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Abstract

Tumour metastasis is a major reason accounting for the poor prognosis of colorectal cancer (CRC), and the discovery of
targets in the primary tumours that can predict the risk of CRC metastasis is now urgently needed. In this study, we identified
autophagy-related protein 9B (ATGY9B) as a key potential target gene for CRC metastasis. High expression of ATG9B in
tumour significantly increased the risk of metastasis and poor prognosis of CRC. Mechanistically, we further find that ATG9B
promoted CRC invasion mainly through autophagy-independent manner. MYHO is the pivotal interacting protein for ATG9B
functioning, which directly binds to cytoplasmic peptide segments aa368-411 of ATG9B by its head domain. Furthermore,
the combination of ATG9B and MYH9 enhance the stability of each other by decreasing their binding to E3 ubiquitin ligase
STUBI, therefore preventing them from ubiquitin-mediated degradation, which further amplified the effect of ATG9B and
MYH9 in CRC cells. During CRC cell invasion, ATG9B is transported to the cell edge with the assistance of MYH9 and
accelerates focal adhesion (FA) assembly through mediating the interaction of endocytosed integrin f1 and Talin-1, which
facilitated to integrin Pl activation. Clinically, upregulated expression of ATGY9B in human CRC tissue is always
accompanied with highly elevated expression of MYHY and associated with advanced CRC stage and poor prognosis. Taken
together, this study highlighted the important role of ATG9B in CRC metastasis by promoting focal adhesion assembly, and

ATGI9B together with MYHO can provide a pair of potential therapeutic targets for preventing CRC progression.
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Introduction

Colorectal cancer (CRC) is the third most common malig-
nancy, with around 1.8 million newly diagnosed cases
worldwide annually [1]. Forty percent of cases develop
metastasis, which is the major reason for the high mortality of
CRC [2, 3]. Tumour metastasis is a sophisticated biological
process, and the molecular mechanism still cannot be fully
explained. Unravelling the molecular mechanisms underlying
CRC metastasis is vital to develop early intervention strate-
gies, especially for individuals with high risk of metastasis.
Autophagy is the process to maintain cellular homoeostasis
and is regulated by almost 40 autophagy-related proteins
(ATGs). To our knowledge, ATGs not only play important
roles in autophagy but also contribute prominently to tumour
metastasis [4]. Autophagy-related protein 9B (ATG9B) is
identified as a multi-spanning membrane protein and partici-
pates in autophagosome formation and autophagy initiation in
mammalian cells [5]. It has been reported that ATG9B
interacts with p38IP and is regulated by p38a mitogen-
activated protein kinase pathway [6], which then regulates the
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trafficking of ATG9B and therefore affects autophagy process
in a mammalian system. Moreover, the expression of ATG9B
is tissue specific, which is abundant in organs such as placenta
and ovary but minimum in testis, liver, lung, muscle, pan-
creas, and brain, and is important in embryonic development
[7]. In our previous study, we identified ATG9B as a
downstream target of MALAT-1 [8], which is reported to
play an important role in CRC metastasis. To date, few stu-
dies on the relationship between ATG9B and tumours have
been conducted. Yet the role and mechanism of ATGYB in
CRC metastasis remain unclear.

Here we first specifically report that ATG9B is an
upregulated protein in CRC and promotes CRC metastasis
through enhancing assembly of focal adhesions (FAs) with
the assistance of myosin-9 (MYH9). In this context,
ATGY9B and MYHY may serve as a pair of potential diag-
nostic markers and therapeutic targets for CRC metastasis.

Materials and methods

Antibodies and small interfering RNA (siRNA)
sequences

The antibodies used in the study are listed in Supplementary
Table S4, including catalogue numbers, commercial provi-
ders and application. siRNA sequences used in the study are
listed in Supplementary Table S5.

Cell lines and cell culture

The CRC cell lines SW480 (CCL-228), SW620 (CCL-227),
DLD1 (CCL-221), HCT116 (CCL-247), HT29 (HTB-38),
RKO (CRL-2577), LoVo (CCL-229) and HEK293T cells
(CRL-3216) were obtained from the American Type Culture
Collection (ATCC). These cells were cultured as described
previously [9]. We got the cell line certificate of analysis from
ATCC. All the cell lines tested negative for mycoplasma.

Clinical specimens

CRC clinical samples were obtained from patients with
pathologically diagnosed with CRC at Nanfang Hospital,
Southern Medical University. None of the patients had
received any preoperative chemotherapy or radiotherapy.
The study was approved by the ethics committee of Nan-
fang Hospital, Southern Medical University, China.

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)

Total RNA of CRC cells and CRC tissue were extracted using
TRIzol reagent (Takara, 9109). RNA was reverse transcribed
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to cDNA with a Reverse Transcription Kit (Takara, D6110A).
gRT-PCR analysis was performed using SYBR Green Master
Mix (Takara, RR420). Primers with the following sequences
were used: ATG9B, forward 5-CCC CTC ATA CAA GAA
GCT CCC-3' and reverse 5-TGC AGG TTG AGC CTG
TGT TG-3'; MYHY, forward 5'-CCT CAA GGA GCG TTA
CTA CTC A-3' and reverse 5-CTG TAG GCG GTG TCT
GTG AT-3'.

Immunohistochemistry (IHC)

IHC was performed on paraffin sections of CRC tissue
according to standard labelled streptavidin—biotin protocol
(Dako) using primary antibodies against ATG9B and
MYHS9. The degree of staining in the sections was observed
and scored independently by two pathologists. The percent
positivity of antigen staining was scored from 0 to 4: 0
(0%), 1 (1-25%), 2 (26-50%), 3 (51-75%), and 4 (>75%).
The staining intensity was scored on a 4-point scale: 0 (no
staining), 1 (weak staining, light yellow), 2 (moderate
staining, yellowish brown), and 3 (strong staining, brown).
Subsequently, the antigen expression score was calculated
by multiplying the percent positivity score and staining
intensity score and ranged from O to 12. The expression
level of antigens was defined as 0 (—), 1-4 (+), 6-8 (++),
and 9-12 (+++). Tissue score 0 (—)/1-4(+) were classi-
fied into the low-expression group, and tissue scored 6—8 (+
+)9-12  (+++) were classified into the high-
expression group.

Construction of lentivirus and stable cell lines

In light of the manufacturer’s instructions, lentiviral con-
structs containing the indicated ATG9B-repressing short
hairpin RNA sequence (GAUCCCUGAA-
CAGGAUUAUTT) purchased from Gene Pharma (Suzhou,
China) were used to establish cell lines constitutively
repressing ATG9B. A stable lentiviral vector with over-
expression of ATG9B (Gene Pharma, Suzhou, China) or
MYH9 (Gene Copoeia, Rockville, USA) were constructed
with human full-length cDNA, respectively. CRC cells were
transduced with serial dilutions of lentiviral supernatant and
selected by using 5pg/ml puromycin for 2 weeks. The
transfection efficiency was confirmed by qRT-PCR and
western blots.

Tumour xenografts

Balb/C-nude mice (female, 4-6 weeks old) were purchased
from the Laboratory Animal Centre of Southern Medical
University. Mice were housed under pathogen-free condi-
tions in a 12-h dark/light cycle and ad libitum access to food
and filtered water. According to our experimental purpose
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and estimation formula of the sample size, ATG9B tumour
metastasis experiments require approximately 48 mice
(6 groups). Based on our preliminary experiments, con-
structing unsuccessful model was about 15-20%. Hence, we
took the median censoring rate 17.5% of our previous
experiment as our assumed censoring rate, and estimated
56 as the final number of mice in our experiment. Mice
were divided into different groups according to the random
number table. For example, 56 mice were involved in
ATG9B tumour metastasis experiments, which were evenly
divided into 8 groups (7 mice in each group). Firstly, these
56 mice were numbered as 1-56 randomly. Then, 56 mice
got a new random number by using random number table.
We ordered the random number in ascending order. Then,
the order number from 1 to 7 was set as the first group, 8—14
was set as the second group and 15-21 was set as the third
group and so on. Accordingly, 49-56 was the last group.
The mice with unsuccessful establishment of the tail vein
injection were excluded from our study. Finally, we inclu-
ded 48 mice in our data analysis with 8 group (6 mice in
each group).

To evaluate the effect of ATG9B on tumour metastasis
in vivo, 5x 10® SW480/ATG9B, DLD1/ATG9B, SW620/
shATG9B, LoVo/shATG9B cells and each relevant control
cells were injected into nude mice (6 mice per group) via
the tail vein. About 60 days later, all mice were sacrificed,
lung tissue were collected for metastatic foci evaluation and
metastatic tissue were analysed with haematoxylin—eosin
staining. All experimental procedures were performed in
strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the
Committee on the Ethics of Animal Experiments of
Southern Medical University.

Cell invasion assay

Boyden Transwell chambers (BD Biosciences, 353097)
coated with Matrigel (BD Biosciences, 356234) were used
following the instructions of the manufacturer. Briefly, 2 x
10° cells were seeded into the upper chambers with Matrigel
coated and cultured with serum-free medium. The lower
chamber of the transwell was filled with 10% foetal bovine
serum culture medium as a chemo-attractant. After 18-24 h
incubation, cells that successfully invaded were fixed with
4% paraformaldehyde, stained with 0.1% crystal violet and
counted in 5 random visual fields using a light microscope.

Wound healing assay
Cell migration ability was assessed by the wound healing

assay. For the wound healing assay, artificial wounds were
scratched on a confluent cell monolayer using sterile tips, and

cells were cultured with serum-free medium to prevent pro-
liferation. The cell migration was assessed by measuring the
movement of cells into acellular area scratched by a sterile
insert. The wound healing images were taken at O and 48 h.

Cell adhesion assay

Twenty four-well plates were coated with fibronectin (FN,
BD Biosciences, USA) at 37 °C for 1 h. After blocking with
blocking buffer 1% bovine serum albumin, a total of 3 x
10%cells were seeded in each well and incubated at 37 °C for
30 min. Then cells were fixed with 4% paraformaldehyde,
stained with 0.1% crystal violet and counted in 5 random
visual fields using a light microscope.

Plasmid constructs

ATGY9BYS, sTUBIMYC, UpHA plasmids constructed with
pcDNA3.1(+) cloning vector were purchased from GEN-
EWIZ company (Guangzhou, China). MYH9™# plasmid
constructed with CMV-M14 cloning vector was purchased
from GeneCopia company (Guangzhou, China). Cd1, del-
pro Cdl + 2, Cd3 + 4, Cd4, A298-332, A333-367, A368-
411, A412-438, K374R truncations of His-ATG9B and
SH3-like, delCCoil, IQCCoil truncations of Flag-MYH9Y,
and K48R, K63R truncations of HA-Ubiquitin were con-
structed using PCR.

His pulldown assays

Bacteria-expressed His or His-tagged ATG9B-Cd2 protein
(amino acids 298-438 (aa298-438)) was harvested by His-
tag Beaver Beads magnetic beads following the manu-
facturer’s instructions (Beaver, 70501-5). The purified
ATGIB-Cd2" protein was then added to cell lysates of
293T cells transfected with MYH9™*¢ overnight. The bound
proteins were eluted, followed by western blot.

Immunoprecipitation (IP) and western blot

Cells were lysed in RIPA buffer containing protease inhibi-
tors. Total cell lysates were subjected to IP with the indicated
antibodies in protein A/G beads (Santa Cruz Biotechnology,
sc-2003). Total protein extracts were resolved on a 10%
sodium dodecyl sulfate polyacrylamide gel and electron
transferred to polyvinylidene fluoride membranes, which were
then blocked in 5% non-fat dry milk in Tris-buffered saline
and immunoblotted with primary and secondary antibodies.
The protein was detected by ECL chemiluminescence solu-
tion (FDbio-Femto, FD8030) and finally visualized using
chemiluminescence detection system (Universal Hood II, Bio-
Rad). The intensity of the western blot bands was quantified
using the NIH Image]J software.
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Immunofluorescent (IF) staining scanning confocal microscopy (Zeiss LSM 880 with Air-

yscan) in Central Laboratory of Southern Medical University.
Cells grown on confocal dishes were fixed with 4% paraf-
ormaldehyde for 30 min and permeabilized with 0.25% Triton ~ Transmission electron microscopy (TEM)
X-100 for 10 min at room temperature and stained with the
indicated antibodies. Nuclei were visualized with 4,6-diami-  Cells were collected and fixed in 2.5% glutaraldehyde in
dino-2-phenylindole. The images were taken with laser =~ 100 mM phosphate buffer, then post-fixed in 1% osmic acid
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Fig. 1 ATGYB is upregulated in CRC tissues and is positively
correlated with poor prognosis in CRC patients. A, B Analysis of
ATGIB expression in CRC tissues compared with adjacent normal
tissues in the CRC microarray profiles GES87211 (A) and GSE83889
(B). C Fold change (T/N) of ATG9B mRNA expression in 16 primary
CRC tissues and adjacent normal tissues from the same patient, as
determined by RT-PCR. D Immunoblot for ATG9B protein expression
in 16 human CRC tissues (T) and matched adjacent normal tissues (A)
from the same patient. Quantification of protein levels were normal-
ized to those of a-Tubulin are shown in the right panel. E Repre-
sentative ATG9B immunohistochemical staining images of adjacent
normal tissue (Adjacent, n =150) and tumour tissue (CRC, n=93)
samples (scale bar 20 pm). The magnified parts were displayed in the
lower panel. F Immunohistochemical score of ATG9B in adjacent
tissues and CRC tumour tissues. G, H Percentage of high and low
expression of ATG9B in 93 CRC patients with different N (lymph
node metastasis, G) and M (distal metastasis, H) clinical stages. I
Kaplan—Meier survival analysis of 93 CRC patients with low and high
expression of ATG9B. Data information: Graphs report mean + SEM.
Significance was assessed using two-tailed Student’s ¢ test, except for
G, H where Chi-square test was used and I where log-rank test was
used. ***P <0.001, **P<0.01, *P <0.05.

for 3h at 4 °C. They were then embedded in neutral resin,
sectioned, doubly stained with uranyl acetate and lead
citrate and analysed using TEM (Hitachi, H-7500).

Nocodazole (NZ) model system to study FA turnover
and integrin recycling

This model system is referred to a published study from
Nader. [10]. In brief, SW480 cells were transiently transfected
with ATG9BEC™ plasmid and grown on glass coverslips.
After 48 h transfection, cells were treated with 10 uM NZ for
4h to completely depolymerize microtubes (MTs). Then, NZ
was removed and washed out with serum-free medium,
leading to MTs repolymerization followed by FA dis-
assembly. Cells were fixed at appropriate time in 4% paraf-
ormaldehyde for 30min, followed by IF staining.
Quantification of integrin fl and P-Paxillin levels on cell
membrane by their mean fluorescent signal intensity was
measured by imageJ (Fiji). The plugins of MorphoLibJ in
imagel] was used to create cell outline mask. To standardize
the thickness of cell membrane outlined by MorphoLibJ,
morphological filters were used and defined the thickness of
cell membrane in two pixel radius. A region of interest
area was created for a final measure.

Flow cytometry

Flow cytometry was used to quantify the plasma membrane
levels of integrin 1 in the indicated cells. In brief, after
centrifugation, integrin f1 antibody was added in cells and
determined by fluorescence-activated cell sorter according to
the manufacturer’s instruction. Fluorescein isothiocyanate

fluorescent intensity was further quantified with the Flow-jo
software.

Statistical analysis

SPSS software for Mac OS version 24.0 was used for sta-
tistical analyses. All data followed a normal distribution
with homogenous variance. An unpaired two-tailed Stu-
dent’s t test was used to compare two groups with normally
distributed data. Pearson’s y* test was applied to analyse the
correlation between the expression of ATG9B and clin-
icopathological features. Kaplan—-Meier survival curves
were plotted, and log-rank test was performed. Spearman’s
correlation analyse was performed to analyse correlated
expression levels of ATG9B and MYHY in CRC tissue. All
data are presented as the mean =+ standard error of mean
(SEM) unless otherwise specified. P <0.05 was considered
significant, ***P <0.001, **P<0.01, *P<0.05, NS, no
significance.

Results

High expression of ATG9B induces metastasis and
poor prognosis of CRC

To investigate the role ATG9B plays in cancer, we analysed
the transcriptional datasets assembled from clinical samples
in public database ONCOMINE (www.oncomine.org) and
discovered that the transcriptional levels of ATG9B were
dramatically increased in various cancers, especially in
CRC (Fig. S1A, B). We further analysed mRNA expression
level of ATG9B in the Gene Expression Omnibus (GEO:
GSES87211, GSE83889 and GSE32323) database and found
that ATG9B expressed significantly higher in CRC tissue
than in normal mucosa (Figs. 1A, B and S1C). To confirm
this idea, mRNA and protein expression levels of ATG9B
in 16 pairs of primary CRC tissue and matched adjacent
normal tissue were detected, which showed that a sig-
nificantly higher expression of ATG9B was found in CRC
tissue compared with the matched adjacent normal mucosa
(Fig. 1C, D). Subsequently, we detected the expression of
ATGY9B protein in paraffin-embedded CRC and normal
tissue and also found a significantly higher expression of
ATGYB in CRC tissue than in normal mucosa (Fig. 1E, F),
which was positively associated with high risk of tumour
lymph, distal metastasis and advanced Duke’s stage
(Fig. 1G, H and Supplementary Table S1). Moreover, high
expression of ATG9B was also correlated with metastatic
recurrence of CRC (Fig. S1D, E). In addition,
Kaplan—Meier survival analysis showed that high expres-
sion of ATGO9B tightly related to a poorer prognosis of CRC
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Fig. 2 ATGY9B promotes CRC cell invasion and lung metastasis. A,
B Boyden chamber invasion assay showing the invasion ability of
ATG9B upregulation (A) and downregulation (B) in the indicated cells.
Quantification of invaded cells are shown in the right panel (scale bar
50um, n=35). C Representative H&E staining images of lung
metastasis in mice injected with SW480/Vector, SW480/ATG9B,
DLDI1/Vector or DLD1/ATG9B cells. The black boxes represents the
magnified sites (scale bar 20 um, n = 6). D Quantification of the lung
weights from the experiment like in C (n =6). E Quantification of
metastasis numbers from the experiment like in C (n =6). F Repre-
sentative H&E staining images of lungs metastasis in xenograft-
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bearing mice with SW620/shCtrl, SW620/shATG9B, LoVo/shCtrl or
Lovo/shATG9B cells. The black boxes represents the magnified sites
(scale bar 20 um, n = 6). G Quantification of the lung weights from the
experiment like in F (n = 6). H Quantification of metastasis numbers
from the experiment like in F (n=6). I-L. Kaplan—-Meier survival
analysis of xenograft-bearing mice with SW480/Vector or SW480/
ATGYB cells (I), DLD1/Vector or DLD1/ATGYB cells (J), SW620/
shCtrl or SW620/shATG9B cells (K), LoVo/shCtrl or Lovo/shATG9B
cells (L). Data information: Graphs report mean = SEM. Significance
was assessed using two-tailed Student’s ¢ test, except for I-L. where
log-rank test was used. ***P <0.001, **P<0.01, *P <0.05.
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patients (Figs. 1I and S1E). Analysis with univariate and ~ ATG9B promotes CRC invasion, migration and lung
multivariate COX model indicated that the expression level ~ metastasis

of ATG9B was an independent prognostic factor for

patients with CRC (Supplementary Table S2). Taken  To further investigate the role of ATG9B in CRC, ATG9B-
together, these data demonstrate that ATG9B is positively  knockdown SW620 and LoVo cell lines and ATG9B-over-
correlated to tumour metastasis and poor prognosis of CRC  expression SW480 and DLDI cell lines were established
patients. (Fig. S2A-E). Next, we conducted transwell invasion assay
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Fig. 3 MYHY interacts with ATG9B directly. A LoVo and SW620
cells were lysed and subjected to immunoprecipitation with anti-
ATGIB antibody or rabbit IgG using silver staining. The red boxes
represents the detected bands. B Endogenous ATG9B and MYH9
were immunoprecipitated in SW620 cells. C Exogenous ATGYB!s
and MYH9™% were immunoprecipitated in 293T cells. D ATG9B
colocalized with MYHO in SW480/ATGYB cells. The magnified parts
are displayed in the lower right panel and the arrows points to the
colocalized sites (scale bar 10 um, r (Person’s correlation coefficient)
=0.72). E Cytoplasmic segments of ATG9B, including aal-207
(Cd1), aa298-438 (Cd2), aa548-551 (Cd3) and aa646-924 (Cd4). F
Diagrammatic representation of ATG9B and its truncated forms.
Based on sequence and structure analyses, region I (cytoplasmic
domain), region II (transmembrane domain) and region III (luminal
domain) are indicated. 293T cells were transfected with the indicated
constructs subjected to immunoprecipitation with anti-Flag (against
MYH9). Immunoblot analysis was performed with anti-Flag or anti-
His (against ATG9B). The red boxes represents the pull-down bands.
G Direct binding of MYH9™ to ATG9B-Cd2"* using His pulldown
assay. The red boxes represents the pull-down bands. H Constructs
with deleted mutations A298-332, A333-367, A368-411 and A412-
438 of ATG9B-CA2™* were used for immunoprecipitation with
MYH9™%, T Diagrammatic representation of MYH9 and its truncated
forms. 293T cells were transfected with the indicated constructs sub-
jected to immunoprecipitation with anti-His (against ATG9B). The red
boxes represents the pull-down bands. J Transwell invasion assay
detected SW480 cells transfected with vector, ATGI9B™™ together with
MYH9™ or ATG9BA384!! together with MYH9™' (scale bar 50 um,
n=1>5). Data information: Graphs report mean + SEM. Significance
was assessed using two-tailed Student’s ¢ test. ***P <(0.001, **P <
0.01, *P<0.05.

and wound healing assay which showed that upregulation
of ATGIB significantly enhanced cell invasion and migra-
tion ability in CRC cells, whereas silencing ATG9B had the
opposite effect (Figs. 2A, B and S2F, G). We further
applied in vivo tail-vein xenograft models to investigate the
role of ATG9B in regulating migration/invasion of CRC
cells. The average lung weight and the number of metastatic
nodules in the lungs increased in mice inoculated with
ATG9B-overexpressing CRC cells (Fig. 2C-E), whereas
silencing ATGYB significantly decreased the weight and
metastatic nodule number of lungs (Fig. 2F-H). Further-
more, Kaplan—-Meier analysis showed that overexpressing
ATGY9B statistically reduced the overall survival time of
mice, but silencing ATG9B prolonged their survival time
(Fig. 2I-L). In this context, these data point out that ATG9B
is required for the invasion and metastasis of CRC cells.

ATG9B promotes CRC invasion mainly in an
autophagy-independent manner

ATG9B is an important ATG, so we next need to ascertain
whether its function in CRC is regulated in an autophagy-
dependent manner or not. TEM assay and western blot are
presented to show that high expression of ATG9B during
starvation could increase the formation of autophago-
somes (Fig. S3A), and enhance light chain 3II (LC3II)/I
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ratio and decrease p62 protein level (Fig. S3B, C),
demonstrating that ATG9B can accelerate the process of
autophagy during CRC starvation. However, we also
found that high expression of ATG9B had no effect on the
activation of autophagy in normal culture medium
(Fig. S3A-C). Moreover, interference of key autophagy
protein ATGS or ATG7 in ATG9B-overexpressing cells,
the ability of ATG9B on CRC invasion was partially
weakened but still obviously stronger than SW480/Vector
cells (Fig. S3D, E). These results signified that ATG9B’s
function in CRC invasion and metastasis is mainly
autophagy independent.

Direct interaction between ATG9B and MYH9

To identify the underlying molecules of ATG9B involved in
promoting CRC invasion and metastasis, [P assay was
applied. A differential band at approximately >170 KD was
analysed by liquid chromatography—mass spectrometry
(LC-MS) (Fig. 3A). COG function classification analysis
demonstrated that the proteins found above were involved
in various biological activities, including posttranslational
modification, protein turnover, chaperones and cytoskeleton
rearrangement (Fig. S4A), among which MYH9 had the
highest score (Fig. S4B, C). Then the interactions between
endogenously expressed ATG9B and MYH9 were con-
firmed in SW620 and LoVo cells (Figs. 3B and S4D), and
the interactions between exogenously expressed His-tagged
ATG9B (ATG9BM™S) and Flag-tagged MYH9 (MYH9"'%)
were confirmed in HEK293T cells (Fig. 3C). Moreover, IF
assay validated a significant co-localization of ATG9B and
MYHY in the cytoplasm and the cell edge of CRC
(Fig. 3D). These findings strongly suggested that ATG9B
interacts with MYH9 in CRC cells.

ATGYB is predicted to be a multi-transmembrane protein
anchored in intracellular vesicles, with its N-terminus and
C-terminus in the cytoplasmic facet, by the online
TMHMM website (www.cbs.dtu.dk/servicessyTMHMMY/).
Since MYHD is a cytoplasmic myosin protein, binding may
occur only on the cytoplasmic surface of ATG9B, so we
constructed four truncations of ATGYB containing four
different cytoplasmic domains (Cds; Fig. 3E). Then, four
ATGYB truncations fused with His-tag together with MYH9
cDNAs were transfected into HEK293T cells. By co-
immunoprecipitation (Co-IP) experiments, MYH9 co-
immunoprecipitated with the second Cd (Cd2) of ATG9B
(Fig. 3F). Additionally, to investigate whether ATG9B
binds to MYH9 directly, Cd2 domain of human ATG9B
protein was purified with IDA-Nickel His beads. His pull-
down assay showed that MYH9 directly bound to ATG9B-
Cd2"* but not His control (Fig. 3G). To further ascertain the
accurate binding site of ATG9B, four deleted mutations of
ATG9B-Cd2M™s  were constructed. Co-IP showed that
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aa368—411 of ATG9B was necessary for the direct inter-
action between ATG9B and MYH9 (Fig. 3H).
Furthermore, to investigate which domain of MYH9 is
crucial for ATG9B binding, three MYH9™# truncations
were constructed and the result of Co-IP assay indicated that
ATGY9B co-immunoprecipitated with the head domain
(aa77-777) of MYH9 (Fig. 3I). -TASSER and Phyre2 were

adopted to mimic the structures of ATG9B and MYHY.
ZDOCK was used to build an interaction model of these
two proteins (Fig. S4E). Interestingly, we found that P726,
G732, F733 and K731 of MYH9 might play a key role in
interacting with ATG9B-Cd2 (Fig. S4F). In addition,
MYH9 together with WT-ATG9B, but not ATG9B*38411
prominently promoted the invasion of SW480 cells
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Fig. 4 ATG9B and MYHY reciprocally reduce protein ubiquiti-
nation level. A, B Western blot shows the MYHO protein expression
levels in SW620/siCtrl and SW620/siATG9B cells (A) or SW480/
Vector and SW480/ATG9B cells (B). C, D Western blot shows the
ATGYB protein expression levels in SW620/siCtrl and SW620/
siIMYH9 (C) or SW480/Vector and SW480/MYH9 cells (D). E Western
blot shows the protein expression level of MYH9 in SW620/shATG9B
+ shMYH?9 cells transfected with WT-ATG9B or ATGIB*33411 plas.
mids. F Co-IP shows that HA-ubiquitin is pulled down by ATG9B in
SW480/Vector or SW480/MYH9 cells. G Co-IP shows that HA-
ubiquitin is pulled down by MYH9 in SW480/vector or SW480/
ATG9B cells. H Co-IP shows that HA-ubiquitin is pulled down by
endogenous ATG9B in SW480/ATGYB cells with control or MYH9
knockdown. I Co-IP shows that HA-ubiquitin is pulled down by
endogenous MYH9 in SW480/MYH9 cells with control or ATG9B
knockdown. J Co-IP analysis using 293T cells transfected with the
indicated plasmids and treated with MG132. K Co-IP analysis using
293T cells transfected with plasmids encoding Ub™A, MYH9™, or
ATGY9B™ or AATGY9B™ (deleted mutation with aa368-411 of
ATG9B) and treated with MG132. L Co-IP analysis using 293T cells
transfected with plasmids encoding ATG9B™, together with MYH9™%
or HA-K48R-Ubiquitin (K48R-Ub™*) and HA-K63R-Ubiquitin (K63R-
Ub"*) and treated with MG132 to detect His-ATG9B ubiquitination.
M Co-IP analysis using 293T cells transfected with the indicated
plasmids and treated with MG132 to detect Flag-MYH?9 ubiquitination.
N Transwell invasion assay detected SW480/Vector, SW480/ATGY9B
cells and SW480/ATGYB cells transfected with siRNA-control (siCtrl),
SIMYH9 or siMYH9 treated with MG132. Quantification of invaded
cells are shown in the right panel (scale bar 50 pm, n=35). Data
information: Graphs report mean+SEM, n =3. Quantification of
average protein levels or ubiquitination levels were normalized to
those of GAPDH or IB protein listed under the bands, and each
Control/Vector group was normalized as 1.00 marked in red, and the
value of the experimental group was compared with it marked in black.
Significance was assessed using two-tailed Student’s ¢ test. ***P <
0.001.

(Fig. 3J). Taken together, these data demonstrate that
ATG9YB regulates invasion of CRC cells by interacting with
MYHO9 directly.

ATG9B and MYH9 enhance the protein stability of
each other

Next, we found that ATG9B and MYH9 have mutual
positive regulation at the protein level but not at mRNA
levels (Figs. 4A-D and S5A-F). Furthermore, over-
expression of full length but not the deletion of aa368-411
of ATG9B rescued MYHY protein expression in SW620
cells with ATG9B and MYH9 knockdown (Fig. 4E). It
indicated that the interaction is in a protein-dependent
manner, which was initiated during posttranslational stage.
In support of this notion, protein stability of ATG9B and
MYH9 was examined. As shown in Fig. S5G, H, knock-
down of ATGYB in CRC cells substantially decreased the
half-life of MYH9 protein, while ectopic expression of
ATGYB increased the half-life of MYH9 protein. A similar
change in the degradation rate of ATG9B could be observed
when upregulating or downregulating MYH9 expression
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(Fig. S61, J). Therefore, these findings suggested a mutual
protein—protein stabilization between ATG9B and MYHO.

The stabilization of ATG9B-MYH9 complex impairs
K48 ubiquitinated degradation

The autophagy-lysosome and ubiquitin—proteasome path-
ways are the two main routes for protein degradation [11]. To
further determine which pathway is responsible for ATG9B
and MYH9 turnover, SW480/ATG9B and SW480/MYH9
cells were treated with chloroquine (CQ, a lysosome inhibitor)
or MG132 (a proteasome inhibitor). Results showed that the
reduction of ATG9B caused by MYH9 knockdown, as well
as the reduction of MYHO9 caused by ATG9B knockdown,
was strongly rescued after MG132 treatment (Fig. S5K, L).
However, no significant change was found after CQ treatment
(Fig. S5M, N). Furthermore, elevated MYH9 or ATG9B
levels resulted in a significant reduction of ATG9B or MYH9
ubiquitination, respectively (Fig. 4F, G), whereas silencing
MYH9 or ATG9B induced the ubiquitin accumulation of
each other (Fig. 4H, I). We further found that ATG9B ubi-
quitination was markedly reduced by overexpressing MYH9
(Fig. 4]), and the ubiquitination level of MYH9 was only
reduced by wild-type ATG9B™, but not ATG9B™ with
2a368—411 mutation (Fig. 4K). Furthermore, to detect what
type of ubiquitination was related to the interaction of
ATGY9B and MYH9, we constructed HA-Ubiquitin-K48R
mutant (K48 lysine mutated to arginine) and HA-Ubiquitin-
K63R mutant (K63 lysine is mutated to arginine) to perform
Co-IP assay. Results showed that K63R mediated ubiquiti-
nation of ATG9B still could be reduced by MYH9, while
MYH9 cannot decrease the ubiquitination of ATG9B medi-
ated by K48R-Ubiquitin (Fig. 4L). We also found the similar
result in Flag-MYHO9 Co-IP (Fig. 4M). It indicated that K48
of ubiquitin plays an important role in mediating ATG9B-
MYH?9 ubiquitination. These findings strongly suggested that
the inhibition of K48 ubiquitinated degradation was the pri-
mary reason accounting for the mutual stabilization of
ATGY9B and MYHO9.

Functionally, ATG9B-overexpressing cells were highly
invasive, whereas silencing of MYHO significantly sup-
pressed the invasion of SW480/ATG9B cells. Simulta-
neously, adding MG132 to inhibit the degradation of
ATGIB caused by the reduction of MYH9 will restore a
part of invasion, but it is still weaker than the control group,
indicating that ATG9B depends on MYH9 to promote CRC
invasion (Fig. 4N).

The interaction of ATG9B and MYH9 inhibits STUB1-
mediated ubiquitination

Since E3 ubiquitin ligases are required for the transfer of
ubiquitin to the substrates [12], we supposed that the
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resulted from the inhibition of E3 ubiquitin ligases binding
to the ATG9B-MYHY complex. The carboxyl terminus of
hsc70-interacting protein (CHIP, also known as STUBI),
was the most potential ubiquitin ligases of ATG9B pre-
dicted from UbiBrowser website (http://ubibrowser.ncpsb.
org/ubibrowser/; Fig. S6A). Co-IP assay revealed that

(Fig. S6B). Ectopic expression of STUBI significantly led
to the reduction of MYH9 and ATG9B in CRC cells
(Fig. S6C). It suggested that STUB1 can negatively regulate
ATGY9B and MYHS9 protein expression. Next, we verified
that STUB1 can promote the ubiquitination of MYH9
(Fig. 5A) and ATGY9B (Fig. 5B) and further ascertained that
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<« Fig. 5 ATGY9B and MYHY interaction inhibits STUB1-mediated

ubiquitination. A Co-IP analysis using 293T cells transfected with the
indicated plasmids and treated with MG132. B Co-IP analysis using
293T cells transfected with the indicated plasmids and treated with
MG132 to detect His-ATG9B ubiquitination. C Co-IP analysis using
293T cells transfected with plasmids encoding Ub™A, STUBI™,
ATG9B™S or AATGY9B™S (deleted mutation with aa368-411 of
ATGYB) and treated with MG132. D The degradation protein level of
His detected in SW480/WT-ATG9B™* and SW480/K374R-ATG9BM
cells with CHX treatment (50pug/ml). E Co-IP analysis using
293T cells transfected with the indicated plasmids and treated with
MG132 to detect His-ATG9B ubiquitination. F The immunoprecipi-
tation of STUB1 and ATG9B was detected in SW480 cells transfected
with Vector or MYH9 plasmids. G The immunoprecipitation of
STUBI and MYH9 was detected in SW480 cells transfected with
Vector or ATG9B plasmids. Data information: Graphs report mean +
SEM. Quantification of ubiquitination levels were normalized to those
of IB protein listed under the bands, and each Control/Vector group
was normalized as 1.00 marked in red, and the value of the experi-
mental group was compared with it marked in black. Significance was
assessed using two-tailed Student’s ¢ test. ***P < 0.001, **P <0.01,
*P <0.05.

STUB1 participates in ATG9B K48 ubiquitination
(Fig. 5B). Moreover, His-Co-IP assay confirmed that
aa368—411 of ATG9B was the vital fragment for STUB1-
mediated ubiquitination (Fig. 5C).

There was a unique lysine residue (K374) in aa368—411
of ATGYB, suggesting that K374 of ATG9B might be the
key ubiquitination sites of STUB1 (Fig. S6D). Indeed,
K374 mutation (K374R) can prolong the half-life of
ATGYB (Fig. 5D). Compared with WT-ATGIBM™*, the
amount of HA-ubiquitin immunoprecipitated by His was
reduced when K374 was mutated, and STUB1 cannot
enhance the ubiquitination level of K374R-ATGOBM®, It
demonstrated that K374 is a vital site for STUB1-mediated
ATGYB ubiquitination (Fig. SE). Moreover, we also found
that K374 mutation of ATG9B still can interact with MYH9
(Fig. S6E) and does not enhance invasive ability of ATG9B
in CRC, compared with WT-ATG9B (Fig. S6F), indicating
that the function of K374R-ATGY9B is as same as WT-
ATGY9B because K374 mutation might not affect
ATG9B-MYHO interaction. Importantly, although STUB1
was an E3 ubiquitin ligase of ATG9B and MYH9, ATG9B
and MYH9 would preferentially interact with each other
rather than with STUB1 (Fig. 5F, G). These findings sug-
gested that aa368—411 of ATG9B is not only the fragment
for MYHO direct interaction but also has the ubiquitination
site K374 for STUB1 binding.

ATGIB is carried to the cell edge by MYH9 to
accelerate FA assembly

IF assay showed overexpressing ATG9B made itself to be
transported from peri-nuclear area to cell leading edge, and

such transportation almost disappeared in the absence of
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MYH9, even using MG132 to inhibit ATG9B degradation
(Fig. S7A, B). Additional double staining of His and
ATGYB indicated that ATGIB****!" could not be carried
to the cell edge without MYH9 participation (Figs. 6A and
S7C), signifying that ATG9B is transported from peri-
nuclear to cell edge in a MYH9-dependent manner. Kyoto
Encyclopedia of Genes and Genomes enrichment analysis
of the proteins pulled down by ATG9B in LC-MS identified
that ATGY9B can positively enrich FA pathway, which
propagated signals through integrins reassembling FAs
from peri-nuclear area to the cell edge (Fig. S7D). Thus,
further investigation was applied to find out the role of
ATGY9B in the formation of FAs. IF showed that bio-
chemical markers of FA assembly, pY397-FAK and
pY118-Paxillin were remarkably increased at the cell edge
in ATG9B-overexpressing cells. However, silencing MYH9
dramatically eliminated the effect of ATG9B on FA for-
mation, even after the treatment of MG132 (Fig. S7TE). We
also found the same results in immunoblot assay (Fig. S7F).
Moreover, we found that overexpressing ATGOBA368-411
had no effect on FA assembly of CRC cells (Fig. 6B),
indicating that ATG9B promotes FA assembly relied on
MYHO9 interaction. To further visually detect the function of
ATGYB in FA assembly, we conducted NZ model system,
which was used to study FA turnover [10]. NZ can promote
depolymerization of MTs in cells, and the polymerization of
MTs directly targets FA disassembly [13]. Therefore, after
NZ was washed out, MTs were repolymerized and FAs
were following disassembled. Next, the reassembly of FAs
happened and facilitated to observe. Results showed that, at
15 min after NZ washout, pY118-Paxillin was scattered
expressed in cytoplasm in cells whether transfected
ATGIBECP or not. Interestingly, pY118-Paxillin reforma-
tion at membrane was observed in ATGIBEC!P cells but not
in control cells at 30-60 min after NZ washout in the same
field of view (Fig. 6C). These results suggested that ATG9B
can accelerate FA assembly in CRC cells. Furthermore,
overexpressing ATG9B enhanced adhesion of tumour cells
to FN, while silencing MYHO could reverse this phenom-
enon, even in the presence of MG132 (Fig. 6D). These
findings strongly indicated that ATG9B played an important
role in accelerating FA assembly by being transported to the
cell edge in a MYH9-dependent manner.

ATGIB initiates FA assembly by mediating integrin
B1 activation and polarization

It has been well defined that the activation of integrin 1 is
the trigger for FA formation [13, 14]. Talin-1 functions as
the canonical activator for integrin f1 by binding to its
cytoplasmic tails [15, 16], which was pulled down by
ATGY9B proved by LC-MS (Fig. S4B). Accordingly, to
explore whether ATG9B mediated Talin-1/integrin Bl to
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Fig. 6 ATGYB is trafficking to the cell edge through MYHY to promote the focal adhesion assembly. A Double IF staining detected the
distribution of exogenous ATG9B (yellow colour) in SW480 cells transfected with vector, ATGY9B™ or AATGYB™ (deleted mutation with
aa368-411 of ATG9B). The magnified parts are displayed in lower panel, scale bar 10 um. B IF staining to detect pY397-FAK (red) expression in
the indicated cells. The magnified parts are displayed in lower panel, scale bar 10 pm. C Immunofluorescence images of pY118-Paxiilin in SW480/
ATG9BECP cells after treatment with 10 uM nocodazole (NZ) for 4 h followed by washout for the indicated times, scale bar 10 um. The magnified
parts of vector cells (dotted line) and ATGIBECF? overexpression cells (solid line) were, respectively, displayed. Mean intensity levels of surface
pY397-Paxillin at the indicated times of NZ washout is presented in the right panel (n = 20 cells analysed per group). D Time-limited FN adhesion
assay to detect the rate of FA formation in the indicated cells for 30 min. Scale bar 50 um (n = 5). Data information: Graphs report mean = SEM.
Significance was assessed using two-tailed Student’s ¢ test. ***P <(0.001, **P <0.01, NS, no significance.

SPRINGER NATURE



3264

Y. Zhong et al.

A SW620
IP: input 1gG ATGOB

ATGoB[iw @00
170

SW620

IP: Input IgG B1-int

) 170

IP:

70

SW620
Input 1gG Talin-1

SW480/ATG9B

BH"t\E[mo Talin-1 IELWO p1-int 130
: 100
Talin-1[__ W ATGop[-me= B lio  ATGEB <
k3]
9]
c
o
B swexo _siCti  SATG9B SW480 Vec ATG9B 8
- N N *
IP: & & IP: -o’ ;
PGSV S & & E
B1-int T30 B1-int| = o— 136
170 170
D E
Nocodazole SW480/ATG9BECFP
Washout g 25 NS w0 min
‘s “ ¢, 120 min
g‘g)zo g
2 £15
2210
Omin 'ég s
=5
& SW480/Vec SW480/ATGIBES
F
15min f sw4s0 _ Vec AATGI9B
9 IP: <2 \Q'O <2 \0"0
130
30min G
SW480
Vec ATGIB's NAATG9B"s
o | l. EEE
<
v
120min

Integrin B1/EGFP/DAPI

H SW480

SW480/ATGI9B

B1-int/ DAPI

Vec ATGY9B

participate in FA formation, Co-IP assay primarily con-
firmed the interaction of ATG9B, Talin-1 and integrin 1
(Fig. 7A). Notably, silencing or overexpression of ATG9B
positively affected the binding of Talin-1 with integrin p1
(Fig. 7B). It suggested that ATGY9B might play an
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indispensable role in interaction between Talin-1 and
integrin 1, which in turn promotes the activation of
integrin B1.

After activation in cytoplasm, endocytosed integrin
requires continuously being transported to cell leading edge
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Fig. 7 ATGYB participates in FA formation through mediating
integrin p1 activation and polarization. A Co-IP assays were applied
to detect the immunoprecipitation of ATG9B, integrin f1 and Talin-1
in SW620 cells. B The immunoprecipitation of Talin-1 and integrin 1
was detected in SW620 cells transfected with si-Control or si-ATG9B
(left panel) and in SW480 cells transfected with vector or ATG9B
plasmids (right panel). C Three-dimensional shooting presented the
colocalization of ATG9B and integrin f1 in fibronectin-coated dishes.
a Frontage shooting (0°). b Shooting of rotating 45° to the right. ¢
Shooting of rotating 225° to the right. The magnified parts are dis-
played in the lower right panel, scale bar 10 um. D Immuno-
fluorescence images of integrin pl in SW480/ATGOBEC cells after
treatment with 10 uM nocodazole (NZ) for 4 h followed by washout
for the indicated times, scale bar 10 pm. The magnified parts of vector
cells (dotted line) and ATGYB"C? overexpression cells (solid line)
were respectively displayed in the right panel. E Mean intensity levels
of surface integrin B1 at the indicated times of NZ washout is presented
in the right panel (n =20 cells analysed per group). F The immuno-
precipitation of Talin-1 and integrin f1 was detected in SW480 cells
transfected with vector and AATG9B (deleted mutation with
aa368-411 of ATG9B) plasmids. G The distribution of integrin p1
detected by IF staining in the indicated cells. The magnified parts are
displayed in the lower panel, scale bar 10 pm. The arrows represents
the intracellular localization. H Transwell invasion assay was used to
analyse the invasive ability of the indicated cells. Quantification of
invaded cells are shown in the right panel (scale bar 50 um, n =>5).
Data information: Graphs report mean+ SEM. Significance was
assessed using two-tailed Student’s 7 test. ***P <0.001, **P <0.01,
NS, no significance.

for reassembling new FAs [16]. Two- (Fig. S8A) and three-
dimensional (Fig. 7C and Supplementary Movie S1 for
three-dimensional shooting) IF assay showed that much
dot-like co-localization signalling of ATG9B and integrin
p1 occurred not only at the cell edge but also in the cyto-
plasm. NZ model system found that, at 15-30 min after NZ
washout, integrin f1 was endocytosed and distributed in
peri-nuclear area in cells whether transfected ATG9BE™F or
not. Intriguingly, integrin f1 was recycled back to the cell
edge observed in ATGIBE™ cells but not in control cells
at 60 min after NZ washout in the same field of view
(Fig. 7D, E). These results suggested that ATG9B can
accelerate integrin f1 polarization to the membrane to
reassemble FAs in CRC cells. Moreover, we found that
ATGYBA3841 " which was deleted at the interaction sites
with MYHO9, can also tight up the binding of integrin f1 and
Talin-1 (Fig. 7F), but could not increase integrin 1 clus-
tered at the cell edge (Fig. 7G). Flow cytometric assay also
confirmed that overexpression of ATGY9B can enhance
fluorescence intensity of membrane integrin f1. However,
silencing MYH9 in SW480/ATG9B cells decreased integrin
B1 intensity, which could not be rescued after MG132
treatment (Fig. S8B, C). These results suggested that
ATGYB took part in integrin polarization relied on MYHO9.
Further invasive assay showed that silencing integrin 1 or
FA kinase dramatically reduced ATG9B-dependent cell
invasion (Fig. 7H), indicating that ATG9B promoted the
invasion of CRC by participating in FA formation. In

summary, these findings strongly suggested that ATG9B is
not only a key factor for integrin 1 activation but also an
intrinsic basis for integrin 1 polarization to the cell edge
for FA formation.

Simultaneously high expression of ATG9B and
MYH9 acts as prognosis of CRC patients

Clinically, we found that the protein expression of MYH9
increased in paraffin-embedded CRC tissue (Fig. 8A, B).
Furthermore, Spearman’s correlation analyses revealed
positive correlation between ATG9B and MYH9 expression
levels in serial sections from the same CRC patients
(Fig. 8C). Simultaneously high expression of ATG9B and
MYHY was closely associated with high risk of tumour
lymph node invasion and distant metastasis (Fig. 8D, E and
Supplementary Table S3). Importantly, Kaplan—-Meier sur-
vival analysis revealed that patients with both high
expression of ATG9B and MYH9 (ATG9B"E"MYH9"eh)
was related to poorer prognosis compared with the non-
ATGYBME"MYHO"E" group, which comprised of ATGY-
B"MYHO"" ~ ATGOB"'MYH9™ and  ATGY-
B“MYH9'"" (Fig. 8F). All in all, these results highlighted
that simultaneously high expression of ATG9B and MYH9
could predict a high rate of metastatic recurrence and poor
survival of CRC patients.

Discussion

Our previous research revealed that long non-coding RNA
MALAT-1 was highly expressed in CRC and closely related
to metastasis [9]. Furthermore, we screened at least 243
potential genes that associated with CRC metastasis through
MALAT-1-related genome-wide expression profiling analy-
sis, including ATGY9B [8]. However, to date, very few
detailed studies have been performed to delineate the
complex relationship between ATGY9B and tumour pro-
gression. In this study, we discovered that ATG9B
expression is positively correlated with metastasis,
advanced stage, and poor survival in human CRC patients.
In vitro and in vivo studies confirmed that ATG9B
enhanced the migration/invasion property of CRC cells by
interacting with MYH9. ATG9B and MYH9 positively
regulate each other at the protein level and synergistically
enhance protein stability. The combination of ATG9B and
MYHY decreased the binding of STUBI1 to them and
reduced each other’s proteasomal degradation. Further
investigation revealed that ATG9B increased the formation
of FAs by promoting the activation of integrin p1, which
was subsequently transported to the front edge of cell in a
MYH9-denpendent manner. Taken together, we highlighted
the vital role of ATGY9B in tumour metastasis by
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accelerating the formation of FAs in a MYH9-dependent
manner during cell migration (Fig. 8G).

ATG9 is identified as the only transmembrane protein
among autophagy-related genes that can be detected in
different membrane compartments, including small vesicles
that reside near the Golgi, mitochondria and the PAS [17]. It
has been well defined that ATG9 has two different
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orthologues, ATG9A and ATG9B [18]. Recent studies
reported that ATGYB is highly expressed in some cancer,
including cervical cancer [19] and renal clear cell carcinoma
[20], while it is lower expressed in hepatocellular carcinoma
[21] and breast cancer [22]. However, in breast cancer,
study showed that downregulation of ATG9B but not its

orthologue ATG9A could accelerate breast cancer
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Fig. 8 ATGY9B correlates with MYH9 expression in CRC and
concurrent expression is indicative of patient survival. A Repre-
sentative ATG9B and MYH9 immunohistochemical staining images
in serial sections from the same adjacent normal tissue (Adjacent, n =
20) and tumour tissue (CRC, n=69) samples, scale bar 20 um. B
Immunohistochemical score of MYH9 in 20 adjacent normal tissue
and 69 CRC tissue. C Spearman’s correlation analyses between
ATGY9B and MYH9 expressions in CRC tissues. The level of 1+
represented for the score of 1-4, and 2+ represented for the score of
6-8, and 3+ represented for the score of 9—-12. Spearman r = 0.646, n
=69. D, E Percentage of ATG9B™&" MYH9"#" (simultaneously high
expression of ATG9B and MYH9) or non-ATG9B"¢" MYH9"" (non-
high co-expression of ATG9B and MYHY) in 69 patients with dif-
ferent N (lymph node metastasis, D) and M (distal metastasis, E)
clinical stages. F Kaplan—-Meier survival analysis of 69 CRC patients
with ATGOBM&" MYH9"" (simultaneously high expression of
ATG9B and MYH9) and non-ATG9B™#" MYH9"#" (non-high co-
expression of ATG9B and MYH9Y) according to our data. G The
mechanism of ATG9B promotes CRC metastasis through accelerating
FA assembly. The white dashed line are displayed as the boundaries.
The right side of the line represented for the area of the cell leading
edge and the left side of the line represented for the area of intracel-
lular. ATG9B increased the formation of FAs by promoting endocy-
tosed integrin 1 activation, which was continuously polarized to the
cell edge by MYH9-dependent transportation. Moreover, ATG9B
directly interacted with MYH9, which blocked their ubiquitination
sites and therefore prevented them from degradation, thus con-
tinuously activated their function in CRC cells. Data information:
Graphs report mean + SEM. Significances were assessed using two-
tailed Student’s 7 test (B), Spearman’s correlation test (C), Chi-square
test (D, E) and log-rank test (F). ***P <0.001, **P <0.01, *P <0.05.

progression [22], signifying that ATG9A and ATG9B have
different biological function in cancer. Here we first
reported the correlation between high expression of ATG9B
and CRC development and further clarified the function and
mechanism underlying this process. Furthermore, we sug-
gested that ATG9B could be a valid biomarker for pre-
dicting the risk of metastasis and poor prognosis of CRC
patients.

Cells cultured in normal medium have extremely low
autophagic activity. The induction of autophagy in cells
requires starvation treatment (using Earle’s balance salt
solutions) or endoplasmic reticulum stress (using Brefeldin
A) or mammalian target of rapamycin pathway inhibition
(using Rapamycin) [23]. We first found that ATG9B can
only regulate autophagy process during starvation in CRC
cells, which cannot affect autophagy in well-nourished
environment. In this research, we did not use any treatments
to induce autophagy and surprisingly found that, as an
ATG, ATGYB also can promote CRC progression, sug-
gesting that the function of ATG9B in CRC is not mainly
dependent on autophagy activation.

Subsequently, we identified the protein MYH9 as an
interacting protein of ATG9B. MYH9, also called non-
muscle myosin IIA (NMM-ITA), is encoded by MYH9 and
has been characterized as regulating various cellular
responses, including cell invasion, cell polarity and

migration [24, 25]. Further study confirmed that the cyto-
plasmic peptide segments aa368—411 of ATGY9B indeed
directly binds to the head domain of MYH9. Moreover,
overexpressing ATG9B promoted the protein expression of
MYH9 but not significant change was found in its tran-
scription level, suggesting that ATG9B participated in the
posttranslational modification of MYH9. Surprisingly, we
confirmed that MYH9 also has the same effect on ATG9B.
Furthermore, the combination prevented the binding of
STUBI, indicating that the ATG9B and MYH9 interaction
may cause a structural change for each other, and resulted in
the reduction of ubiquitination and degradation, thus
maintaining high protein expression level of ATG9B and
MYHY in CRC cells. In tumours, there may also be two or
more  proteins, which belong to different families,
could combine with each other and is similar to the binding
manner of ATG9B and MYH9, thus contributing to mutual
stabilization of proteins promoting cascade amplification of
tumour pathways. Tumour metastasis depends on the
dynamic regulation of cell adhesion through integrin 1
[26]. During FA formation, integrin is continuously inter-
nalized and subsequently participates in endosomal recy-
cling, which polarized to the cell leading edge to drive
adhesion dynamics [10]. In the process of integrin activa-
tion, Talin-1 functions as a key trigger for maintaining
endocytosed integrins in an active conformation [27]. The
binding of Talin-1 and integrin f1 subsequently changes the
tilt angle of transmembrane domain and Cds of integrin,
therefore shifting integrin from the conformation of ‘bent-
closed’ to the ‘extended-open’ [27]. However, the endocy-
tosed integrins was encapsulated in endosomes, while
Talin-1 was distributed in the cytoplasm outside the endo-
somes. Whether there is an intermediary in helping the
connection of endocytosed integrins and Talin-1 still
remains unknown. In this context, ATG9B inlayed in
endosomes may act as a medium mediating the binding of
endocytosed integrin and cytoplasmic Talin-1, therefore
facilitating integrin Pl activation. In addition, we further
found that MYHO is the vital trafficking factor for ATG9B/
integrin Bl polarization. Overexpression of ATG9B accel-
erated integrin’s membranization through the assistance of
MYHS9. Such evidence demonstrated that ATG9B not only
acts as a mediator to promote integrin 1 activation but also
provides a connection to hang integrin compartment to
MYHY, which is then carried to the cell edge for accel-
erating FA assembly.

It has been reported that ATG1/ULKI acts as an
upstream signal for actomyosin activation and ATG9A
trafficking during the process of autophagy in Drosophila
cells and Human breast cancer cells [28]. However, we
preliminarily confirmed that ULK1 had the opposite func-
tion on ATG9B and MYH9, and ULK1 may not be their
upstream signal in CRC invasion (Fig. SOA-C). We are still

SPRINGER NATURE



3268

Y. Zhong et al.

urgently searching for the trigger for ATG9B-MYH9 traf-
ficking in CRC cells.

In conclusion, our studies demonstrated that ATG9B can
promote the invasion and metastasis of CRC by accelerating
the formation of FAs in a MYH9-dependent manner. To the
best of our knowledge, no previous studies have addressed
the distinct role of ATG9B in CRC and the mutual reg-
ulation of ATG9B and MYHY. This study suggests target-
ing interaction between ATG9B and MYH9 may be a
promising therapeutic strategy for CRC patients.
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