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Abstract
Osteosarcoma is the most prevalent form of primary bone malignancy affecting ad-
olescents. Secretion-associated Ras-related GTPase 1A (SAR1A) is a key regulator 
of endoplasmic reticulum (ER) homeostasis, but its role as a regulator of osteosar-
coma metastasis has yet to be clarified. Bioinformatics analyses revealed SAR1A and 
RHOA to be upregulated in osteosarcoma patients, with the upregulation of these 
genes being associated with poor 5-year metastasis-free survival rates. In addition, 
the upregulation of SAR1A and RHOA in osteosarcoma was highly positively corre-
lated. Immunohistochemical analyses additionally revealed that SAR1A levels were in-
creased in osteosarcoma pulmonary metastases. In vitro wound healing and Transwell 
assays indicated that knocking down SAR1A or RHOA impaired the invasive and mi-
gratory activity of osteosarcoma cells, whereas RHOA overexpression had the oppo-
site effect. Western blotting and immunofluorescent staining revealed the inhibition 
of osteosarcoma cell epithelial–mesenchymal transition following SAR1A or RHOA 
knockdown; RHOA overexpression had the opposite effect. Following SAR1A knock-
down, phalloidin staining indicated that osteosarcoma cells showed reduced lamel-
lipodia formation. Endoplasmic reticulum stress levels and reactive oxygen species 
production were enhanced following the knockdown of SAR1A, as was autophagic 
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1  |  INTRODUC TION

Osteosarcoma is the most prevalent form of bone malignancy in 
humans,1,2 with peak incidence occurring in adolescents undergo-
ing rapid growth and the majority of cases developing in individu-
als between the ages of 10 and 30.2 Over the past three decades, 
there have been relatively few improvements in osteosarcoma pa-
tient clinical outcomes.3 Five-year survival rates for individuals with 
localized osteosarcoma are upwards of 60%, but are only 20% for 
individuals with recurrent or metastatic disease.2 Genetic changes 
are known to profoundly impact cancer treatment outcomes.2 There 
is thus an urgent need to clarify the mechanistic basis for osteosar-
coma onset and progression in order to guide the more effective 
treatment of affected patients.

Secretion-associated Ras-related GTPase 1 (SAR1) is a 
GTPase that is highly conserved and plays a key role in regulating 
the trafficking of proteins from the endoplasmic reticulum (ER) to 
the Golgi apparatus.4–6 Endoplasmic reticulum protein export is 
necessary for maintaining ER integrity and is regulated through 
the formation of COPII-coated vesicles composed of the SEC13, 
SEC31, SEC23, SEC24, and SAR1 proteins.4 The knockdown of 
SAR1 can result in unfolded protein accumulation and associated 
ER stress.7,8 Two SAR1 paralogs with distinct roles have been 
identified to date, including SAR1A and SAR1B.5 Lin et al.9 found 
that ER stress was reduced by SAR1A/B upregulation, thus con-
tributing to the enhanced survival of glioblastoma cells. SAR1B 
deletion is commonly observed in lung adenocarcinoma and 
squamous cell carcinoma cases among humans,10 with the loss 
of SAR1A/B in mice enhancing lung tumor growth.10 The specific 
biological functionality of SAR1A within tumors thus remains to 
be fully clarified.

RhoA is a small GTPase involved in regulating cellular migra-
tion and the dynamics of the actin cytoskeleton.11 In gastric can-
cer, RHOA gain-of-function mutations have been linked to increases 
in the activation of focal adhesion kinase and associated depen-
dency12; in the context of intestinal stem cell maintenance, RhoA 
regulates EREG signaling.13 Our prior work further suggests that 
RhoA can influence the resistance of osteosarcoma to pyropheoph-
orbide-α methyl ester-mediated photodynamic therapy through the 
activation of Yes-associated protein-1 (YAP).14 The association be-
tween SAR1A, RHOA, and YAP in the context of tumor invasivity 
and migratory activity has yet to be clarified.

The accumulation of large quantities of misfolded or unfolded 
proteins within the ER can contribute to stress that is associated with 
cancer and other disease states.15 Inappropriate ER stress sensor ac-
tivation and associated downstream signaling activity can thus con-
tribute to oncogenesis and metastatic progression.16 SAR1A is one 
of five core COPII coat proteins,6 and the loss of SAR1A can induce 
unfolded protein accumulation and consequent ER stress.7,8 The al-
leviation of such stress relies upon the induction of the unfolded 
protein response, which simultaneously decreases secretory protein 
loads, improves protein folding capacity within the ER, and enhances 
the clearance of unfolded proteins through the ER-associated degra-
dation mechanism and autophagy.17,18 While autophagy can promote 
Snail degradation and influence epithelial–mesenchymal transition 
(EMT) induction in a p62/Sequestosome-1-dependent fashion,19 
how SAR1A deficiencies contribute to osteosarcoma cell invasivity, 
metastasis, and EMT induction remain poorly defined. The role of 
SAR1A deficiency to induce autophagy on EMT, invasion, and me-
tastasis of osteosarcoma has not been reported.

Herein, we undertook a series of in vitro analyses that revealed 
SAR1A to be upregulated in osteosarcoma patient metastatic tis-
sues and correlated with poor prognostic outcomes. Knocking down 
SAR1A inhibited osteosarcoma cell migratory and invasive activity 
through the inhibition of RhoA/YAP signaling activity. We further 
determined that such SAR1A knockdown induced ER stress and re-
active oxygen species (ROS) production, ultimately leading to auto-
phagic activity and the reduced migratory and invasive activity of 
osteosarcoma cells.

2  |  MATERIAL S AND METHODS

2.1  |  Osteosarcoma patient sample analyses

Samples of pulmonary metastases from five patients that had 
been formalin-fixed and paraffin-embedded from the Chongqing 
University Three Gorges Hospital. All patients provided informed 
consent. The Chongqing University Three Gorges Hospital eth-
ics committee approved this study, which conforms to the provi-
sions of the Declaration of Helsinki. The osteosarcoma dataset 
(Mesenchymal) - Kuijjer - 127 - vst - ilmnhwg6v2) consisting of 127 
osteosarcoma samples in R2: Genomics Analysis and Visualization 
Platform (https://r2.amc.nl) was used for result validation.

of Chongqing University, Grant/Award 
Number: cquyjg21305; National Natural 
Science Foundation of China, Grant/
Award Number: 81572634 and 82172682

activity, with lung metastases being reduced in vivo after such knockdown. Knocking 
down SAR1A suppresses osteosarcoma cell metastasis through the RhoA/YAP, ER 
stress, and autophagic pathways, offering new insights into the regulation of au-
tophagic activity in the context of osteosarcoma cell metastasis and suggesting that 
these pathways could be amenable to therapeutic intervention.
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2.2  |  Cell culture and treatment

MG63, U2OS, HOS, SAOS2, and 143B human osteosarcoma cells were 
obtained from the Chinese Academy of Sciences Cell Bank and grown 
in DMEM supplemented with 10% FBS and penicillin/streptomycin in 
a 37°C humidified 5% CO2 incubator. Cells were treated using the ROS 
scavenger N-acetylcysteine (NAC) (Cat.HY-B0215; MedChemExpress), 
the YAP inhibitor verteporfin (Cat.S1786; Selleck), and the autophagy 
inhibitor 3-methyladenine (3-MA) (Cat.HY-19312; MedChemExpress) 
for appropriate time periods, as detailed in the figure legends.

2.3  |  Lentiviral transduction

SAR1A or RHOA-specific shRNA sequences (shSAR1A or shRHOA) 
were purchased from Hanbio Biotechnology as shown in Table S1. 
Lentiviral vectors were prepared as per provided directions and used 
to infect MG63 and 143B cells. RHOA overexpression vectors (OE-
RHOA) were purchased from Hanbio Biotechnology. Amplification 
primers are listed in Table S2, and western blotting was utilized to 
gauge target gene expression changes.

2.4  |  Western blotting and RhoA GTPase assays

We used RIPA lysis buffer (Beyotime) to extract protein from cells 
and samples, and a BCA kit (Beyotime) was used to measure pro-
tein concentrations. Samples were next boiled, and equal protein 
amounts (30 μg) were separated by SDS-PAGE (EpiZyme) before 
being transferred to PVDF membranes (Millipore). Blots were then 
blocked for 2 h using 5% BSA or 5% nonfat milk at room temperature, 
followed by an overnight incubation with primary Abs (Table S3) at 
4°C. Following 1 h of incubation with secondary Abs, proteins were 
detected with the use of a high sensitivity electrochemilumines-
cence detection kit and a chemiluminescence imaging system (Bio-
Rad). ImageJ was then used for densitometric analyses.

A Rho Activation Assay Biochem Kit (Cat. #BK036; Cytoskeleton, 
Inc.) was utilized based on provided directions to quantify GTPase 
activity levels.

2.5  |  Wound healing assay

Osteosarcoma cells were plated in six-well plates (4 × 105/well) and 
grown to confluence, at which time a scratch wound was generated 
in the monolayer surface using a 200 μl sterile pipette tip. Wounds 
were imaged at 0 and 24 h, and ImageJ was used to analyze rates of 
cell migration.

2.6  |  Transwell assay

Osteosarcoma cells were added to the upper chamber of a Transwell 
plate (8 μm pore size; Corning) (6 × 104 cells/well), with wells being 

uncoated for migration assays and coated using Matrigel for an in-
vasion assay. Following culture for 24 h, 4% paraformaldehyde was 
used to fix cells followed by their staining using 0.1% crystal violet. 
Migratory cells in five fields of view were then counted by micros-
copy (Olympus).

2.7  |  Reactive oxygen species analyses

A Reactive Oxygen Species Assay Kit (Cat. S0033S; Beyotime) was 
used based on provided directions to assess ROS levels in prepared 
cells.

2.8  |  Transmission electron microscopy

Cells were harvested using 0.25% trypsin and resuspended at 
1.0 × 106 cells/ml, fixed overnight using 2.5% glutaraldehyde and 1% 
osmic acid at 4°C, cut into ultrathin sections, stained using uranyl 
acetate and lead citrate, and assessed by transmission electron mi-
croscope (TEM) (JEM-1400 Plus; JEOL).

2.9  |  Immunohistochemical staining

SAR1A immunohistochemical staining was carried out by fixing 
cells using 4% paraformaldehyde, embedding them in paraffin, and 
cutting them with a microtome into 4-μm sections. Sections were 
subsequently blocked, stained with primary Abs (1:200) (Table S3), 
and imaged with a microscope. Tissue staining was independently 
undertaken by two experienced pathologists, with both the percent-
age positive staining area (0, negative; 1, ≤10%; 2, 10%–50%; and 
3, ≥50%) and staining intensity (0, no; 1, weak; 2, moderate and 3, 
strong) being scored for each sample. These two scores were then 
multiplied together to yield an immunoreactivity score (IRS) (0–9). 
The median IRS value was used to define the threshold between low 
and high levels of SAR1A expression.

2.10  |  Immunofluorescent staining and 
lamellipodia analyses

Cells were fixed for 20 min using 4% formaldehyde (methanol-free), 
followed by permeabilization for 20 min using 0.5% Triton X-100 
at 4°C. Cells were then rinsed three times with PBS and blocked 
for 1 h using 5% BSA at room temperature, followed by overnight 
incubation at 4°C using primary Abs (Table  S3). Three additional 
10-min washes were carried out using 0.5% PBST. Samples were 
then probed at room temperature for 1 h with secondary AF488-
conjugated Abs (1:1000) (Cat. A32731; Invitrogen) in the dark. Cells 
were then evaluated by fluorescence microscopy. Lamellipodia for-
mation was evaluated by fixing cells and staining them in the dark 
for 1 h with Actin Tracker Green–phalloidin (Cat. C2201S; Beyotime) 
to detect F-actin at room temperature, followed by laser scanning 

https://www.medchemexpress.cn/Acetylcysteine.html
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confocal microscopy (600×; Nikon). Lamellipodia were then evalu-
ated using ImageJ.

2.11  |  Tumor xenograft model development

The impact of knocking down SAR1A on spontaneous tumor me-
tastasis was assessed using BALB/c nude mice (5 weeks old; Laike 
Jingda Experimental Animal Co. Ltd) into which 143B-shSAR1A-2 or 
143B-shNC cells (5 × 106) were orthotopically injected in the para-
osseous proximal tibia. Body weight values were then measured 
every third day for 30 days, after which mice were killed. Tumors 
were then harvested for western blotting, while lungs were sub-
jected to routine H&E staining and the number of metastatic nod-
ules therein was counted.

2.12  |  Statistical analysis

Data are representative of three or more independent experiments 
and compared by Student's t-test and one-way ANOVAs, with 
p < 0.05 as the threshold of significance unless otherwise indicated.

3  |  RESULTS

3.1  |  SAR1A overexpressed in metastatic 
osteosarcoma and associated with decreased 
osteosarcoma patient metastasis-free survival

To begin assessing the expression of SAR1A in osteosarcoma, we 
began by assessing microarray gene expression data pertaining to 
osteosarcoma patients from the GEO database (GSE42352). These 
analyses indicated that 49 patients with lower levels of SAR1A ex-
pression survived for significantly longer than the 39 patients with 
higher SAR1A expression levels (Figure 1A). SAR1A expression was 

increased in samples of osteosarcoma patient tumor biopsy tissues 
relative to the levels in normal bone tissue (Figure 1B). Sequencing 
data analyses revealed significant increases in SAR1A expression 
levels in metastatic osteosarcoma samples relative to nonmeta-
static samples (Figure  1C,D). Immunohistochemical staining simi-
larly confirmed that SAR1A expression was significantly increased 
in metastatic lung tissues from osteosarcoma patients relative to 
the levels in primary tumor tissues (Figure  1E,F). We then evalu-
ated SAR1A protein levels in different osteosarcoma cell lines 
(HOS, SAOS2, U2OS, MG63, and 143B) by western blotting, which 
revealed that 143B and MG63 cells show the highest expression 
levels (Figure 1G,H). We then generated MG63 and 143B cells in 
which SAR1A was stably knocked down using lentiviral vectors 
(Figure 1I,J).

3.2  |  Knocking down SAR1A suppresses 
osteosarcoma cell migration, invasion, and 
EMT induction

To establish the migratory and invasive activity of osteosarcoma 
cells following the modulation of SAR1A expression, Transwell 
and wound healing assays were used to evaluate MG63 and 143B 
cells in which SAR1A was stably knocked down. In both of these 
cell lines, shSAR1A treatment was associated with impaired invasiv-
ity and migration relative to control cells (Figure 2A–H). Epithelial–
mesenchymal transition is a process that is integral to tumor cell 
metastasis.20–22 Through western blotting, we assessed EMT-
associated marker protein expression in these cell lines and observed 
increased E-cadherin levels and reduced Snail, Vimentin, MMP-9, 
and N-cadherin expression in SAR1A-knockdown cells relative to 
controls (Figure 2I,J). Consistently, Vimentin expression in 143B and 
MG63 cells fell following the knockdown of SAR1A, as measured 
by immunofluorescent staining (Figure 2K,L). These data thus point 
to the fact that knocking down SAR1A can alter EMT induction, 
thereby suppressing osteosarcoma cell migration and invasion.

F I G U R E  2  Knocking down SAR1A suppresses osteosarcoma cell migration, invasion, and epithelial–mesenchymal transition (EMT) 
induction. (A–D) Transwell assays were used to evaluate MG63 and 143B migratory and invasive activity following the knockdown of 
SAR1A. (E–H) Wound healing assay were used to monitor MG63 and 143B cell migration. (I, J) Western blotting was utilized to analyze EMT 
marker expression in transfected MG63 and 143B cells, with GAPDH being utilized for normalization purposes. (K, L) Immunofluorescent 
staining was used to assess vimentin expression in MG63 and 143B cells following transfection. Analyses were repeated three times. shNC, 
normal control. * p <0.05, ** p <0.01, *** p <0.001 (mean ± SD).

F I G U R E  1  SAR1A upregulation in osteosarcoma is associated with poor patient prognosis. (A) In total, 39 and 49 osteosarcoma 
patients with high and low levels of SAR1A expression, respectively, experienced metastasis-free survival. (B) SAR1A expression levels in 
osteosarcoma biopsy samples, osteoblasts, osteosarcoma cells, mesenchymal cells, and healthy bone tissue. biospsy, 84 biopsy samples 
of osteosarcoma cases; bone_cultured, cultured bone cells; bone_normal, normal bone tissue; hela, HeLa cells; msc, mesenchymal stem 
cells; ob, osteoblast; oscell, osteosarcoma cells; resection, osteosarcoma resection samples. (C, D) SAR1A levels in osteosarcoma patients 
with metastatic and nonmetastatic disease. (E, F) SAR1A levels were measured by immunohistochemical (IHC) staining in primary tumors 
and lung metastases from five osteosarcoma patients. (G, H) SAR1A levels were measured by western blotting in osteosarcoma cell lines 
(143B, MG63, SAOS2, U2OS, and HOS). (I, J) Levels of SAR1A in MG63 and 143B cells were assessed by western blotting following lentiviral 
transfection, with GAPDH serving as a normalization control. Control, wild-type osteosarcoma cells; shNC, cells transduced with no 
targeting vector; shSAR1A, SAR1A knockdown cells. All analyses were repeated three times. * p <0.05, ** p <0.01, *** p <0.001 (mean ± 
SD).
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3.3  |  SAR1A regulates RhoA to control 
formation of lamellipodia in osteosarcoma cells

The expression of RHOA and SAR1A were found to be strongly posi-
tively correlated in a bioinformatics analysis of osteosarcoma patient 
samples (Figure 3A). Rates of metastasis-free survival for 88 osteo-
sarcoma patients were significantly lower among individuals show-
ing higher levels of RHOA expression (Figure 3B). Western blotting 
further revealed reductions in total RhoA and activated RhoA in 
osteosarcoma cells following the knockdown of SAR1A, with a con-
comitant drop in F-actin expression (Figure 3C,D). Lamellipodia are 
important regulators of the motility of tumor cells and are composed 
of F-actin, the degradation of which results in the destruction of 
these cellular structures.23 Phalloidin was therefore used to under-
take F-actin staining in these two osteosarcoma cell lines, revealing 
that SAR1A knockdown led to a significant drop in the number of 
visible lamellipodia on the surface of these cells, with visible surface 
smoothing as compared to control cells (Figure 3E–H). These data 
suggest that SAR1A can promote lamellipodia formation within os-
teosarcoma cells through the regulation of RhoA, thereby enhancing 
the migratory and invasive activity of these cells.

3.4  |  Overexpression of SAR1A promotes 
osteosarcoma cell migration and invasion

To further verify the regulatory role of SAR1A in the migration and 
invasion abilities of osteosarcoma cells, we overexpressed SAR1A in 
U2OS (Figure S1A,B). Echoing the previous results, western blotting 
showed that total RhoA was present in SAR1A-overexpressed U2OS 
and activated RhoA increased (Figure S1C,D). The migration and in-
vasion abilities of U2OS were also enhanced after SAR1A overex-
pression (Figure S1E–H).

3.5  |  RhoA regulates YAP activation to 
control osteosarcoma cell EMT induction, 
invasion, and migration

To further validate the functional importance of RhoA as a regulator 
of migratory and invasive activity in osteosarcoma, we next gener-
ated MG63 and 143B cells in which RHOA was either stably knocked 
down or overexpressed, as verified by western blotting (Figure 4A–
D). In subsequent wound healing assays, the migratory activity of 
143B and MG63 cells following the knockdown of RHOA was sig-
nificantly impaired relative to that in control cells (Figure  4E–H), 

and a consistent drop in the protein level expression of N-cadherin 
along with an increase in E-cadherin expression was observed fol-
lowing RHOA silencing, consistent with impaired EMT induction 
(Figure 4I–J). When verteporfin was used to inhibit YAP activation 
as a pretreatment for these osteosarcoma cells, Transwell assays re-
vealed significant impairment of the invasivity and migratory activity 
of these cells. While RHOA overexpression significantly increased 
the migration and invasion of these osteosarcoma cell lines, these 
effects were significantly reduced in the OE-RHOA + verteporfin 
group relative to the OE-RHOA group (Figure 4L,M). Western blot-
ting further revealed that, following verteporfin pretreatment, lev-
els of non-p-YAP (activated YAP) and the YAP target gene CTGF 
were significantly decreased, whereas they were upregulated in the 
context of RHOA overexpression. Verteporfin was able to partially 
rescue the effects of RHOA overexpression in this assay context. 
Verteporfin pretreatment reduced the expression of EMT markers 
(vimentin, N-cadherin, Snail, and MMP-9) in these osteosarcoma 
cells, whereas RHOA overexpression resulted in their upregula-
tion, and verteporfin was consistently able to partially reverse these 
RHOA overexpression-dependent effects (Figure 4N,O). These data 
thus suggest that RhoA can promote invasivity, migratory activity, 
and EMT induction in osteosarcoma through the regulation of YAP 
activation.

3.6  |  Knocking down SAR1A induces ER stress and 
ROS generation

Prior work suggests that SAR1 expression is critical for the appro-
priate transport of proteins from the ER to the Golgi apparatus,4 
such that a loss of SAR1 expression results in unfolded protein 
accumulation and consequent ER stress.7,8 To confirm this model, 
we assessed ER stress marker expression by western blotting and 
observed significant increases in p-eIF2α, ATF4, and CHOP lev-
els following SAR1A knockdown as compared to levels in control 
cells (Figure  5A,B). Notably, SAR1A knockdown also resulted in 
reduced GRP78 expression relative to control levels (Figure 5A,B). 
Many reports have highlighted the potential oncogenic activity of 
GRP78,24–26 although additional work will be necessary to explore 
its mechanistic role in osteosarcoma. We further evaluated the ex-
pression of redox-related antioxidant proteins, revealing both SOD1 
and catalase to be downregulated following SAR1A knockdown 
as compared to control levels (Figure  5A,B). Consistently, a ROS-
specific probe revealed higher ROS levels within osteosarcoma cells 
following the silencing of SAR1A relative to control treatment, and 
the ROS scavenger NAC was sufficient to partially rescue the effects 

F I G U R E  3  Knocking down SAR1A modulates RhoA activation and thereby inhibits the formation of lamellipodia in osteosarcoma cells. 
(A) Expression of RHOA and SAR1A was positively correlated within osteosarcoma samples (r = 0.770, p < 0.001). (B) Rates of metastasis-
free survival in osteosarcoma patients with low or high RHOA expression levels were compared. (C, D) GTPase assays and western blotting 
were utilized to measure total RhoA, active RhoA (RhoA-GTP), and F-actin expression in MG63 and 143B cells following transfection, with 
GAPDH being utilized for normalization. (E–H) Phalloidin and DAPI were used for the staining of F-actin and nuclei, respectively, followed 
by laser confocal microscope imaging (600×). Red arrows indicate protrusions. Analyses were repeated three times. shNC, normal control. 
* p <0.05, ** p <0.01, *** p <0.001 (mean ± SD).
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of SAR1A knockdown (Figure 5C,D). Reactive oxygen species accu-
mulation can induce ER stress through several different signaling 
mechanisms.16 These data indicate that the knockdown of SAR1A 
can induce ER stress and ROS generation, and thereby compromise 
osteosarcoma cell invasivity and migration.

3.7  |  Knockdown of SAR1A induces autophagic 
activity and thereby suppresses osteosarcoma cell 
migratory and invasive activity

Prior work has indicated that ER stress and ROS generation can pro-
mote autophagic induction,27–29 with both ER stress and autophagy 
further suppressing metastatic progression.30–32 To evaluate the 
ability of SAR1A to influence osteosarcoma cell autophagic activity, 
we next undertook western blotting experiments, which revealed 
significant increases in LC3I to LC3II conversion and significant re-
ductions in P62 levels following SAR1A knockdown as compared to 
control cells (Figure 6A,B). Increases in LC3I to LC3II conversion are 
a hallmark of autophagic activity. We next evaluated ultrastructural 
changes in 143B cells by TEM, revealing that significantly more au-
tophagosomes were visible following SAR1A knockdown as com-
pared to control cells (Figure 6C). Immunofluorescent staining was 
further carried out to assess LC3II levels within MG63 and 143B 
cells, revealing significant increases in the numbers of fluorescent 
LC3II punctae following SAR1A knockdown relative to control cells, 
whereas pretreatment with the early autophagy inhibitor 3-MA sig-
nificantly reduced this effect (Figure 6D–G). These results strongly 
suggest that the knockdown of SAR1A can promote autophagic ac-
tivity within osteosarcoma cells.

Subsequently, we detected the expression of RhoA after the 
action of 3-MA, and found that the expression of RhoA decreased 
after the inhibition of autophagy, suggesting that inhibition of auto-
phagy might downregulate the expression of RhoA (Figure 6H–K).

3.8  |  Knocking down SAR1A suppresses in vivo 
osteosarcoma cellular metastasis

To confirm the physiological relevance of our above results, we 
next examined the ability of SAR1A knockdown to impact sponta-
neous osteosarcoma cell metastasis in mice. Lung metastases were 
evident in 80% (4/5) of mice in the shNC group but in just 20% 

(1/5) of mice in the shSAR1A-2 group (1/5) (Figure 7A,C,D), and no 
differences in murine body weight were observed between these 
groups over the study period (Figure 7B). Primary tumors were then 
harvested and analyzed by western blotting. In line with the above 
in vitro evidence, tumors from the shSAR1A-2 treatment group 
showed reductions in the expression of active RhoA, non-p-YAP, 
and CTGF as compared to levels in the shNC group (Figure 7E,F). 
In summary, knocking down SAR1A thus inhibits in vivo osteosar-
coma cell metastasis.

4  |  DISCUSSION

Prior work has determined that CYP17A1 can maintain glioblastoma 
cell survival by controlling the SAR1a/b-mediated processing of pro-
teins within the ER.9 The SAR1B GTPase is essential for protecting 
intestinal cells against inflammation, oxidative stress, and impaired 
lipid homeostasis,33 and the knockdown of the paralogous SAR1A 
and SAR1B in mice can enhance the growth of lung tumors in an 
mTORC1-dependent fashion.10 These data suggest that SAR1A plays 
a tumor type-specific role in the context of oncogenic regulation. 
Through online bioinformatics analyses, we herein found that SAR1A 
expression in normal lung tissues is increased relative to that in 
tumor tissues (R2: Two Gene View for NG_tissue with SAR1A (amc.
nl), gse19804), with the highest levels of SAR1A expression in nor-
mal pulmonary tissue followed by levels in adenocarcinoma tissues, 
whereas its expression was lowest in squamous cell carcinoma (R2: 
Two Gene View for NG_histology with SAR1A (amc.nl), gse33532), 
in line with prior reports.10 How SAR1A influences osteosarcoma 
progression, however, has not been previously clarified. Here, we 
found that osteosarcoma patients with high levels of SAR1A ex-
pression showed significantly decreased 5-year metastasis-free 
survival compared to patients expressing lower levels of this gene. 
Consistently, osteosarcoma patient tumor biopsy samples revealed 
higher SAR1A expression compared to that in normal bone tissues, 
and this expression was further elevated in osteosarcoma patients 
with metastatic disease. Mechanistically, SAR1A was able to drive 
the migratory, invasive, and EMT activities of osteosarcoma cells, 
thus suggesting that it might function as a key mediator of osteosar-
coma progression.

We have previously shown that RhoA can activate YAP and 
thereby increase osteosarcoma tumor resistance to photodynamic 
therapy.14 Kim et al. posited that p-Tyr42 RhoA can bind to the 

F I G U R E  4  RhoA induces osteosarcoma cell invasion and migration through the induction of YAP activity. (A–D) Western blotting was 
used to measure the expression of RhoA in MG63 and 143B cells following the knockdown or overexpression (OE) of RhoA, with GAPDH 
being used for normalization. (E–H) MG63 and 143B cell migration was assessed by wound healing assay following the knockdown of 
SAR1A. (I–K) Western blotting was used to assess levels of epithelial–mesenchymal transition (EMT) markers within MG63 and 143B cells 
following transfection, with GAPDH being used for normalization. (L, M) Transwell assays were used to evaluate MG63 cells following the 
overexpression of SAR1A or pretreatment for 24 h verteporfin (2 μM). (N, O) Expression of active YAP (non-p-YAP), EMT markers, and CTGF 
was assessed by western blotting in MG63 and 143B cells following the overexpression of SAR1A or pretreatment for 24 h verteporfin 
(2 μM), with GAPDH being utilized for normalization. Analyses were repeated three times. NC, normal control. * p <0.05, *** p <0.001 (mean 
± SD).

https://hgserver1.amc.nl/cgi-bin/r2/main.cgi
https://hgserver1.amc.nl/cgi-bin/r2/main.cgi
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse19804
https://hgserver1.amc.nl/cgi-bin/r2/main.cgi
https://hgserver1.amc.nl/cgi-bin/r2/main.cgi
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse33532
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promoters of specific genes within the nucleus, thereby controlling 
their expression and contributing to oncogenic processes.34 RhoA 
pathway activation in gastric cancer is conducive to invasivity, me-
tastasis, and EMT induction,12,35 and RhoA also serves as a media-
tor of tumor chemoresistance.36 The specific mechanisms whereby 
SAR1A can control the RhoA/YAP axis to drive the metastatic pro-
gression of osteosarcoma, however, have yet to be elucidated. Here, 

we observed a strong positive correlation between RHOA and SAR1A 
gene expression in osteosarcoma, and found high levels of RhoA ex-
pression to be associated with significant reductions in patient 5-
year metastasis-free survival rates. Knocking down SAR1A within 
osteosarcoma cells decreased the protein levels and activity of RhoA 
together with a drop in cellular motility. RHOA knockdown further 
decreased the invasive and migratory activity of osteosarcoma cells, 

F I G U R E  5  Knocking down SAR1A induces reactive oxygen species (ROS) generation and endoplasmic reticulum (ER) stress. (A, B) SAR1A 
knockdown resulted in reductions in the expression of GRP78, SOD, and CAT together with increases in the levels of ER stress markers 
(p-eIF2α, ATF4, and CHOP). (C, D) ROS fluorescence probe was used to detect ROS content in osteosarcoma cells after SAR1A knockdown 
or N-acetylcysteine (NAC) pretreatment (10 mmol/L for 12 h). Analyses were repeated three times. shNC, normal control. * p <0.05 (mean ± 
SD).

F I G U R E  6  Knocking down SAR1A in osteosarcoma cells induces autophagic activity. (A, B) Autophagy-associated protein levels in MG63 
and 143B cells were assessed by western blotting, with GAPDH being used for normalization. (C) Representative transmission electron 
microscopy images highlighting ultrastructural changes consistent with the induction of autophagic activity in 143B cells following shSAR1A 
or normal control (shNC) transfection. (D–G) Punctate LC3II fluorescence was evident in 143B and MG63 cells following SAR1A knockdown 
in cells that were or were not treated with 3-methyladenine (3-MA; 5 mmol/L) for 12 h. (H–K) RhoA expression was decreased in 143B and 
MG63 cells after 12 h treatment with 3-MA (5 mmol/L). Analyses were repeated three times. * p <0.05, ** p <0.01, *** p <0.001 (mean ± SD).
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while YAP inhibitor treatment was sufficient to partially reverse 
these RHOA-OE-dependent effects in line with prior reports.12,34,35 
Our data suggest that SAR1A can modulate the RhoA/YAP pathway 
and thereby regulate invasive and migratory activity.

As one of five proteins that composes the COPII complex, SAR1A 
plays an integral role in the maintenance of ER integrity.4,6 The loss of 

SAR1A expression enhances ROS production, unfolded protein accu-
mulation, and ER stress induction.7–9 Autophagy is a highly conserved 
cellular process whereby proteins and organelles can be recycled 
under stress conditions, leading to a concomitant burst of ROS gen-
eration.29 Herein, we found that SAR1A knockdown resulted in en-
hanced autophagic activity and ROS production within osteosarcoma 

F I G U R E  7  Knocking down SAR1A suppresses the in vivo metastasis of osteosarcoma cells. (A) Gross and H&E-stained images of 
metastatic nodules from nude mice in the normal control (shNC) and shSAR1A-2 groups. (B) Changes in bodyweight following in situ tibial 
143B cell injection in mice. (C) Lung metastasis numbers in the shSAR1A-2 and shNC groups. (D) Metastatic pulmonary nodules in shNC and 
sh-SAR1A-2 group mice. (E, F) Active-RhoA, Non-p-YAP, and CTGF levels in primary tumors were measured by western blotting. Analyses 
were repeated three times. * p <0.05, ** p <0.01 (mean ± SD).
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cells. Under basal conditions, constitutive autophagic activity occurs, 
but it can be further induced in response to specific physiological con-
ditions including ER stress, reduced energy levels, hormone exposure, 
hypoxia, or particular pharmacological agents.37 Prolonged unfolded 
protein reaction (ER stress) is involved in the induction of chronic my-
eloid leukemia cell death.38 Recent research has highlighted the dual 
roles that autophagy can play in the context of cancer.37 Zhao et al.39 
determined that in glioma, YAP can promote autophagic activity and 
tumor progression through a mechanism dependent on HMGB1 up-
regulation. In contrast, we herein found that SAR1A knockdown re-
sulted in a decrease in YAP activity levels within osteosarcoma cells 
together with a concomitant rise in ROS production and autophagic 
activity as well as a drop in migratory and invasive activity. Reactive 
oxygen species accumulation inhibits YAP activity by phosphorylation 
of LATS, thus exerting antitumor effects.40 Recent work indicates that 
YAP can suppress autophagy and promote colorectal cancer cell mi-
gration through Bcl-2 upregulation.41 Grassi et al.19 further found that 
autophagy can modulate EMT induction in hepatocytes by promoting 
the degradation of Snail. Moreover, in glioblastoma cells, autophagy 
can suppress migratory and invasive activity.42 The oncogenic effects 
of autophagy are thus highly tumor type-dependent.

Our results indicate an important role for SAR1A as a regulator 
of osteosarcoma invasion and metastasis that is linked to osteosar-
coma patient prognosis. Knocking down this gene can modulate the 

RhoA/YAP pathway and thereby suppress the migratory and inva-
sive activity of osteosarcoma cells (Figure 8).

In conclusion, these results offer novel evidence that SAR1A can 
function in an oncogenic manner to promote metastasis and to reg-
ulate autophagic activity. Knocking down SAR1A can prevent me-
tastasis by modulating the RhoA/YAP pathway, offering new insight 
into the mechanisms whereby intratumoral autophagy is regulated 
and highlighting these pathways as promising targets for therapeutic 
intervention in osteosarcoma.
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