de-
creased E-cadherin levels and increased levels
of Snail, Vimentin and N-cadherin in BIRC7 KD
cells, while only a slight impact on these same
markers in control cells (Figure 6B, 6C). This
thus indicated that the ability of BIRC7 to sup-
press autophagy directly leads to EMT-like
changes in PTC cells.

Inhibiting both BIRC7 and mTOR leads to en-
hanced autophagy and anti-tumor activity in
PTC

Our results demonstrated that BIRC7 inhibi-
tion-induced autophagy impaired cell invasion.
However, whether co-targeting BIRC7 and auto-
phagy could lead to a more deleterious effect
on PTC cell migration and invasion needs to be
further investigated. As the mammalian target
of rapamycin (MTOR) is known to be a key regu-
lator of autophagy, we chose to use rapamycin
treatment in order to induce autophagy in treat-
ed cells. Using the mRFP-GFP-LC3 reporter, we
assessed the effects of combined BIRC7 kn-
ockdown and rapamycin treatment on PTC
cells, revealing significantly and synergistically
increased autophagic flux in co-treated cells
(Figure 7A), as confirmed based upon LC3-l/
LC3-ll conversion (Figure 7D). We then explored
the effect of this combination treatment on
PTC cell migration and invasion, revealing that
whereas rapamycin or BIRC7 knockdown alone
had a limited impact on these activities, the
effect was more pronounced following combi-
nation treatment (Figure 7B, 7C). In addition,
combination treatment was linked to signifi-
cantly higher levels of E-cadherin and decrea-
sed N-cadherin, Snail, and Vimentin relative to
either treatment alone (Figure 7D). Using a
model of experimental lung metastasis, we
found that the nodule formation was signifi-
cantly reduced upon the combined treatment
compared with BIRC7 knockdown alone (Fig-
ure 8A). Together, these findings thus indicate
that simultaneous targeting of both BIRC7 and
mTOR offers a means of significantly enhancing
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autophagy within PTC cells, thereby disrupting a possible therapeutic strategy for treating
their metastatic activities, highlighting this as those with metastatic or pre-metastatic PTC.
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Downregulating BIRC7 enhances autophagy tal lung metastasis model. As shown in Figure
and impairs in vivo lung colonization of PTC 8B, BIRC7 KD significantly decreased the nod-
cell ule formation of PTC cells as shown the decre-

ased percentage of lung areas occupied by tu-
The in vivo antimetastatic effects of BIRC7 inhi- mors in cells infected with the BIRC7 KD virus
bition in PTC was determined in an experimen- vector compared to the cells infected with the
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Figure 7. Inhibiting both mTOR and BIRC7 can enhance autophagy and mediated synergistic anti-tumor efficacy in
PTC. BIRC7 KD and control BCPAP cells were treated for 24 h using Rapamycin (100 nM) or DMSO control, and then
the mRFP-GFP-LC3 adenoviral reporter was used to assess autophagic flux (Scale bar = 10 um) (A). Cell invasion (B)
and migration (C) assays were performed (Scale bar = 100 um). (D) Western blotting was used to assess the expres-
sion of the indicated proteins in treated BCPAP cells. Data are means + S.E.M. "P<0.05, “"P<0.01, "P<0.001. All

assays were conducted in triplicate.

empty virus vector. What’s more, HE staining
showed that tail vein injection of BIRC7 KD
cells into nude mice led to significantly less
and smaller nodules in the lung (Figure 8B).
We further explored the implications of the in-
hibition of autophagy in this model system via
stably knocking down ATG5 in BIRC7 KD cells,
revealing a significant increase in the forma-
tion of BIRC7 KD cell colonization following
ATG5 knockdown, whereas no significant effect
was evident in ATG5 knockdown cells in which
BIRC7 expression was normal (Figure 8B), thus
suggesting that the ability of BIRC7 to suppress
autophagy increased the colonization of PTC
cells in vivo.

We further found that knockdown of BIRC7 was
associated with higher levels of in vivo LC3-l/
LC3-1l conversion and E-cadherin expression,
as well as reduced expression of N-cadherin,
Vimentin, and Snail, with ATG5 knockdown
reversing these phenotypes (Figure 8C). Our
study demonstrated that inhibiting BIRC7 im-
pairs the invasion of PTC cells at least in part
via inducing autophagy and suppressing the
EMT.

Discussion

BIRC7 has been shown to play a key role in con-
trolling the sensitivity of multiple cancer types
to chemotherapy, in addition to regulating tu-
mor progression [21, 22, 24-26], but its specif-
ic relevance in the context of PTC has not previ-
ously been explored. Herein we specifically as-
sessed the role of BIRC7 in PTC metastasis and
investigated the underlying molecular mecha-
nisms. We found that BIRC7 plays a pro-inva-
sive role in PTC, as it was expressed at higher
levels in primary patient PTC tissue samples
relative to control samples. In addition, knock-
ing down BIRC7 inhibited its ability to promote
invasion in an EMT-dependent manner throu-
gh a mechanism at least partially dependent
upon the induction of autophagy, with BIRC7
overexpression having the opposite effect. To
our knowledge, this is the first report specifi-
cally report that BIRC7-mediated regulation of
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autophagy plays a role in regulating PTC pro-
gression.

BIRC7, as a recently identified IAP family mem-
ber, has been shown to be essential in several
tumor types. The majority of adult tissues, with
the exception of the placenta, do not express
BIRC7, and yet it is expressed at high levels in
multiple cancer cell lines [27], as well as in
bladder cancer [28], lymphoma [8], lung cancer
[29], hepatocellular carcinoma [30], and renal
carcinoma [31, 32]. As such, BIRC7 represents
an attractive therapeutic target. Its roles in
other cancer types have been studied exten-
sively, little is known about the potential role of
BIRC7 in the development, especially in the
metastasis of PTC. The purpose of this article is
to investigate the effects and underlying mech-
anisms of BIRC7 on the metastasis of PTC. We
assessed the expression of BIRC7 in PTC cell
lines relative to nonmalignant thyroid cell line
Nthy-ori-3-1 cells, and in primary PTC tissues
and normal tissue, our data indicate that BI-
RC7 was overexpressed in invasive PTC cells.
Moreover, our results showed that downregula-
tion of BIRC7 could significantly impair PTC in-
vasion and migration capability in vitro and in
Vivo, whereas its overexpression could dramati-
cally promote PTC invasion and migration in
vitro. Together these results thus identify a
central role for BIRC7 in PTC metastasis. Bio-
markers of PTC metastasis can accurately
identify metastatic cells and aggressive tumor
behavior. Through comparing the expression of
BIRC7 in matched normal thyroid tissue, pri-
mary PTC, and metastasis samples via qRT-
PCR, we found that BIRC7 is upregulated in pri-
mary PTC and further induced in PTC with
lymph node metastasis. Moreover, our in vitro
and in vivo findings suggest that BIRC7 is
associated with invasive process of PTC. Our
data suggest that BIRC7 is associated with
PTC Ilymph node metastasis and may as a
potential biomarker to predict PTC lymph node
metastasis.

EMT is a multi-stage process whereby cells
lose their epithelial characteristics and exhi-
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Figure 8. Suppression of autophagy by BIRC7 is associated with enhanced PTC lung colonization in vivo. A. Lung
colonization of BIRC7 KD PTC cells was assessed using a lung metastasis model in vivo were untreated, treated with
rapamycin (5 mg/kg/day) (n = 5 mice/group). Representative lung images (upper) and H&E-stained sections (lower)
are shown, with lung colonization indicated by white arrows. The percentage of lung areas occupied by tumors is
additionally quantified. Scale bar = 100 um. B. Lung colonization of BIRC7 KD PTC cells expressing a stable ATG5-
specific ShRNA or control cells was assessed using a lung metastasis model in vivo (n = 5 mice/group). Represen-
tative lung images (upper) and H&E-stained sections (lower) are shown, with lung colonization indicated by white
arrows. The percentage of lung areas occupied by tumors is additionally quantified. Scale bar = 100 ym. C. Western
blotting results indicating LC3-I/LC3-Il conversion and EMT marker levels in vivo in different groups. Data are means
+ S.E.M. "P<0.05, ""P<0.01 vs. Scr shRNA + Lv-Scr group. #P<0.05, #P<0.01 vs. BIRC7 KD + Lv-Scr group.

bit major alterations with respect to their mor-
phology, adhesion, and migratory capabilities
[14, 16, 33]. EMT arises early during tumor
metastasis, playing a key role in mediating the
development of an aggressive and invasive tu-
mor phenotype. Central EMT features include
reduced adhesion and enhanced motility [34].
E-cadherin is the best-studied marker of epi-
thelial cells, and its expression can be sup-
pressed by Slug and Snail, which are trans-
criptional repressors. In contrast, vimentin is a
marker of mesenchymal cells during the EMT
[16]. In this report, we found that overexpress-
ing BIRCY led to reduced E-cadherin expression
and increased Vimentin, N-cadherin, and Snail
expression in PTC cells, while the BIRC7 knock-
down confers the opposite effects. This thus
indicated that BIRC7 induced the EMT in PTC
cells, highlight a potential direct link between
BIRC7 and the metastasis of PTC.

Autophagy plays a key role in controlling the
metastasis of cancers in a context-dependent
fashion such that it can promote metastasis of
certain tumors while inhibiting such progres-
sion in others [35]. There also remains a con-
troversial association between autophagy and
the EMT, with the EMT promoting autophagy so
as to enhance metastatic cancer cell survival,
and with autophagy negatively regulating the
EMT such that activating autophagy can reduce
EMT-associated protein stability and lead to
EMT phenotypic reversion [36-38]. We found
that inducing autophagy via knocking down
BIRC7 was linked to a partial EMT phenotypic
reversion within PTC cells, and we further found
that impairing autophagy in these cells rever-
sed the observed defects in migration and inva-
sion upon BIRC7 knockdown both in vitro and
in vivo. Most importantly, knocking down ATG5
in BIRC7 KD cells eliminated the anti-metastat-
ic effects of knocking down BIRC7 in vivo. As
such, this suggests that the ability of BIRC7 to
suppress autophagy enhances the migration
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and metastasis of PTC and other cancer cell
types. In line with this, inhibiting SGK1 to indu-
ce autophagy has been shown to repress the
EMT and mediate anti-metastatic effects in
prostate cancer [39]. In contrast, human as-
trocytes have been shown to upregulate au-
tophagy, thereby promoting circulating breast
cancer cell brain invasion [40]. More interest-
ingly, we found that rapamycin and BIRC7
knockdown synergistically enhanced the anti-
invasive effect of PTC cells. In addition, combi-
nation therapy significantly impaired EMT com-
pared to treatment alone. Therefore, we hypoth-
esized that the combined targeting of mTOR
and BIRC7 could reverse EMT and significantly
prevent PTC cell invasion due to its enhanced
anti-invasive effect. As such, there remains
much that is not known regarding the role
played by autophagy in the context of tumor
cell EMT and metastasis, making a more com-
prehensive understanding of the contextual
inputs in individual scenarios important [41].
Further investigation is thus essential in order
to better clarify the specific role of autophagy
in metastasis to develop novel therapeutic
strategies to inhibit metastasis.

In conclusion, these results suggest a potential
model whereby BIRC7 represses PTC cell auto-
phagy, thereby enhancing the migration and
invasion of these cells. In this model, BIRC7
represses BECN1 and ATG5-dependent auto-
phagy, autophagic activity inhibition induces
EMT-like alterations and then promotes PTC
cell migration and invasion. As such, targeting
of BIRC7 may be a clinically beneficial strategy
in PTC patients, and thus this study provides a
basis for future investigations into this and
other strategies for PTC treatment.

Acknowledgements

This study was supported by the China Medical
Board (Grant no. 08-894).

Am J Cancer Res 2020;10(1):78-94



BIRC7 promotes PTC metastasis

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Hongchi Jiang, De-
partment of Hepatic Surgery, The First Affiliated
Hospital of Harbin Medical University, Harbin, Hei-
longjiang, China; Key Laboratory of Hepatosplenic
Surgery, Ministry of Education, Harbin, Heilong-
jiang, China. E-mail: jianghc2013@163.com; Dr.
Wenjie Dai, Department of Thyroid Surgery, The
First Affiliated Hospital of Harbin Medical Univer-
sity, Harbin 150001, Heilongjiang, China. E-mail:
davidhmu@163.com

References

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

93

Chen C, Zhou L, Wang H, Chen J, Li W, Liu W,
Shen M, Liu H and Fu X. Long noncoding RNA
CNALPTC1 promotes cell proliferation and mi-
gration of papillary thyroid cancer via sponging
miR-30 family. Am J Cancer Res 2018; 8: 192-
206.

Hu J, Li C, Liu C, Zhao S, Wang Y and Fu Z. Ex-
pressions of miRNAs in papillary thyroid carci-
noma and their associations with the clinical
characteristics of PTC. Cancer Biomark 2017;
18: 87-94.

Yoon SG, Yi JW, Seong CY, Kim JK, Kim SJ, Chai
YJ, Choi JY and Lee KE. Erratum: addition of
funding statement: clinical characteristics of
papillary thyroid carcinoma arising from the
pyramidal lobe. Ann Surg Treat Res 2017; 92:
387.

Siegel RL, Miller KD and Jemal A. Cancer sta-
tistics, 2016. CA Cancer J Clin 2016; 66: 7-30.
Yanir Y and Doweck |. Regional metastases in
well-differentiated thyroid carcinoma: pattern
of spread. Laryngoscope 2008; 118: 433-436.
King JM, Corbitt C and Miller FR. Management
of lateral cervical metastases in papillary thy-
roid cancer: patterns of lymph node distribu-
tion. Ear Nose Throat J 2011; 90: 386-389.
Cerutti JM, Oler G, Michaluart P Jr, Delcelo R,
Beaty RM, Shoemaker J and Riggins GJ. Mo-
lecular profiling of matched samples identi-
fies biomarkers of papillary thyroid carcinoma
lymph node metastasis. Cancer Res 2007; 67:
7885-7892.

Kasof GM and Gomes BC. Livin, a novel inhibi-
tor of apoptosis protein family member. J Biol
Chem 2001; 276: 3238-3246.

Dean EJ, Ranson M, Blackhall F, Holt SV and
Dive C. Novel therapeutic targets in lung can-
cer: Inhibitor of apoptosis proteins from labo-
ratory to clinic. Cancer Treat Rev 2007; 33:
203-212.

(10]

(11]

[12]

[13]

(18]

(19]

[20]

(21]

[22]

Schimmer AD, Dalili S, Batey RA and Riedl| SJ.
Targeting XIAP for the treatment of malignan-
cy. Cell Death Differ 2006; 13: 179-188.
Hunter AM, LaCasse EC and Korneluk RG. The
inhibitors of apoptosis (IAPs) as cancer tar-
gets. Apoptosis 2007; 12: 1543-1568.
Zhuang L, Shen LD, Li K, Yang RX, Zhang QY,
ChenYY, Gao CL, Dong C, Bi Q, Tao JN, Wang XN
and Tian Q. Inhibition of livin expression sup-
presses cell proliferation and enhances che-
mosensitivity to cisplatin in human lung ade-
nocarcinoma cells. Mol Med Rep 2015; 12:
547-552.

Chen F, Yang D, Wang S, Che X, Wang J, Li X,
Zhang Z, Chen X and Song X. Livin regulates
prostate cancer cell invasion by impacting the
NF-kappaB signaling pathway and the expres-
sion of FN and CXCR4. IUBMB Life 2012; 64:
274-283.

Kalluri R. EMT: when epithelial cells decide to
become mesenchymal-like cells. J Clin Invest
2009; 119: 1447-1419.

Polyak K and Weinberg RA. Transitions be-
tween epithelial and mesenchymal states: ac-
quisition of malignant and stem cell traits. Nat
Rev Cancer 2009; 9: 265-273.

Thiery JP, Acloque H, Huang RY and Nieto MA.
Epithelial-mesenchymal transitions in develop-
ment and disease. Cell 2009; 139: 871-890.
Gugnoni M, Sancisi V, Gandolfi G, Manzotti G,
Ragazzi M, Giordano D, Tamagnini |, Tigano M,
Frasoldati A, Piana S and Ciarrocchi A. Cad-
herin-6 promotes EMT and cancer metastasis
by restraining autophagy. Oncogene 2017; 36:
667-677.

Choi AM, Ryter SW and Levine B. Autophagy
in human health and disease. N Engl J Med
2013; 368: 651-662.

Plews RL, Mohd Yusof A, Wang C, Saji M, Zhang
X, Chen CS, Ringel MD and Phay JE. A novel
dual AMPK activator/mTOR inhibitor inhibits
thyroid cancer cell growth. J Clin Endocrinol
Metab 2015; 100: E748-756.

QinY, Sun W, Zhang H, Zhang P, Wang Z, Dong
W, He L, Zhang T, Shao L, Zhang W and Wu C.
LncRNA GAS8-AS1 inhibits cell proliferation
through ATG5-mediated autophagy in papillary
thyroid cancer. Endocrine 2018; 59: 555-564.
Wang Z, Liu S, Ding K, Ding S, Li C, Lu J, Gao
D, Zhang T and Bi D. Silencing Livin induces
ap-optotic and autophagic cell death, increas-
ing chemotherapeutic sensitivity to cisplatin
of renal carcinoma cells. Tumour Biol 2016;
37: 15133-15143.

Liu S, Li X, Li Q, Liu H, Shi Y, Zhuo H, Li C and
Zhu H. Silencing Livin improved the sensitivity
of colon cancer cells to 5-fluorouracil by regu-
lating crosstalk between apoptosis and au-
tophagy. Oncol Lett 2018; 15: 7707-7715.

Am J Cancer Res 2020;10(1):78-94


mailto:jianghc2013@163.com
mailto:davidhmu@163.com

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

94

BIRC7 promotes PTC metastasis

Zhao S, Wang Q, Li Z, Ma X, Wu L, Ji H and Qin
G. LDOC1 inhibits proliferation and promotes
apoptosis by repressing NF-kappaB activation
in papillary thyroid carcinoma. J Exp Clin Can-
cer Res 2015; 34: 146.

Liu C, Wu X, Luo C, Hu Z, Yin Z, He Y, Du H,
Zhang W, Jiang Q and Lin Y. Antisense oligo-
nucleotide targeting Livin induces apoptosis of
human bladder cancer cell via a mechanism
involving caspase 3. J Exp Clin Cancer Res
2010; 29: 63.

Hsieh CH, Lin YJ, Wu CP, Lee HT, Shyu WC and
Wang CC. Livin contributes to tumor hypoxia-
induced resistance to cytotoxic therapies in
glioblastoma multiforme. Clin Cancer Res
2015; 21: 460-470.

Ye L, Li S, Ye D, Yang D, Yue F, Guo Y, Chen X,
Chen F, Zhang J and Song X. Livin expression
may be regulated by miR-198 in human pros-
tate cancer cell lines. Eur J Cancer 2013; 49:
734-740.

Ashhab 'Y, Alian A, Polliack A, Panet A and Ben
Yehuda D. Two splicing variants of a new in-
hibitor of apoptosis gene with different biologi-
cal properties and tissue distribution pattern.
FEBS Lett 2001; 495: 56-60.

Gazzaniga P, Gradilone A, Giuliani L, Gandini O,
Silvestri |, Nofroni |, Saccani G, Frati L and
Agliano AM. Expression and prognostic signifi-
cance of LIVIN, SURVIVIN and other apoptosis-
related genes in the progression of superficial
bladder cancer. Ann Oncol 2003; 14: 85-90.
Hariu H, Hirohashi Y, Torigoe T, Asanuma H,
Hariu M, Tamura Y, Aketa K, Nabeta C, Nakani-
shi K, Kamiguchi K, Mano Y, Kitamura H, Ko-
bayashi J, Tsukahara T, Shijubo N and Sato N.
Aberrant expression and potency as a cancer
immunotherapy target of inhibitor of apoptosis
protein family, livin/ML-IAP in lung cancer. Clin
Cancer Res 2005; 11: 1000-1009.

Augello C, Caruso L, Maggioni M, Donadon M,
Montorsi M, Santambrogio R, Torzilli G, Vaira V,
Pellegrini C, Roncalli M, Coggi G and Bosari S.
Inhibitors of apoptosis proteins (IAPs) expres-
sion and their prognostic significance in hepa-
tocellular carcinoma. BMC Cancer 2009; 9:
125.

Kempkensteffen C, Hinz S, Christoph F, Krause
H, Koellermann J, Magheli A, Schrader M,
Schostak M, Miller K and Weikert S. Expres-
sion of the apoptosis inhibitor livin in renal cell
carcinomas: correlations with pathology and
outcome. Tumour Biol 2007; 28: 132-138.
Crnkovic-Mertens |, Wagener N, Semzow J,
Grone EF, Haferkamp A, Hohenfellner M, Butz
K and Hoppe-Seyler F. Targeted inhibition of
Livin resensitizes renal cancer cells towards
apoptosis. Cell Mol Life Sci 2007; 64: 1137-
1144.

(33]

(34]

(35]

(36]

[37]

(38]

[39]

[40]

[41]

Liang J, Li X, Li Y, Wei J, Daniels G, Zhong X,
Wang J, Sfanos K, Melamed J, Zhao J and Lee
P. LEF1 targeting EMT in prostate cancer inva-
sion is mediated by miR-181a. Am J Cancer
Res 2015; 5: 1124-1132.

Baum B, Settleman J and Quinlan MP. Transi-
tions between epithelial and mesenchymal
states in development and disease. Semin Cell
Dev Biol 2008; 19: 294-308.

Mowers EE, Sharifi MN and Macleod KF. Func-
tions of autophagy in the tumor microenviron-
ment and cancer metastasis. FEBS J 2018;
285: 1751-1766.

Catalano M, D’Alessandro G, Lepore F, Coraz-
zari M, Caldarola S, Valacca C, Faienza F, Es-
posito V, Limatola C, Cecconi F and Di Bartolo-
meo S. Autophagy induction impairs migration
and invasion by reversing EMT in glioblastoma
cells. Mol Oncol 2015; 9: 1612-1625.

Akalay I, Janji B, Hasmim M, Noman MZ, Andre
F, De Cremoux P, Bertheau P, Badoual C, Vielh
P, Larsen AK, Sabbah M, Tan TZ, Keira JH,
Hung NT, Thiery JP, Mami-Chouaib F and
Chouaib S. Epithelial-to-mesenchymal transi-
tion and autophagy induction in breast carci-
noma promote escape from T-cell-mediated ly-
sis. Cancer Res 2013; 73: 2418-2427.

Peng YF, Shi YH, Ding ZB, Ke AW, Gu CY, Hui B,
Zhou J, Qiu SJ, Dai Z and Fan J. Autophagy inhi-
bition suppresses pulmonary metastasis of
HCC in mice via impairing anoikis resistance
and colonization of HCC cells. Autophagy
2013; 9: 2056-2068.

Liu W, Wang X, Wang Y, Dai Y, Xie Y, Ping Y, Yin
B, Yu P, Liu Z, Duan X, Liao Z, Chen Y, Liu C, Li
Xand Tao Z. SGK1 inhibition-induced autopha-
gy impairs prostate cancer metastasis by re-
versing EMT. J Exp Clin Cancer Res 2018; 37:
73.

Kaverina N, Borovjagin AV, Kadagidze Z, Bary-
shnikov A, Baryshnikova M, Malin D, Ghosh D,
Shah N, Welch DR, Gabikian P, Karseladze
A, Cobbs C and Ulasov IV. Astrocytes promote
progression of breast cancer metastases to
the brain via a KISS1-mediated autophagy.
Autophagy 2017; 13: 1905-1923.

Kenific CM, Thorburn A and Debnath J. Auto-
phagy and metastasis: another double-edged
sword. Curr Opin Cell Biol 2010; 22: 241-245.

Am J Cancer Res 2020;10(1):78-94



