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1 | INTRODUCTION

1,2,3,4

Abstract

Objectives: SWI/SNF-related matrix-associated actin-dependent regulator of chro-
matin subfamily B member 1 (SMARCB1) loss is associated with a poor prognosis in
chordoma, while the mechanism remains largely unclear. Here, we aim to explore the
function and regulatory mechanisms of SMARCB1 in chordoma.

Materials and Methods: The effect of SMARCB1 on chordoma cells was investigated
in vitro and in vivo. Chromatin immunoprecipitation (ChIP) sequencing was used to
investigate the mechanisms of SMARCB1 in chordoma. The association between
SMARCB1 and autophagy was validated by Western blot, immunofluorescence and
transmission electron microscopy. In addition, the ATG5 expression in chordoma tis-
sue was assessed using immunohistochemistry and correlated with patient survival.
Results: SMARCB1 inhibited the malignant phenotype of chordoma cells in vitro
and in vivo, supporting a tumour suppressor role of SMARCB1 in chordoma. ATG5-
mediated autophagy was identified as a potential downstream pathway of SMARCB1.
Mechanistically, SMARCB1 bound directly to the ATG5 promoter and epigenetically
inhibited its transcription, which decreased ATG5 expression and impaired autophagy.
Additionally, autophagy inhibitor chloroquine had a potential anti-cancer effect on
chordoma cells in vitro. Moreover, high ATG5 expression was observed in recurrent
chordoma patients, which independently correlated with adverse outcomes.
Conclusions: Taken together, our results revealed that the SMARCB1/ATG5 axis is a
promising therapeutic target for chordoma and autophagy inhibitors may be effective

agents for chordoma treatment.

observed because of incomplete resection and resistance to radio-

Chordoma is a rare cancer with a poor prognosis, which is largely
located in the spine and skull base, and is characterized by broad
expression of Brachyury.™? To date, surgical removal and adjuvant ra-
diotherapy are recommended to prolong the survival of chordoma pa-

tients.>* However, high recurrence and progression rates are frequently

therapy.1 Additionally, conventional chemotherapeutic drugs have a
limited effect on patient survival.® Although clinical trials of potential
target agents, which include imatinib, apatinib and a Brachyury vaccine,
have been carried out recently,® 8 the results are unsatisfactory and the
outcomes of chordoma patients remain dismal. Thus, identification of

promising biomarkers and therapeutic targets in chordoma is urgent.
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SMARCBI, a potential tumour suppressor gene located at chro-
mosome 22q11.2, is a core component of the SWI/SNF complex that
plays a prominent role in several cellular biological behaviours and
the development of cancers.””*! Numerous studies have revealed
decreases in SMARCB1 expression or inactivation of SMARCB1
in various cancers, such as malignant rhabdoid tumours,'? familial
schwannomatosis®® and epithelioid sarcomas.* However, a recent
study has indicated a potentially oncogenic role of SMARCB1 in liver
cancer.’ In chordoma, our previous study and other studies showed
that the low expression or loss of SMARCB1 correlate with dismal
survival.'*¥” Moreover, recent studies proposed chordoma with
SMARCB!1 loss as a potential novel subset of chordoma, poorly dif-
ferentiated chordoma, which displays aggressive behaviour and a dis-
mal prognosis.”*82° However, the biological function and underlying
mechanism of SMARCB1 in chordoma remain to be elucidated.

Autophagy is an evolutionarily conserved, cellular self-protection
process that is essential to maintain intracellular homeostasis via the
degradation of cellular materials.?*?? Increasing evidence demon-
strates that autophagy participates in tumour progression and drug re-
sistance of tumours, which suggests the therapeutic value of targeting
autophagy.23’25 As an essential autophagy-related gene (ATG), ATG5
plays a vital role in autophagosome formation and correlates with poor
survival of several cancers.?¢2® However, to date, the role of auto-
phagy in chordoma remains largely unclear. Additionally, no previous
study has investigated the expression, prognostic role or potential up-
stream regulators of ATG5 in chordoma.

Here, we examined the role and potential regulatory mechanism
of SMARCB1 in chordoma. In knockdown and overexpression exper-
iments, we found that SMARCB1 inhibited cell proliferation and in-
vasion by regulating autophagy. Mechanistically, SMARCB1 bound
directly to the promoter region of ATG5 and epigenetically inhibited
transcription of ATG5, which impaired autophagy. Our results suggest
the SMARCB1-ATG5-autophagy axis as a possible novel therapeutic
target in chordoma.

2 | MATERIALS AND METHODS

2.1 | Cellculture

The human chordoma cell line UM-Chor1 was purchased from the
American Type Culture Collection (ATCC), and MUG-Chor1 cells
were kindly provided by the Chordoma Foundation. Cells were cul-
tured in a mixture of IMDM (ATCC) and RPMI-1640 (ATCC) culture
media (4:1) supplemented with 10% foetal bovine serum and 1% an-
tibiotics in a 5% CO2 incubator at 37°C.

2.2 | Lentiviral vector, siRNA, and transfection
Lentiviral vectors for SMARCB1 knockdown and overexpression,
and respective controls (named shNC, shSMARCB1, vector and
SMARCB1 respectively) were acquired from Genechem (Shanghai,
China). To establish stably transfected cell lines, 2 ug/ml puromycin
was applied. Small interfering RNA (siRNA) against ATG5 (siATG5)
and negative control (siNC) was obtained from RiboBio (Guangzhou,
China). Chordoma cells were transfected using Lipofectamine 3000
(Invitrogen). Autophagy inhibitor chloroquine (CQ) was purchased
from MedChemExpress. All sequences are detailed in Table S1.

2.3 | RNA extraction and qRT-PCR

Total RNA was isolated from chordoma cells using TRIzol reagent
(Invitrogen), and the SuperScript Il First Strand Synthesis System
(Invitrogen, USA) was used to synthesize cDNA. gRT-PCR was con-
ducted on a QuantStudio 5 (Applied Biosystems) in triplicate. Target
gene expression was normalized to GAPDH expression and shown

as 2722CT Primer sequences are provided in Table S2.

2.4 | Western blot assay

Western blot was performed as described previously.? The primary
antibody against SMARCB1 was purchased from Bethyl (A301-
087A, 1:2500). A primary antibody against ATG5 was purchased
from Proteintech (10181-2-AP, 1:1000). A primary antibody against
p62 was purchased from Cell Signaling Technology (39749, 1:1000).
A primary antibody against LC3B was purchased from Novus
(NB100-2220, 1:500). An anti-GAPDH antibody was purchased
from ZSGB-BIO.

2.5 | Cell counting kit-8 (CCK-8) and colony
formation assays

Cell viability was evaluated using CCK-8 (Dojindo, Japan). Briefly,
2 x10° UM-Chor1 cells per well and 6 x 10° MUG-Chor1 cells per
well were seeded in a 96-well plate. CCK-8 was added at 0, 1, 2 and
3 days, and absorbance at 450 nm was then measured. For colony
formation assays, 2 x 10° transfected chordoma cells were seeded
in a six-well plate and incubated for 14 days. Colonies were then
fixed with 4% paraformaldehyde, stained with crystal violet and

counted.

FIGURE 1 SMARCB1 played a tumour suppressor role in chordoma. (A and B) The mRNA and protein expression of SMARCB1 in
UM-Chor1 and MUG-Chor1 cells with different transfection. (C and D) CCK-8 assay of chordoma cells with SMARCB1 knockdown and
overexpression. (E and F) Colony formation assay of chordoma cells with SMARCB1 knockdown and overexpression. (G-J) The migration
and invasion ability of UM-Chor1 and MUG-Chor1 cells with different transfection. Scale bar, 50 um for migration and 100 um for invasion.
Student's t test (A-B and E-J). One-way ANOVA (C and D). *p < 0.05, **p < 0.01



LI ET AL CeII ; Wl LEYJ—S of 14
Proliferation
. ranswell migration and invasion assays riefly, 2 x -Chor1 cells or 1 x -Chor1 cells were
2.6 Ti Il migrat d Briefly, 2 x10* UM-Chor1 cells or 1 x10° MUG-Chor1 cell
W s UM-Chor! MUG-Chort 2. ° . Vector
. Em shNC -Chor g or o\ BS W SHAECH] UM-Chor1 MUG-Chor1
S92 ~* @m ShSMARCB1 c® eCP' Rae i o\ et
Ca G N @ of P ot \p&
£ aN© s\\SN\P‘ o ot % 5, NG
”n X )
£ 0s SMARCB1 L Flag-SMARCB!1
0.0 ; Py “o‘« “o‘«
\)\3’0‘\0;\)0'0\\0 \)\“p “\)69
C) 4. -Chor : -Chor D), -Chor 1 -Chor
(©) 4 UM-Chor1 & MUG-Chor1 (D) 4 UM-Chor1 . MUG-Chor1
| shNC k4 - - shNC e 5 | = Vector ks Vector
£ 3] = ShSMARCB1 £ 51 = shSMARCB1 £ ;] = smarcst = 41 = SMARCB1
2 * o ok 2 Qo
K| S 4- K| s
= 2 2 . ¥ 2 3 "
3 21 3 3 3 2 3 -
2 S 2 p 3 23
5 14 s B 1- 5 5,
& & 1 & ¢
ol— . , . 0l— r , , ol : . . ol — . . .
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
Days Days Days Days
shNC SMARCBH1

T

UM-Chor1

MUG-Chor1

®

UM-Chor1

g
o =
S
(O]
D
=

—_
=

UM-Chor1

<}
<
<
o
2
=

shSMARCB1

Bl shNC
@8 shSMARCB1

ok

ok

Number of colonies

UM-Chor1 MUG-Chor1

Migration
shSMARCB1

Il shNC
@8 shSMARCB1
0 ek

shNC

(23
[=3

2004

100+

Number of migrating cells

A A
oo e'c'“o‘
>

Invasion
shSMARCB1

E shNC
@ shSMARCB1
*

250

*%

200+

150

100+

50+

Number of invaded cells

A
o°
O

‘3\0

A
ot
W

3

Vector

N
a
E-)

Bl Vector
@8 SMARCB1

UM-Chor1
Number of colonies
g2 8 8 8

o

UM-Chor1 MUG-Chor1

MUG-Chor1

z

Migration
SMARCB1

Vector

T | & 50088 Vector
o ©
58 S  |mm sMARCB1
=5 - 2 1501 ==
5§ B
2 ]
g 100

b= ‘s ek
o = 504 =
5 3
o E
= = '8 <

*4 ‘\0 \(\0

\)“‘,G \)@G
) Invasion
Vector SMARCB1
Bl Vector
5 1507w SMARCB1
) ek
=
=)
ok

Number of invaded cells

MUG-Chor1

A A
W e
K



LI ET AL.

incubated in an 8.0-um Transwell chamber (Corning) with or without
Matrigel. After 48 h, the migrated or invaded chordoma cells at the
lower surface were fixed with paraformaldehyde and stained with crys-

tal violet.

2.7 | Chromatin immunoprecipitation (ChIP)
sequencing and ChiP-qPCR

UM-Chor1 cells were applied to ChlP sequencing. Briefly, after cross-
linking by formaldehyde, the nuclear extract of the cells was collected
and the chromatin was immunoprecipitated with an anti-SMARCB1
antibody (ab12167, 10 pg; Abcam) or anti-IgG antibody (8 pg;
Millipore). High-throughput DNA sequencing libraries were prepared
by GeneCreate Biological Engineering Co., Ltd (Wuhan, China) using
the VAHTS Universal DNA Library Prep Kit for Illumina V3 (Catalog
No. ND607; Vazyme). The library products that corresponded to 200-
500 bp were enriched, quantified and then sequenced on a Novaseq
6000 sequencer (lllumina). The data were analysed and mapped to the
hg19 genome using STAR software with default parameters. MACS2
and bedtools software were used for peak calling and identification
of different binding peaks. Function annotation of peak-related genes
was then conducted. ChIP-qPCR was applied to confirm the ChlIP se-
quencing results. The primers of ChIP-gPCR are listed in Table S2.

2.8 | Electrophoretic mobility shift assay

Reaction mixtures that contained biotin-labelled ATG5 promoter
probes (GeneCreate Biological Engineering Co., Ltd, Wuhan, China)
and/or nuclear proteins of UM-Chor1 cells were incubated with or
without the anti-SMARCB1 antibody (ab12167, Abcam) for 30 min
according to the manufacturer's instructions. Then, the samples were
subjected to 6% PAGE (80 V, 50 min), transferred to nylon membranes
and finally visualized. The detailed probe information of the ATG5 pro-
moter is shown in Table S3.

2.9 | Immunofluorescence

A total of 5 x10® UM-Chor1 cells or 2 x 10" MUG-Chor1 cells were
seeded on coverslips in a 24-well plate. After 24 h, the cells were fixed
with 4% paraformaldehyde, permeabilized using 0.5% Triton X-100,
blocked by 5% goat serum and then incubated with the anti-LC3B an-
tibody (NB100-2220, 1:200, Novus), followed by a Goat anti-Rabbit
Alexa Fluor 594 secondary antibody (A-11037, 1:500; Thermo Fisher

Scientific). Cells were mounted using a fluorescence mounting medium
with DAPI (ZSGB-BIO) and finally visualized under a Zeiss microscope.

2.10 | Transmission electron microscopy

After collection using a cell scraper and centrifugation at 193 g for
5 min, chordoma cells were fixed with 2% glutaraldehyde and 1% os-
mium tetroxide, dehydrated in graded ethanol solutions and followed
by embedment in epikote. Then, 50 nm ultrathin sections were con-
structed, stained with uranyl acetate and lead citrate and finally visual-
ized under a transmission electron microscope (H-7650; Hitachi, Japan).

2.11 | Tumour specimens, immunohistochemistry
(IHC) and analysis

A total of 84 histopathologically diagnosed skull base chordoma
specimens from Beijing Tiantan Hospital between January 2008 and
November 2010 were applied to IHC analysis. Additionally, 10 paired
primary and recurrent specimens were also collected. The clinical in-
formation (age, classified by 55 years; gender; tumour volume, clas-
sified by 20 cm®; blood supply, abundant (tumour resection surface
with a tendency to bleed and is hard to aspirate clearly), poor (lim-
ited bleeding that is easy to aspirate clearly) and moderate (between
poor and abundant); texture, classified as hard (tumours could hardly
be excised without scissor or punch forceps), soft (tumours could be
easily suctioned when using the aspirator) and moderate (between
hard and soft); etc.) of the 84 patients was reviewed as our previous
study reported and is detailed in Table $4.#2%% |HC was performed
using the Leica Bond lll automated system as we have described
previously.? Primary antibody against ATG5 (sc-133158, 1:50; Santa
Cruz Biotechnology) was used for IHC of chordoma specimens. The
IHC score of ATG5 was evaluated under a Leica Aperio AT2 scanner
and defined as the product of the score of positive tumour cells as a
percentage (0, no positive tumour cells; 1+, less than 25% cells; 2+,
25%-50% cells; 3+, >50% cells) x the score of the staining intensity (O,
no staining; 1+, weak, light yellow; 2+, moderate, yellow-brown; 3+,
strong, brown).2>%? Low ATG5 expression was defined as an IHC score

of <4, and IHC scores of 24 were defined as high ATG5 expression.

2.12 | Xenograft model

To establish the chordoma model, 5 x10® MUG-Chor1 cells were
suspended in a mixture of 100 pl PBS and 100 pl Matrigel and then

FIGURE 2 SMARCBI1 regulated autophagy in chordoma cells. (A) ChIP sequencing of UM-Chor1 cells suggested significant enrichment
of SMARCB1-associated peaks in TSS regions. (B) GO analysis of SMARCB1-associated peaks identified enrichment of autophagy. (C)

The mRNA expression of several autophagy-related genes in UM-Chor1 and MUG-Chor1 cells. (D) The protein expression of LC3 and

P62 in chordoma cells with different transfection. (E) Immunofluorescence images of LC3B and DAPI in chordoma cells under different
transfection. Scale bar, 5 um. (F) Transmission electron microscopy images of autophagic vacuoles in chordoma cells. Scale bar, 0.5 um. (G)
The protein expression of LC3 in chordoma cells with different treatments. Student's t test (C). One-way ANOVA (F). *p < 0.05, **p < 0.01
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subcutaneously injected into the left flank of BALB/c nude mice
(5-6 weeks of age, female; Beijing Vital River Laboratory Animal
Technology). Tumour size was determined using the following for-
mula: volume = (length x width?)/2. After 6 weeks, the tumour
xenografts were extracted, weighed and applied to IHC staining
for ATG5 (sc-133158, 1:200; Santa Cruz Biotechnology) and LC3B
(NB100-2220, 1:400; Novus) and haematoxylin-eosin (HE) staining.

2.13 | Statistical methods

Data are presented as the mean + SD. Statistical analysis was per-
formed with SPSS 19.0 (IBM Corporation, USA) and GraphPad Prism 7.0
(GraphPad, USA). The Student's t test, paired t test and one-way ANOVA
were used for statistical analyses between groups. The chi-squared
test was used to compare clinicopathological characteristics between
ATG5 subgroups. The Kaplan-Meier survival curve and Cox analysis were
applied for survival analysis. Statistical significance was based on p < 0.05.

3 | RESULTS

3.1 | SMARCBI1 regulates the proliferation,
migration, and invasion of chordoma cells

We first established stably transfected SMARCB1 knockdown and
overexpressing chordoma cells, and the efficiencies were checked by
gRT-PCR and Western blot (Figure 1A, B). Next, we analysed the ef-
fect of SMARCB1 on cell viability using CCK-8 assay and observed
increases in the viabilities of SMARCB1 knockdown UM-Chorl and
MUG-Chor1 cells (Figure 1C). Correspondingly, overexpression of
SMARCBI led to impaired cell viability (Figure 1D). Additionally, we
found a similar in colony formation assay (Figure 1E, F). We also in-
vestigated the effect of SMARCB1 on the migration and invasion of
chordoma cells. The results indicated that SMARCB1 knockdown
significantly promoted the migration and invasion of chordoma cells,
whereas SMARCB1 overexpression attenuated the migration and in-
vasion of UM-Chor1 and MUG-Chor1 chordoma cells (Figure 1G-J).
Together, these findings revealed that changes in SMARCB1 expres-
sion affected the malignant phenotype of chordoma cells.

3.2 | SMARCBI1 knockdown activates autophagy in
chordoma cells

We then asked the potential downstream molecules mediated by
SMARCB1 in chordoma cells by ChlIP sequencing of UM-Chorl

cells incubated with or without an anti-SMARCB1 antibody. We
identified 6714 peaks, which corresponded to 2957 genes, in the
SMARCB1 group compared with the input control (Figure S1A).
Significant enrichment of SMARCB1-associated peaks in the tran-
scription start site (TSS) region was observed, which revealed the
potential regulation of transcription by SMARCB1 (Figure 2A).
Interestingly, Gene Ontology (GO) analysis of related genes iden-
tified several autophagy-related terms that included regulation
of autophagosome assembly, autophagosome and autophago-
some assembly (Figures 2B, S1B-D). Thus, we speculated that
SMARCB1 may function via autophagy in chordoma, and we then
explored the ATGs in cells with changes in SMARCB1 expres-
sion. The mRNA expression of several ATGs was increased after
SMARCB1 knockdown, which was decreased in cells that overex-
pressed SMARCB1 (Figure 2C). We also found changes in expression
of two autophagy markers, LC3B and P62, in these cells (Figure 2D).
Moreover, we validated the negative association between au-
tophagy and SMARCB1 by immunofluorescence and observed
decreased LC3B puncta in SMARCB1 knockdown cells and aug-
mented LC3B punctain SMARCB1-overexpressing cells (Figure 2E).
Transmission electron microscopy (TEM) analysis further revealed
significant changes in autophagic vacuoles in SMARCB1 knock-
down and overexpressing cells (Figure 2F). To further explore
whether SMARCB1 knockdown promoted autophagy via enhanced
autophagy flux or impaired autophagosome clearance, we treated
SMARCB1 knockdown cells with lysosomal inhibitor CQ, which in-
creased the LC3-1l expression in SMARCB1 knockdown UM-Chor1
and MUG-Chor1 cells (Figure 2G). Taken together, these findings
suggested that SMARCB1 knockdown induced autophagic flux in
chordoma cells.

3.3 | SMARCBI1 negatively regulates ATG5
expression by directly targeting the promoter of ATG5

We next explored the potential autophagy-related targets of
SMARCB1. ChIP sequencing suggested potential enrichment of
SMARCB1 in the promoter region of ATG5 (Figure 3A). The subse-
quent ChIP-qPCR verified binding of SMARCB1 to the ATG5 pro-
moter (+8 to +263 bp) (Figure 3B). To further clarify the detailed
binding site, we designed five probes of the binding region and per-
formed an electrophoretic mobility shift assay (EMSA). The results
showed probes 1, 2 and 4 formed a supershift band with the nuclear
extract and SMARCB1 antibody (Figure 3C). We also found aug-
mentation of ATG5 expression in SMARCB1 knockdown cells and
impaired ATG5 expression in SMARCB1-overexpressing chordoma
cells (Figure 3D and E).

FIGURE 3 SMARCB1 regulated ATG5 expression by directly binding to the ATG5 promoter. (A) ChIP sequencing revealed the potential
peak of SMARCB1 around the ATG5 promoter. (B) ChIP-gPCR results of UM-Chor1 cells confirmed the potential bind of SMARCB1. (C)
Electrophoretic mobility shift assay of UM-Chor1 cells showed probes 1, 2 and 4 of ATG5 promoter could form the supershift band with the
nuclear extract and SMARCB1 antibody, further confirming the binding of SMARCB1 at ATG5 promoter. (D and E) The mRNA and protein
expression of ATG5 in UM-Chor1 and MUG-Chor1 cells with different transfection. Student's t test (D). **p < 0.01
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FIGURE 4 ATG5 knockdown reversed the SMARCB1 loss-mediated malignant phenotype. (A) CCK-8 assay of UM-Chor1 and
MUG-Chor1 cells with or without ATG5 knockdown. (B) Colony formation assay of UM-Chor1 and MUG-Chor1 cells with or without
ATG5 knockdown. (C) The migration and invasion of UM-Chor1 and MUG-Chor1 cells with or without ATG5 knockdown. Scale bar,

50 um for migration and 100 um for invasion. (D) The protein expression of LC3 in chordoma cells with or without ATG5 knockdown. (E)
Immunofluorescence images of LC3B and DAPI in chordoma cells with or without ATG5 knockdown. Scale bar, 5 um. (F) Transmission
electron microscopy images of autophagic vacuoles in chordoma cells with or without ATG5 knockdown. Scale bar, 0.5 um. One-way

ANOVA (A-C and F). *p < 0.05, **p < 0.01

3.4 | ATG5 knockdown and an autophagy inhibitor
reverse the effect of SMARCB1 on chordoma cells

To determine whether ATG5 participates in the tumour sup-
pressor role of SMARCB1 in chordoma, we examined the effect
of ATG5 knockdown in UM-Chorl and MUG-Chorl cells with
SMARCB1 knockdown. The mRNA and protein expression of
ATG5 were successfully inhibited by ATG5 siRNA (Figure S2A and
B). The CCK-8 assay revealed that the SMARCB1 knockdown-
mediated increase in proliferation was suppressed by ATG5 inhibi-
tion (Figure 4A). Additionally, the colony number was consistently
decreased after ATG5 inhibition (Figure 4B). Transwell assays also
identified suppressed migration and invasion of SMARCB1 knock-
down cells treated with ATG5 siRNA (Figure 4C). Of note, the en-
hanced autophagy in SMARCB1 knockdown cells was impaired by
ATG5 siRNA, as suggested by the attenuated LC3-Il level, decreased
LC3B puncta and reduced autophagic vacuoles (Figure 4D-F).

We also assessed the effect of autophagy inhibitor CQ in chor-
doma. CCK-8 assay revealed that CQ inhibited chordoma cell pro-
liferation in a dose-dependent manner (Figure 5A). Additionally,
CQ suppressed the proliferation and colony formation of
SMARCB1 knockdown cells (Figure 5B, C). Moreover, the migra-
tion and invasion of SMARCB1 knockdown cells were significantly
suppressed after CQ treatment (Figure 5D). Together, these results
indicated that ATG5-mediated autophagy was essential for the ma-
lignant phenotype of SMARCB1 knockdown chordoma cells.

3.5 | High expression of ATG5 correlates with a
poor prognosis of chordoma patients

We next analysed the expression of ATG5 in chordoma tissues by
IHC (Figure S3). As a result, higher ATG5 expression was observed in
recurrent chordoma compared with corresponding primary tumours
(Figure 6A, B), suggesting an oncogenic role of ATG5 in chordoma.
We then investigated potential associations between ATG5 expres-
sion and the clinical features and prognoses of the 84 chordoma
patients (Table S4). Although no significant association between
ATGS5 and clinical features was identified, we found that high ATG5
expression was associated with shorter progression-free survival
time (median, 20 months versus 80 months) and overall survival time
(median, 97 months versus >168 months) comparing with the low
ATGS5 expression group (Figure 6C, D). Moreover, multivariable Cox
analysis identified that high ATG5 could independently predict an
adverse prognosis of chordoma patients (Tables 1 and 2).

3.6 | SMARCB1 inhibits tumour growth and
regulates autophagy in vivo

To confirm the tumour suppressive effect of SMARCB1 in chordoma
in vivo, we established a xenograft model in BALB/c nude mice using
MUG-Chor1 cells with stable transfection of SMARCB1. As shown
in Figure 7A-C, chordoma cells with SMARCB1 overexpression
showed a delay in tumour growth compared with the vector group.
Overexpression of SMARCB1 in the xenografted tissues was further
confirmed (Figure 7D). Additionally, increased P62 expression and
attenuated ATG5 and LC3B expression in SMARCB1-overexpressing
xenografts were observed, confirming the association between
SMARCB1 and ATG5-mediated autophagy (Figure 7D, E).

4 | DISCUSSION

Our results confirmed the tumour suppressor role of SMARCB1 in
chordoma in vitro and in vivo. Moreover, we identified ATG5 as a
direct downstream target of SMARCB1 and revealed the association
between autophagy and SMARCB1 in chordoma (Figure 7F). These
findings may provide novel insights into the molecular mechanism by
which SMARCB1 regulates cancer progression.

SMARCB1 regulates various oncogenic/tumour suppressor path-
ways by regulation of transcription via the form of SWI/SNF complex
or interactions with transcription factors.3*"> Robust data have re-
vealed that SMARCBI1 functions as a tumour suppressor gene during
cancer progression, although one study has reported a tumorigenic
role in liver cancer.”1%> In chordoma, loss of SMARCB1 characterizes
a novel subtype of chordoma with a dismal prognosis, namely poorly
differentiated chordoma.”"*? Previous studies have mainly focussed
on the origin of SMARCB1 loss and identified locus deletion rather
than gene mutation as the potential mechanism.}”23¢ However, the
downstream mechanism of SMARCB1 in chordoma remains largely
unclear. Here, we confirmed the tumour suppressor role of SMARCB1
in chordoma in vitro and in vivo. Moreover, ChIP sequencing and GO
analysis revealed that autophagy may be involved in the effect of
SMARCB1 on chordoma cells and identified ATG5 as a novel transcrip-
tional target of SMARCB1. Rescue experiments using ATG5 siRNA or
CQ further confirmed that ATG5-mediated autophagy played a major
role in the oncogenesis of SMARCB1 loss. Recently, MYC-p53 me-
diated autophagy activation was reported in SMARCB1-deficient
malignancies.37 Our data further supported the novel association be-
tween SMARCB1 and autophagy and suggested another molecular
mechanism by which SMARCB1 mediates autophagy. Our results are
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FIGURE 5 Autophagy inhibitor CQ reversed the SMARCB1 loss-mediated malignant phenotype. (A) The dose-dependent curves of CQ
in UM-Chor1 and MUG-Chor1 cells. (B) CCK-8 assay of UM-Chor1 and MUG-Chor1 cells with or without 20 uM CQ treatment. (C) Colony
formation assay of UM-Chor1 and MUG-Chor1 cells with or without 20 uM CQ treatment. (D) The migration and invasion of UM-Chor1 and
MUG-Chor1 cells with or without 20 uM CQ treatment. Scale bar, 50 um for migration and 100 um for invasion. One-way ANOVA (B-D). **p
<0.01

in favour of the speculation that compared with SMARCB1 positive activation of ATG5, contributing to the malignant phenotype and
chordoma, the autophagy is enhanced in SMARCB1 negative chor- adverse survival. We are currently collecting the clinicopathological
doma due to the loss of SMARCB1 and subsequently transcriptional information and tissue specimen of SMARCB1 negative chordoma
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FIGURE 6 High ATG5 expression correlated with poor survival in chordoma. (A and B) IHC suggested higher ATG5 expression in
recurrent chordoma compared with the corresponding primary chordoma. Scale bar, 200 um. (C) Kaplan-Meier curves of progression-free
survival stratified by ATG5 expression. (D) Kaplan-Meier curves of overall survival stratified by ATG5 expression. Paired t test (B). Log-rank

test (C-D). **p < 0.01

TABLE 1 Univariable and multivariable Cox analysis of progression-free survival in skull base chordoma

Univariable analysis

Multivariable analysis

Variables HR 95% ClI p value HR 95% CI p value
Age (>55/<55 years) 1.226 0.626-2.401 0.552

Sex (female/male) 0.980 0.607-1.581 0.933

Tumour volume (>20/<20 cm®) 2.115 1.295-3.454 0.003* 1.819 1.097-3.019  0.021*

Texture (hard or moderate/soft) 1.034 0.639-1.672 0.893

Blood supply (abundant/poor or moderate) 1.352 0.836-2.187 0.219

Brainstem involvement (yes/no) 1.400 0.852-2.300 0.184

Degree of resection (non-total/total resection) 3.252 1.545-6.847 0.002* 2.779 1.306-5.914 0.008*
ATG5 expression (high/low) 2.525 1.523-4.188 <0.001* 2.315 1.382-3.878  0.001*

Note: *p < 0.05.

(poorly differentiated chordoma) and will investigate the potential
difference of autophagic level and molecular mechanism between
SMARCB1 positive chordoma and SMARCB1 negative chordoma in
our future work. In addition, the GO analysis suggested several po-
tential downstream pathways of SMARCB1, such as lipid kinase ac-
tivity and phospholipid metabolic process. Further studies including
metabonomics and phosphorylation proteomics of chordoma cells

with SMARCB1 changes or SMARCB1 positive/negative chordoma
are highly recommended to comprehensively analyse the mechanism
of SMARCB1 in chordoma.

Expanding attention has been focussed on autophagy because
of its Janus-faced effect on tumour progression.38 One previous
study on chordoma reported the presence of autophagosomes and
autophagolysosomes in chordoma cell lines.®’ Additionally, a recent
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TABLE 2 Univariable and multivariable Cox analysis of overall survival in skull base chordoma
Univariable analysis Multivariable analysis
p
Variables HR 95% Cl p value HR 95% CI value
Age (>55/555 years) 0.755 0.266-2.141 0.597
Sex (female/male) 1.170 0.617-2.221 0.631
Tumour volume (>20/<20 cm®) 1.677 0.854-3.295 0.133
Texture (hard or moderate/soft) 1.111 0.579-2.130 0.752
Blood supply (abundant/poor or moderate) 2177 1.095-4.330 0.027* 1.718 0.982-3.006 0.058
Brainstem involvement (yes/no) 1.805 0.894-3.644 0.099
Degree of resection (non-total/total resection) 5.477 1.316-22.800 0.019* 4.998 1.195-20.901 0.028*
ATG5 expression (high/low) 2.801 1.356-5.785 0.005* 2.403 1.142-5.058 0.021*
Note: *p < 0.05.
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FIGURE 7 SMARCB1 inhibited chordoma progression in vivo. (A) Representative images of MUG-Chor1 xenograft with or without
SMARCB1 overexpression. (B and C) Tumour volume and weight of xenograft with or without SMARCB1 overexpression. (D) Western blot
of SMARCB1 and P62 (a specific substrate for autophagy) expression of xenograft tissues. (E) Representative images of HE and IHC staining
of ATG5 and LC3B in xenograft tissues. Scale bar, 200 um. (F) Schematic model showing SMARCB1-mediated epigenetic repression of ATG5
transcription and regulation of autophagy in chordoma. Student's t test (B-C). *p < 0.05

IHC analysis showed positive expression of autophagic markers
LC3B, P62 and ATG16L1 in chordoma compared with normal noto-
chords, which revealed the potential oncogenic role of autophagy in
chordoma.®? Consistent with prior observations, we found positive

expression of ATG5, a vital ATG during autophagy, in chordoma,
especially recurrent chordoma, and identified ATG5 as a novel ad-
verse prognostic factor of chordoma patients. Additionally, our in
vitro data suggested impairments of proliferation, migration and
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invasion of chordoma cells after blocking autophagy by ATG5 siRNA
or autophagy inhibitor CQ, revealing the tumour promotive effect
of autophagy in chordoma. Our results support the assumption that
autophagy is implicated in chordoma tumorigenesis,®? highlighting
the importance of further exploring the role and regulatory mecha-
nism of autophagy in chordoma.

Previous clinical studies have demonstrated the promising ther-
apeutic role of autophagy inhibitors in cancer treatment alone or
in combination with anti-cancer therapies, such as chemotherapy,
radiotherapy and targeted therapy.“o’42 Our findings provide a
preclinical basis for clinical trials of autophagy inhibitors, although
further in vivo validation and development of other underlying
autophagy-related agents are warranted. Moreover, considering the
deficiency of satisfactory chemotherapies and targeted therapies

for chordoma to date,i'S’t”'S'43

on the basis of our preclinical data, we
speculate that the use of autophagy inhibitors combined with anti-
cancer therapies may resolve this plight in chordoma.

In summary, our findings confirmed the tumour suppressor
role of SMARCB1 in chordoma in vitro and in vivo. Mechanistically,
SMARCBI1 binds directly to the ATG5 promoter and transcriptionally
regulates its expression, which subsequently regulates autophagy

and the malignant phenotype of chordoma.
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